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Abstract: Slickwater fracturing can create complex fracture networks in shale. A uniform proppant
distribution in the network is preferred. However, proppant transport mechanism in the fracture
network is still uncertain, which restricts the optimization of sand addition schemes. In this study,
slot flow experiments are conducted to analyze the proppant placement in the complex fracture
system. Dense discrete phase method is used to track the particle trajectories to study the transport
mechanism into the branch. The effects of the pumping rate, sand ratio, sand size, and branch angle
and location are discussed in detail. Results demonstrate that: (1) under a low pumping rate or
coarse proppant conditions, the dune development in the branch depends on the dune geometry in
the primary fracture, and a high proportion of sand can transport into the branch; (2) using a high
pumping rate or fine proppants is beneficial to the uniform placement in the fracture system; (3) sand
ratio dominates the proppant placement in the branch and passing-intersection fraction of a primary
fracture; (4) more proppants may settle in the near-inlet and large-angle branch due to the size limit.
Decreasing the pumping rate can contribute to a uniform proppant distribution in the secondary
fracture. This study provides some guidance for the optimization of proppant addition scheme in the
slickwater fracturing in unconventional resources.

Keywords: slickwater fracturing; proppant transport; slot flow experiment; dense discrete
phase method

1. Introduction

Complex fracture geometries can be created by using slickwater fracturing in shale resources [1–3].
Generally, the complex geometry is regarded as a network, with the secondary fractures, usually referred
to natural fractures and bedding planes, intersecting with the primary fracture [4]. To acquire a desired
fracture conductivity, a large number of proppants are injected into the network to prop the primary
and secondary fractures. A uniform proppant distribution in the network is preferred. In some
cases, however, a limited placement area [5,6] and an uneven proppant distribution [7–9] are obtained,
which is probably due to the narrow width and heterogeneous orientation of secondary fractures.
To solve the issue above, more work is needed to reveal the proppant transport mechanism and
distribution laws in the fracture network.

In laboratories, proppant transport in a single fracture is typically simulated in a slot, which is
composed of two parallel Plexiglas plates [10–13]. Using water as the fracturing fluid, mixing sand at a
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certain volume ratio, and pumping the slurry at one end of the slot, the proppants were found to settle
on the slot bottom and a sand dune was formed [10]. Many researchers have devoted their efforts
to exploring the inherent relation between the dune development and factors such as flow rate [10],
fluid rheology [14], proppant properties [13], fracture width [12], and fracture surface roughness [15].
Patankar et al. [16] and Wang et al. [17] even fitted correlations to predict the equilibrium dune height.
As slickwater fracturing was applied widely to the stimulation of shale-gas formations, much attention
was paid to the proppant transport in the complex fracture network. Similarly, proppant transport in
the fracture network is performed in a configuration in which multiple slots are joined together [18–23].
There are two types of slot intersection patterns for the experimental fracture network. One is the
T-shaped pattern, in which the branch slot, served as the secondary fracture, intersects orthogonally
with the primary slot, taken as the primary fracture [18,20]; the other is the V-shaped pattern, in which
the secondary slot intersects with the primary slot at a specified angle [19,21–23].

Some experiments on proppant transport and settling in complex fracture systems have been
conducted. Sahai et al. [18] proposed underlying mechanisms of proppant transport into the secondary
fracture using a vertical slot system with T-shaped intersections. It was found that transporting
proppants into the secondary slots is dependent on the threshold fluid velocity in the primary slot.
Proppants may fall from the primary slot into the secondary slot due to gravity, while they can also
turn the corner at the intersection when the fluid velocity is higher than this threshold. Tong and
Mohanty [19] established a vertical slot system with a V-shaped intersection. They found the equilibrium
dune height in the branch is not only related to the flowing rate in the primary slot, but is also dependent
on the branch angle and sand size, especially under a high rate. Alotaibi and Miskimins [20] introduced
tertiary fractures into the vertical slot system, with the tertiary slot orthogonal to the secondary slot.
It was discovered that proppants can transport far into the tertiary slot. Compared with the primary
slot, however, there is a lag for sand to reach the secondary and tertiary slots. They also pointed
out that, rather than the fluid velocity, the degree of dune development in the primary slot heavily
determines the proppants into the secondary and tertiary slots. Li et al. [21] and Pan et al. [22] extended
previous conclusions and formulated correlations of dune geometries using a variety of parameters
such as fluid viscosity, sand concentration, and branch angle. Furthermore, Ma et al. [23] characterized
slurry velocity field in the slot configuration to quantify the relationships between the governing
parameters which affect proppant placement efficiency through intersections.

Besides experimental studies mentioned above, there was also a lot of work carried out by
numerically simulating proppant transport in slickwater fracturing. The discrete element method
coupled with computational fluid dynamics, usually referred to as DEM-CFD, is a useful tool to
characterize the proppant transport trajectories. The inter-particle and particle-wall interactions are
considered, with solid particles tracked individually according to Newton’s laws of motion. Using this
method, Zhang et al. [24,25] studied the proppant micromechanics and transport mechanism in a
single vertical fracture and traced the placement of multi-sized proppants in vertical and horizontal
wells. Baldini et al. [26] evaluated the proppant transport trajectories from different injection positions
to improve the perforation placement strategy. Despite the accurate characterization of particle
motion, one disadvantage of this method is the high computational demands [27,28]. To avoid this
drawback, some alternative methods, such as the dense discrete phase model (DDPM) [19,29] and
multiphase particle-in-cell (MP-PIC) method [30–32], were developed to simulate the particle transport.
These approaches use a force to represent the details of inter-particle and particle-wall collisions,
and use the concept of parcel to contain particles [22]. This behavior significantly reduces the number
of particles involved in computations, correspondingly resulting in an acceleration in simulation speed.

Although these experiments and numerical simulations provide a systematical and preliminary
understanding of proppant transport in the complex fracture system, there are still some aspects
requiring further improvement and exploration. Three points are presented and discussed here.
Firstly, most of the previous experiments just focused on the final dune geometry (e.g., equilibrium
dune height [10,11,17]) or placement area [14] in the slot, and few systematically and quantitatively
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characterized the dynamic evolution of a sand dune in the slot system. Secondly, the fracture length in
the configuration is limited. The length of a primary fracture in a conventional slot system is generally
less than 2 m (e.g., 1.22 m used by Sahai et al. [18] and 0.381 m used by Tong and Mohanty [19]), and the
length of a secondary fracture is less than 1 m (e.g., 0.19 m used by Tong and Mohanty [19] and 0.9 m
used by Pan et al. [22]). According to McClure [33], under this condition, finer proppants may travel
out of the slot before they settle to the bottom, and a real proppant distribution may not be recorded
due to an adequate transport distance. Thirdly, few experiments combined numerical simulations
to analyze the experimental results, especially the proppant transport trajectories, which cannot be
precisely captured through experimental techniques.

In this paper, a large-scale configuration of the complex fracture system was used to study the
dune evolution in the primary and secondary fractures. Meanwhile, a DDPM model was established to
track the proppant transport trajectories under the corresponding experimental conditions. This article
is organized as follows. In Section 2, the experimental apparatus, material, and procedure are described
in detail. In Section 3, the experimental results of proppant transport and distribution in the complex
fracture system are presented and analyzed. In Section 4, the numerical model is introduced and
simulation results are in combination with experimental results to clarify the proppant transport
mechanism in the complex fracture system. Following that, some conclusions are given in Section 5.
The conclusions obtained in this study aim to provide guidance for the optimization of the proppant
addition scheme in slickwater fracturing in unconventional resources.

2. Slot Flow Experiment

2.1. Experimental Apparatus

Proppant transport in a complex fracture system was simulated in a configuration shown in
Figure 1a. Details about this apparatus, including the slot dimensions and branch position deployment,
are provided in Appendix A. Here, a sketch is presented in Figure 1b to introduce the main components
of this configuration. Figure 1b shows that the apparatus consists of an injection system, a fracture
system, and a circulation and recycling system.

The injection system includes a blender and a progressive cavity pump. The blender, with a
volume of 0.6 m3, is used to prepare slurries. Three rotation blades are installed in the blender. They can
stir the mixture of proppants and fracturing fluid at a specified revolving speed to obtain the slurry,
with proppants suspending in the fluid. The progressive cavity pump, with a maximum rate of 65 m3/h,
serves as a power source to pressurize the slurries in the blender and propel them to flow through
the circular pipe into the slot system. The fracture system is the core of this apparatus. The detailed
design drawing of the fracture system is presented in Figure A1 in Appendix A. As shown in Figure 1b,
this system is assembled with multiple slots, and a slot consists of two parallel Plexiglass plates.
The structure of a slot is shown in Figure A1a. The total height and length of one slot are 700 mm and
1100 mm, respectively. The modeled fracture for fluid flow is the transparent area surrounded by the
steel frame. The modeled fracture is 1000 mm long and 600 mm high. Besides, 30 holes with a diameter
of 10 mm are drilled in the middle of the modeled fracture to simulate the effect of fluid leak-off.
In this study, fluid leak-off is ignored. Due to the large dimension and limited pressure tolerance of the
Plexiglass plate, the periphery and middle of the plate are reinforced by cubic-shaped angle steel.

The fracture system is composed of a vertical primary fracture, three vertical secondary fractures,
one horizontal secondary fracture, and one inclined secondary fracture. Figure A1b shows that
the primary fracture is assembled by connecting five identical slots with flanges, while each of the
secondary fractures is joined with two slots. Considering the flange length, the primary and secondary
fracture are 5940 and 2200 mm long, respectively, but the heights for both of them are the same
(i.e., 600 mm). Sizes of the primary and secondary fractures in this configuration are much larger than
those used in previous studies [18–20], which guarantees an adequate transport distance. Besides,
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based on a real field condition [34], a gap of 5 mm between two plates is set for the primary fracture,
whereas a width of 3 mm is adopted for the secondary fracture.
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Figure 1. Experimental apparatus, (a) photogragh of the real setup, (b) schematic of the experimental
apparatus (to scale), (1) blender, (2) progressive cavity pump, (3) inlet, (4) outlets, (5) primary fracture,
(6) secondary fractures, (7) magnetic flow meter, (8) valve, (9) sedimentation pool.

Positions and orientations of secondary fractures are fixed in this apparatus. Figure A1b shows
that a vertical secondary fracture with 30◦-branch and 150◦-branch intersects with the primary fracture
at L = 1160 mm. A vertical secondary fracture with 45◦-branch and 135◦-branch crosses the primary
fracture at L = 2430 mm. Following that, a vertical secondary fracture with two 90◦-branches intersects
with the primary fracture at L = 3640 mm. The horizontal and inclined branches are placed at slots
4 and 5, respectively. The case in which a natural fracture intersects with the primary fracture was
considered in this paper. Hence, one of the first three vertical secondary fractures, along with the
primary fracture, is used to form the experimental fracture system.

The circulation and recycling system includes magnetic flow meters, valves, and a sedimentation
pool. Magnetic flow meters are installed near the inlet of the primary fracture as well as the outlet of
each secondary fracture. They can monitor the flow rate entering or out of the slot system. Slurries out
of the slot system will flow into the sedimentation pool through circular pipes. Proppants settling in
the pool are recycled for the following tests.

2.2. Material Preparation

Due to low viscosity of 2–5 mPa·s, slickwater has a poor ability to carry proppants, which causes
the sand to quickly settle on the fracture bottom. To simplify the preparation process of the fracturing
fluid, water, also with a low viscosity of 1 mPa·s, was used to transport the proppants.



Energies 2020, 13, 6290 5 of 29

High-strength ceramic proppants were used in the experiments. Proppants with five kinds of
sizes (i.e., 16/20, 20/40, 30/50, 40/70, and 70/140) were prepared. Since 20/40 sand is widely used in
the hydraulic fracturing of shale gas in China, this sort of proppants was primarily used in the tests.
Besides, the density of each category of the proppants is approximately equal to 3350 kg/m3.

2.3. Experimental Procedure

An experimental run consists of a series of steps. Firstly, turn on the valves corresponding to the
primary fracture and one of the first three vertical secondary fractures, with the valves corresponding
to the horizontal and inclined branches shut. Then, 0.5 m3 water is poured into the blender and the
progressive cavity pump is turned on to inject the clean fluid in the blender to the slot system. In this
way, the slot system is full of water before pumping proppants. It is noted that the pumping rate is
supposed to gradually increase to the specified value.

Secondly, after about 0.1 m3 water is injected, a specified amount of proppants are added into the
blender at a certain mass rate. Turning on the rotation blades, the mixture is stirred continuously at a
revolving velocity of 75 r/min to suspend the proppants.

Thirdly, the slurry is elevated by the progressive cavity pump to the inlet of the slot system.
Once proppants emerge in slot 1, start to record the sand dune geometries with the video equipment at
an interval of 5 s. Meanwhile, flow rates out of the primary fracture and each branch are monitored
with magnetic flow meters during the experiment. When all of the proppants enter the slot system,
stop the injection, and record the final dune geometry.

Finally, inject clean water at a high rate of 20 m3/h to flush the dune in the slot system. When all
settling proppants are carried out of the slots, stop pumping and recycle proppants in the sedimentation
pool for the next experiment.

2.4. Scaling Design

Experimental parameters should be scaled to reach a fluid dynamic state which is similar to the
field one. The geometric scaling criterion should be first satisfied, meaning that the aspect ratio of the
experimental fracture should be the same as that of a real one. As a reference, a vertical fracture, with a
length of 167 m and a height of 20 m, and a natural fracture, with a length of 67 m and a height of
20 m, were considered. In this way, the aspect ratios of the primary and secondary fractures in this slot
system are identical to the real vertical fracture and natural fracture, respectively. Please note that the
slot aperture is set to that of a real fracture since the proppants used in the tests are those in the field,
which keeps the ratio of the proppant size to the fracture aperture [14].

To obtain similar fluid dynamic features, the kinematic and dynamic scaling criteria should also be
satisfied. Usually, some essential dimensionless quantities are used to determine the similarity of the
fluid regime and proppant transport behavior in the experimental and real fractures. Wang et al. [17]
introduced the gravity Reynolds number Reg, gravity Reynolds number for the fluid λ, fluid Reynolds
number Ref, and particle Reynolds number Rep to analytically characterize the equilibrium dune
height. Tong and Mohanty [19] used the Stokes number St to scale the particle trajectories. Liu and
Sharma [12] used the Shields number S to indicate whether the bed loading proppant transport is
dominant. Moreover, Fernández et al. [14] included other dimensionless quantities (e.g., the Buoyancy
number Bu and the Stokes-to-Froude ratio St/Fr2) to scale the experimental parameters. In this study,
Ref and Rep were used to scale the kinematic characteristics, and S was used to scale the dynamic
characteristics. These dimensionless quantities are defined in the following expressions:

Re f =
2ρ f viw

µ f
(1)

Rep =
ρ f vids

µ f
(2)
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S =
τb(

ρs − ρ f
)
gds

(3)

where vi is the mean velocity in fractures; ρf is the fluid density; ρs is the proppant density; w is the
fracture (slot) aperture; ds is the proppant diameter; µf is the fluid dynamic viscosity; and τb is the
shear stress acting on the top of the dune, and can be estimated by:

τb =
1
8

fDρ f vi
2 (4)

where fD is the Darcy friction factor. Among these dimensionless quantities, Ref and Rep define the
flow regimes for the horizontal transport and particle settling, respectively; Reg indicates the effect
of convection due to the density difference between the fluid and proppants; and S determines the
dominance of bed loading transport. According to Equations (1)–(4), it is found that if the same mean
velocity vi was achieved in the experimental and real fractures, the values of these dimensionless
quantities would be also the same on the condition that the proppants and fluid utilized in the tests
were those in the field. To obtain the same fluid velocity as in the real fracture, Equation (5) was
formulated to design the pumping rate used in the experiments:

2QM

wMHM
=

QF

wFHF
(5)

where QM and QF are the pumping rates in laboratories and in the field, respectively; HM and HF
are the heights of the experimental and real fractures, respectively. One must bear in mind that a
single wing of the primary fracture was considered in the slot system. Thus, the field pumping rate QF
should be divided in half when designing the slot pumping rate QM. Typically, a rate of 6–14 m3/min
(i.e., 360–840 m3/h) is used in the field. With the real fracture height of 20 m and the experimental
fracture height of 0.6 m, the pumping rate in the tests was set to 5.4–12.6 m3/h to obtain the same fluid
velocity. The values of experimental parameters and dimensionless quantities involved in the scaling
design are presented in Table 1.

Table 1. Values of experimental parameters and dimensionless quantities.

Parameter Slot System Unit Field Unit

Fracture height H 0.6 m 20 m
Half-length of the primary fracture L 5.0 m 167 m

Width of the primary fracture w 0.005 m 0.005 m
Fluid density ρf 1000 kg/m3 1000 kg/m3

Proppant density ρs 3350 kg/m3 3350 kg/m3

Fluid viscosity µf 0.001 Pa·s 0.001 Pa·s
Proppant diameter ds 0.0001–0.001 m 0.0001–0.001 m

Darcy friction factor fD 0.04 [33] - 0.04 [33] -
Fluid Reynolds number Ref 5000–11,667 - 5000–11,667 -

Particle Reynolds number Rep 100–980 - 100–980 -
Shields number S 0.065–1.825 - 0.065–1.825 -

Mean velocity in the fracture vi 0.5–1.2 m/s 0.5–1.2 m/s
Pumping rate Q 5.4–12.6 m3/h 360–840 m3/h

Ref varies between 5000 and 11,667, indicating that the turbulent flow will probably emerge in the
slot system. In addition, the minimum S is higher than 0.06. Miller et al. [35] pointed out that the critical
Shields number, taken as the value at which bed loading transport begins, varies between 0.03 and
0.06. Thus, the bed loading transport is predominant. An experimental scheme of proppant transport
in the complex fracture system is presented in Table 2. The effects of the pumping rate, sand ratio
(i.e., the volumetric ratio of proppants and slurry), and proppant size on proppant transport and
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distribution were studied in the slot system with a single 90◦-branch, and the effect of the branch angle
was explored in the system with two branch combinations (i.e., 30–150◦-branches, 45–135◦-branches).

Table 2. Experimental scheme of proppant transport in the complex fracture system.

Case Branch Angle (◦) Pumping Rate Q (m3/h) Sand Ratio (%) Proppant Size Proppant Amount (kg)

1 90 (a single branch) 5.4 6.0 20/40 42.0
2 90 (a single branch) 7.8 6.0 20/40 42.0
3 90 (a single branch) 10.2 6.0 20/40 42.0
4 90 (a single branch) 12.6 6.0 20/40 42.0
5 90 (a single branch) 10.2 4.0 20/40 28.0
6 90 (a single branch) 10.2 8.0 20/40 56.0
7 90 (a single branch) 10.2 6.0 16/20 42.0
8 90 (a single branch) 10.2 6.0 30/50 42.0
9 90 (a single branch) 10.2 6.0 40/70 42.0

10 90 (a single branch) 10.2 6.0 70/140 42.0
11 30/150 (two branches) 12.6 6.0 20/40 42.0
12 45/135 (two branches) 12.6 6.0 20/40 42.0

2.5. Characterization of Dune Distribution

In this paper, a dimensionless placement area ω is used to characterize the dune development,
which is defined as the ratio of the area covered by proppants to the total fracture area, as shown in
Equation (6):

ω =
Acoverage

Atotal
(6)

where Acoverage is the area covered by proppants and Atotal is the total fracture area. The evolution of
the placement area in each slot was statistically analyzed. When a certain amount of proppants are
injected into the slot system, some settle in the primary fracture, and the others turn the corner into
the branch. Where the proppants go or, more accurately, the distribution of proppants injected can be
characterized by a proportion δ(i), which is defined as the sand volume settling in the ith slot to the
sand volume injected, as shown in Equation (7):

δ(i) =
∆A(i)

coverage ×w(i)

Vinject
(7)

where ∆A(i)
coverage is the placement area increment in the ith slot, which is caused by the settling

of proppants shown in Figure 2; w(i) is the width of the ith slot; and Vinject is the sand amount
injected. In the tests, the placement area increment in each slot was recorded per 10% of the total sand
amount injected.
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3. Proppant Transport in the Complex Fracture System

3.1. Slurry Partition at the Intersection

The flow rate in the primary slot was partitioned at the intersection. Table 3 indicates that the
flow rate in the primary slot decreased significantly after passing the intersection. In the case of a
90◦-branch, approximately half of the slurry entered the secondary slot. In the case of two branches,
more than 60% of the slurry turned the corner into the branches. It was also found that the flow rate in
the branch with a smaller angle was higher than the other with a larger angle.

Table 3. Monitoring results of the flow rate partition at the intersection.

Case Inflow Rate Qi (m3/h)
Outflow Rate in the

Branch Qb (m3/h)
Outflow Rate in the

Primary Slot Qp (m3/h) Qb/Qi

1 5.40 2.74 (90◦-branch) 2.66 0.507
2 7.80 3.91 (90◦-branch) 3.83 0.501
3 10.20 5.17 (90◦-branch) 5.01 0.507
4 12.60 6.64 (90◦-branch) 5.91 0.527
5 10.20 4.68 (90◦-branch) 5.57 0.459
6 10.20 4.98 (90◦-branch) 5.16 0.488
7 10.20 4.72 (90◦-branch) 5.41 0.463
8 10.20 5.29 (90◦-branch) 4.91 0.519
9 10.20 5.70 (90◦-branch) 4.44 0.559

10 10.20 5.86 (90◦-branch) 4.34 0.575

11 12.60 4.48 (30◦-branch)
4.05 (150◦-branch) 4.09 0.677

12 12.60 4.23 (45◦-branch)
3.70 (135◦-branch) 4.57 0.629

A decrease of the flow rate in the primary slot may accelerate the settling of proppants, leading to
a short horizontal transport distance. As the number of branches that the primary slot encounters
increases, the flow rate remaining in the primary slot will decrease correspondingly, leading to poor
placement in the length direction. The asymmetrical distribution of the slurry in two branches of the
secondary slot may also lead to the asymmetrical placement of proppants. This point will be discussed
in the following section.

3.2. Pattern of Dune Development in the Branch

Two categories of branch-dune development patterns were observed in the experiments.
One pattern is that the dune development in the branch is dependent on the development degree of
the dune in the primary fracture. As shown in Figure 3a, proppants injected mainly settled in slot 1
(i.e., the near-inlet region of the primary fracture) when 30% of sand were pumped (i.e., the early stage
of the injection), without proppants emerging in slot 3 and the branch. As more proppants were injected,
the dune in slot 1 continuously developed. Meanwhile, some proppants which suspended in the fluid
transported to slot 3 and settled there. When 60% of sand were pumped (i.e., the mid-term of the
injection), the dune in slot 1 had reached an equilibrium status. A dune was formed in slot 3, and bed
load proppant transport was observed on the dune top. However, proppants still did not transport
to the branch. When 90% of sand were pumped (i.e., the late stage of the injection), the equilibrium
dune height in slot 3 was achieved, and a dune emerged near the branch inlet. Proppants injected
transported on the dune top in a way of bed load, and some of them turned the corner at the intersection.
Afterward, some of the proppants entering the branch rolled down along the slope and settled in the
middle of the branch. In this sort of pattern, the dune in the branch started to develop only if the dune
in the primary fracture before the intersection fully developed. This pattern usually occurs in the case
with a low pumping rate or coarse proppants.
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The other pattern is that the dune development in the branch is independent on the development
degree of the dune in the primary fracture. As shown in Figure 3b, the dunes in all of the slots
developed simultaneously. During the early stage of the injection (before 30% of sand pumped),
some of the injected proppants settled in slot 1, and the others were dragged by the fluid to slot 3. In slot
3, the remaining proppants settled and transported on the dune top by bed loading. Some proppants
moved by saltation into the fluid and turned the corner at the intersection. These proppants would
settle at the end of the branch. The other proppants rolled on the dune top, and also, rolled into the
branch. These proppants would stop near the branch inlet. In the mid-term of the injection (before 60%
of sand pumped), a similar transporting process was observed in the fracture system. It was found
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that the branch may be better covered by the proppants than the primary fracture. In the late stage of
the injection (before 90% of sand pumped), the dune in the branch had reached an equilibrium status.

Some proppants entering the branch rolled on the dune top, and the others were dragged by the
fluid out of the branch. In this pattern, the proppants could transport to the intersection from the inlet
rather than stopped in the primary fracture, which caused the dune development in the branch to start
from the early stage of the injection. Thus, this sort of pattern usually occurs in the case with a high
pumping rate or fine proppants.

3.3. Evolvement of Dunes in the Complex Fracture System

3.3.1. Effect of the Pumping Rate

The dune development under a low pumping rate belongs to the case presented in Figure 3a.
Figure 4a shows that under a low pumping rate, the dune development in slot 3 (the middle of the
primary fracture) was heavily dependent on the dune geometries in slots 1 and 2 (near the inlet),
and the dune development in the branch relied on the dune geometry in the primary slots before
the intersection. When 56% of sand was pumped, the placement area in slot 3 started to increase
dramatically. At that time, the dune height in slot 2 had achieved an equilibrium status, and the
placement area in slot 1 reached 43.6%. Similarly, the dunes in slot 4 and the branch began to develop
after 78% of sand were pumped, at which the placement area in slot 3 reached a high value of 61.3%.
This phenomenon revealed that under a low pumping rate, the dune development in the following
fracture (e.g., the branch) depends on the dune geometry in the precedent fracture (e.g., the primary
fracture before the intersection).

Energies 2020, 13, x FOR PEER REVIEW 10 of 29 

 

Some proppants entering the branch rolled on the dune top, and the others were dragged by the 
fluid out of the branch. In this pattern, the proppants could transport to the intersection from the inlet 
rather than stopped in the primary fracture, which caused the dune development in the branch to 
start from the early stage of the injection. Thus, this sort of pattern usually occurs in the case with a 
high pumping rate or fine proppants. 

3.3. Evolvement of Dunes in the Complex Fracture System 

3.3.1. Effect of the Pumping Rate 

The dune development under a low pumping rate belongs to the case presented in Figure 3a. 
Figure 4a shows that under a low pumping rate, the dune development in slot 3 (the middle of the 
primary fracture) was heavily dependent on the dune geometries in slots 1 and 2 (near the inlet), and 
the dune development in the branch relied on the dune geometry in the primary slots before the 
intersection. When 56% of sand was pumped, the placement area in slot 3 started to increase 
dramatically. At that time, the dune height in slot 2 had achieved an equilibrium status, and the 
placement area in slot 1 reached 43.6%. Similarly, the dunes in slot 4 and the branch began to develop 
after 78% of sand were pumped, at which the placement area in slot 3 reached a high value of 61.3%. 
This phenomenon revealed that under a low pumping rate, the dune development in the following 
fracture (e.g., the branch) depends on the dune geometry in the precedent fracture (e.g., the primary 
fracture before the intersection). 

Due to the fact most of the proppants settled in the primary slots, there was a poor placement in 
the branch. However, approximately 44.0% among the remaining 20% of the total sand turned the 
corner into the branch. The proportion of sand which entered the branch during the late stage of the 
injection was comparable to that (about 42.0%) settling in slot 1 during the injection of the first 10% 
of total sand. This was because the gap between the dune top and the slot top decreased as the dune 
height in slot 3 increased, which caused the fluid velocity through this cross-section to increase 
correspondingly. As a result, the bed load transport was enhanced, and a large number of proppants 
could roll into the branch. 

Figure 4b indicates that during the injection, the increase rates of placement areas in slot 4 and 
the branch were the highest among all of the slots. The placement areas in slots 1 and 3 were less than 
slot 4 and the branch, and the placement areas in slots 2 and 5 were the least. In the primary fracture 
before the intersection, approximately 40% of the fracture area was covered by proppants at the end 
of the injection. This proportion was less than that in the case with a low pumping rate. This 
demonstrated that a high pumping rate may reduce the placement area in the near-inlet region and 
the middle of a primary fracture (i.e., slots 1 to 3). Proppants carried by the high-velocity fluid could 
pass the intersection, and settled in slot 4 due to the fluid partition, resulting in a placement area of 
52.7%. Thus, in the primary fracture, the region after the intersection may be well covered by 
proppants under a high pumping rate. 

 
(a) Energies 2020, 13, x FOR PEER REVIEW 11 of 29 

 

 
(b) 

Figure 4. Evolvement of the dunes under different pumping rates, (a) case 1 under a pumping rate of 
5.40 m3/h, (b) case 4 under a pumping rate of 12.60 m3/h. 

The dune development in the branch did not rely on the dune geometry in the primary fracture. 
Proppants could be dragged by the fluid to the intersection before the dune in the primary fracture 
fully developed. Proppants turned the corner at the intersection, and the branch may be well propped 
by proppants, ending up with a placement area of 60%. However, the efficiency of transporting into 
the branch was lower than that in the case with a low pumping rate. Per injecting 10% of total sand, 
averagely 15.2% of sand entered the branch, with 84.8% settling in the primary fracture. This is 
because a high fluid velocity may lead to a high Stokes number of a single proppant. In this way, 
proppants tend to transport along the initial trajectory. 

3.3.2. Effect of the Sand Ratio 

The variation of the placement area in each slot is presented in Figure 5. Please bear in mind that 
the sand amount used under 8% sand ratio was twice more than that under 4% sand ratio. For the 
two cases, the dunes in slots 1 and 3 developed faster than the other slots, and the dune in slot 5 was 
the last to develop. There were some differences between the two cases. Firstly, in slots 1 and 3, the 
placement areas under 8% sand ratio were larger than those under 4% sand ratio, and the equilibrium 
of the dune height under 8% sand ratio was earlier than that under 4% sand ratio. In case 5, the 
equilibrium dune heights in slots 1 and 3 were achieved when approximately 85% of total sand was 
pumped, resulting in a placement area of 45%. In case 6, however, the equilibrium dune height was 
achieved when approximately 57% of total sand was pumped, resulting in a placement area of 54.7%. 
This demonstrated that in an operation with a limited amount of sand, a high sand ratio may 
accelerate the dune development and increase the placement area in the near-inlet region of the 
primary fracture. 

Secondly, the placement area in slot 2 under 8% sand ratio increased faster than that under 4% 
sand ratio. When 50% of total sand was pumped, the placement area in slot 2 under 4% sand ratio 
was just 9.3%, whereas the area under 8% sand ratio increased significantly to 32.7%. In addition, the 
final area in slot 2 under 8% sand ratio was approximately the same as those in slots 1 and 3. This 
indicated that a high sand ratio may contribute to a uniform distribution of proppants in the near-
inlet region of the primary fracture. 

Thirdly, the placement areas in slot 4 and the branch under 8% sand ratio were higher than those 
under 4% sand ratio. In case 5, the final placement areas in slot 4 and the branch were 40.2% and 50%, 
respectively. In case 6, the areas in these two slots were higher than those in primary slots before the 
intersection. Particularly, the placement area in the branch reached a large value of 73.8%. It was 
indicated that under a high sand ratio, a large number of proppants can pass the intersection and 
settled in slot 4, and many proppants can turn the corner into the branches. Thus, the branch and 
near-intersection region may be well propped under a high sand ratio. 

Figure 4. Evolvement of the dunes under different pumping rates, (a) case 1 under a pumping rate of
5.40 m3/h, (b) case 4 under a pumping rate of 12.60 m3/h.



Energies 2020, 13, 6290 11 of 29

Due to the fact most of the proppants settled in the primary slots, there was a poor placement
in the branch. However, approximately 44.0% among the remaining 20% of the total sand turned
the corner into the branch. The proportion of sand which entered the branch during the late stage of
the injection was comparable to that (about 42.0%) settling in slot 1 during the injection of the first
10% of total sand. This was because the gap between the dune top and the slot top decreased as the
dune height in slot 3 increased, which caused the fluid velocity through this cross-section to increase
correspondingly. As a result, the bed load transport was enhanced, and a large number of proppants
could roll into the branch.

Figure 4b indicates that during the injection, the increase rates of placement areas in slot 4 and
the branch were the highest among all of the slots. The placement areas in slots 1 and 3 were less
than slot 4 and the branch, and the placement areas in slots 2 and 5 were the least. In the primary
fracture before the intersection, approximately 40% of the fracture area was covered by proppants
at the end of the injection. This proportion was less than that in the case with a low pumping rate.
This demonstrated that a high pumping rate may reduce the placement area in the near-inlet region
and the middle of a primary fracture (i.e., slots 1 to 3). Proppants carried by the high-velocity fluid
could pass the intersection, and settled in slot 4 due to the fluid partition, resulting in a placement
area of 52.7%. Thus, in the primary fracture, the region after the intersection may be well covered by
proppants under a high pumping rate.

The dune development in the branch did not rely on the dune geometry in the primary fracture.
Proppants could be dragged by the fluid to the intersection before the dune in the primary fracture
fully developed. Proppants turned the corner at the intersection, and the branch may be well propped
by proppants, ending up with a placement area of 60%. However, the efficiency of transporting into
the branch was lower than that in the case with a low pumping rate. Per injecting 10% of total sand,
averagely 15.2% of sand entered the branch, with 84.8% settling in the primary fracture. This is because
a high fluid velocity may lead to a high Stokes number of a single proppant. In this way, proppants
tend to transport along the initial trajectory.

3.3.2. Effect of the Sand Ratio

The variation of the placement area in each slot is presented in Figure 5. Please bear in mind that
the sand amount used under 8% sand ratio was twice more than that under 4% sand ratio. For the
two cases, the dunes in slots 1 and 3 developed faster than the other slots, and the dune in slot 5
was the last to develop. There were some differences between the two cases. Firstly, in slots 1 and
3, the placement areas under 8% sand ratio were larger than those under 4% sand ratio, and the
equilibrium of the dune height under 8% sand ratio was earlier than that under 4% sand ratio. In case 5,
the equilibrium dune heights in slots 1 and 3 were achieved when approximately 85% of total sand was
pumped, resulting in a placement area of 45%. In case 6, however, the equilibrium dune height was
achieved when approximately 57% of total sand was pumped, resulting in a placement area of 54.7%.
This demonstrated that in an operation with a limited amount of sand, a high sand ratio may accelerate
the dune development and increase the placement area in the near-inlet region of the primary fracture.

Secondly, the placement area in slot 2 under 8% sand ratio increased faster than that under 4%
sand ratio. When 50% of total sand was pumped, the placement area in slot 2 under 4% sand ratio was
just 9.3%, whereas the area under 8% sand ratio increased significantly to 32.7%. In addition, the final
area in slot 2 under 8% sand ratio was approximately the same as those in slots 1 and 3. This indicated
that a high sand ratio may contribute to a uniform distribution of proppants in the near-inlet region of
the primary fracture.

Thirdly, the placement areas in slot 4 and the branch under 8% sand ratio were higher than those
under 4% sand ratio. In case 5, the final placement areas in slot 4 and the branch were 40.2% and
50%, respectively. In case 6, the areas in these two slots were higher than those in primary slots before
the intersection. Particularly, the placement area in the branch reached a large value of 73.8%. It was
indicated that under a high sand ratio, a large number of proppants can pass the intersection and
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settled in slot 4, and many proppants can turn the corner into the branches. Thus, the branch and
near-intersection region may be well propped under a high sand ratio.
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One more point was that under 8% sand ratio, the beginning of the dune development in slot 5
was earlier than that under 4% sand ratio, and the final placement area in slot 5 was the largest among
all of the slots. It was implied that a high sand ratio may facilitate the proppant placement in the deep
of a fracture. Please note that all of the advantages on the proppant placement using a high sand
ratio may be attributed to the large sand amount contained in the slurry. At the same time interval,
the sand amount under 8% sand ratio was twice that under 4% sand ratio. It was speculated that a
well-developed dune in the branch would be formed if enough proppants were injected under 4%
sand ratio.

Figure 5 also presents the distribution of injected sand during the pumping. Under 4% sand
ratio, the dune mainly developed in the first three slots during the injection of 80% of the total sand,
with averagely 64% of injected sand settling in them. Among the injected proppants, approximately
24.0%, 14.3%, and 25.7% settled in slot 1, slot 2, and slot 3, respectively. Under 8% sand ratio,
the dune predominantly developed in the first three slots during the injection of 60% of the total
sand, with averagely 73.1% of injected sand settling in them. Approximately 26.1%, 20.2%, and 26.8%
of injected sand settled in slot 1, slot 2, and slot 3, respectively. It was found that except for slot 2,
the proportion of sand which settled in slot 1 or 3 to total sand was similar between the two cases.
What was different was that the dune under 8% sand ratio developed faster than under 4% sand ratio.
This phenomenon indicates that the sand ratio primarily affects the dune development rate, because
the settling sand amount per unit time under a higher sand ratio is more than that under a lower
sand ratio.
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However, the proportion of injected sand which settled in slot 4, slot 5, or the 90◦-branch was
different between the two cases. After the dune in the first three slots reached an equilibrium status,
the injected proppants mainly settled in slots 4, 5, and the 90◦-branch. Under 8% sand ratio, the injected
proppants tended to settle in slots 4 and 5. At the interval of 60–70% of total sand injected, 42.8% of
injected sand settled in slot 4. At the interval of 70–100% of total sand injected, 58.3% of injected sand
settled in slot 5. The proportion of proppants that settled in slots 4 and 5 under 8% sand ratio was
much higher than that under 4% sand ratio. However, injected proppants were prone to turn the
corner at the intersection under 4% sand ratio, with averagely 30.3% of them settling in the branch.
Under 8% sand ratio, the maximum proportion of sand settling in the branch was 19.6%, which was
lower than that under 4% sand ratio. This phenomenon may be attributed to that the branch inlet may
be partially blocked under a higher sand ratio. There is resistance for proppants to turn the corner at
the intersection.

In conclusion, the sand ratio has little effect on the proppant distribution in the before-intersection
fraction of a primary fracture, but has a significant impact on the proppant distribution in the branch
and the after-intersection fraction of a primary fracture. A high sand ratio may result in low efficiency
of proppant transport into the branch, despite of a high placement area in the branch due to the large
sand amount injected. A low sand ratio may lead to poor placement in the branch, but a higher
transporting efficiency into the branch can be obtained.

3.3.3. Effect of the Sand Size

The evolvement of dunes in the complex fracture system using coarse and fine proppants is
presented in Figure 6. Using 16/20 proppants, approximately 41.9% of them settled in slot 1 during
the injection of the first 20% of total sand, and 45.1% settled in slot 2, resulting in a placement area
of 35.2% and 39.1% in slots 1 and 2, respectively. Afterward, the dune in slot 3 started to develop.
At the interval of 20–50% of total sand injected, approximately 48.3% of injected sand settled in slot 3.
When 50% of sand were injected, the dune in slot 3 developed to a high level. After that, the dunes
in slot 4 and the branch began to develop. During the injection of the remaining 50% of total sand,
more than half of the proppants settled in slot 4 and the 90◦-branch. However, slot 5 was poorly
covered by proppants, with a small placement area of 5%. The description above showed that under
16/20 proppants, the dune development in the following slots was heavily dependent on the dune
geometry in the precedent slots.

Using 70/140 proppants, the placement area in each slot could increase simultaneously from the
beginning of the injection, meaning that fine proppants could transport far into the deep of a fracture.
The final placement areas in slots 4, 5, and the branch were 70.1%, 66.7%, and 50.1%, respectively,
which were much larger than those under 16/20 proppants. However, the final placement areas in
slots 1 to 3 were smaller than those under 16/20 proppants. Besides, the proportion of injected sand
settling in each slot was relatively constant and uniform during the entire pumping. For the primary
fracture before the intersection, presumably 16.3% of injected sand settled in slot 1, approximately
15.4% settled in slot 2, and about 16.6% settled in slot 3. For the primary fracture after the intersection,
22.5% of injected sand settled in slot 4, and 15.9% settled in slot 5. Approximately 13.2% of injected
sand turned the corner into the branch.

Therefore, the branch and the deep of the primary fracture can be uniformly covered by fine
proppants. However, higher efficiency of proppant transport into the branch may be obtained in the
final stage of the injection using the coarse proppants. This is because the coarse proppants may roll
on the dune top, and entered the branch in a way of bed load transport.



Energies 2020, 13, 6290 14 of 29

Energies 2020, 13, x FOR PEER REVIEW 13 of 29 

 

turn the corner at the intersection under 4% sand ratio, with averagely 30.3% of them settling in the 
branch. Under 8% sand ratio, the maximum proportion of sand settling in the branch was 19.6%, 
which was lower than that under 4% sand ratio. This phenomenon may be attributed to that the 
branch inlet may be partially blocked under a higher sand ratio. There is resistance for proppants to 
turn the corner at the intersection. 

In conclusion, the sand ratio has little effect on the proppant distribution in the before-
intersection fraction of a primary fracture, but has a significant impact on the proppant distribution 
in the branch and the after-intersection fraction of a primary fracture. A high sand ratio may result 
in low efficiency of proppant transport into the branch, despite of a high placement area in the branch 
due to the large sand amount injected. A low sand ratio may lead to poor placement in the branch, 
but a higher transporting efficiency into the branch can be obtained. 

3.3.3. Effect of the Sand Size 

The evolvement of dunes in the complex fracture system using coarse and fine proppants is 
presented in Figure 6. Using 16/20 proppants, approximately 41.9% of them settled in slot 1 during 
the injection of the first 20% of total sand, and 45.1% settled in slot 2, resulting in a placement area of 
35.2% and 39.1% in slots 1 and 2, respectively. Afterward, the dune in slot 3 started to develop. At 
the interval of 20–50% of total sand injected, approximately 48.3% of injected sand settled in slot 3. 
When 50% of sand were injected, the dune in slot 3 developed to a high level. After that, the dunes 
in slot 4 and the branch began to develop. During the injection of the remaining 50% of total sand, 
more than half of the proppants settled in slot 4 and the 90°-branch. However, slot 5 was poorly 
covered by proppants, with a small placement area of 5%. The description above showed that under 
16/20 proppants, the dune development in the following slots was heavily dependent on the dune 
geometry in the precedent slots. 

  
(a) 

  
(b) 

Figure 6. Evolvement of the dunes under different sand sizes, (a) case 7 under 16/20 proppants, (b) 
case 10 under 70/140 proppants. 

Figure 6. Evolvement of the dunes under different sand sizes, (a) case 7 under 16/20 proppants, (b) case
10 under 70/140 proppants.

3.3.4. Effect of the Branch Angle

The evolvement of dunes in the fracture system with 30–150◦-branches is presented in Figure 7.
The two branches are located at the joint of slots 1 and 2 (i.e., L = 1 m). Figure 7a indicates that the
dune front had not moved to slot 3 when 30% of sand were injected. On the contrary, at the same
pumping rate, sand ratio, and proppants, a sand dune had been created in slot 3, as shown in Figure 3b.
This is because fluid was partitioned at the intersection before reaching slot 3. According to Table 3,
the flow rate in the primary fracture decreased from 12.6 m3/h to 4.09 m3/h after passing the intersection.
Most proppants cannot be carried by the fluid with a decreased velocity, and consequently settled in
slot 2. When 90% of sand were pumped, the dune front just moved to the middle of slot 3, with the
deep of the primary fracture uncovered.

The dune development was different between the 30◦-branch and 150◦-branch. The flow rate in
the 30◦-branch was slightly higher than the 150◦-branch. Besides, it is easier for proppants to enter the
30◦-branch than the 150◦-branch, because the proppants may turn large corners at the intersection
to enter the 150◦-branch. Therefore, proppants could transport far in the 30◦-branch, and the whole
bottom of it was covered by sand when 30% of sand was pumped. However, the proppants in the
150◦-branch accumulated at the branch inlet, with a short horizontal transport distance.

In combination with Figure 7b,c, it was found that during the injection of 60% of total sand,
approximately 48.5% of injected sand settled in slot 2 because of fluid partition, resulting in a large
placement area of 77.7%. Importantly, there is a strange phenomenon that more proppants entered
the 150◦-branch than the 30◦-branch, with the placement area in the 150◦-branch reaching 72.2%.
According to Tong and Mohanty [15], the sand amount entering the branch with a large angle was less
than that entering the branch with a small angle. For the result in this paper, it was deduced that due
to a short transporting distance in the 30◦-branch, some proppants entering this branch were carried
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by the fluid out of the fracture system before they settled on the bottom. This behavior caused errors in
recording the placement area in the 30◦-branch. Using a low pumping rate may mitigate this error.
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The evolvement of dunes in the fracture system with 45–135◦-branches is presented in Figure 8.
The two branches are located at the joint of slots 2 and 3 (i.e., L = 2 m). Similarly, the horizontal transport
distance in the primary fracture decreased due to the fluid partition at the intersection. Proppants
passing the intersection settled in slot 3, resulting in a large placement area of 50.2%. The dune
development in the branches was similar to the case with 30–150◦-branches. The placement area in the
45◦-branch was presumably the same as the 135◦-branch. The difference in the sand amount between
the two branches was narrowed. This was probably due to a lower flow rate in the 45◦-branch than
the 30◦-branch. Consequently, more proppants settled in the branch, with less sand flowing out of
the system.

Comparing the results between the two cases, it was found that the placement area in the
30◦-branch was larger than that in the 45◦-branch, whereas the placement area in the 135◦-branch was
smaller than that in the 150◦-branch. Intuitively, proppants tend to transport into the branch with a
smaller angle. By analyzing the structure of the experimental fracture system shown in Figure 1, it was
speculated that the position of the branch may contribute to the phenomenon above. The 150◦-branch
is located at L = 1 m, and the 135◦-branch is located at L = 2 m. The distance from the inlet to the
135◦-branch is farther than to the 150◦-branch. Hence, more proppants settled in the primary fracture
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before entering the 135◦-branch, and the dune in this branch did not fully develop under a limited
sand amount.Energies 2020, 13, x FOR PEER REVIEW 16 of 29 
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4. Numerical Simulation of Proppant Transport in the Complex Fracture System

4.1. Governing Equations

A dense discrete phase model was built in this paper to track the trajectories and motion states of
proppants in the fracture system with different branches. In this method, the fluid phase is regarded
as a continuum and is solved on the Eulerian grid [19]. However, the particle phase is tracked
in a Lagrangian approach but is mapped back to the Eulerian grid [29]. The interactions between
particles are solved by the kinetic theory of granular flows (KTGF) model [36–38], and the particle-wall
interactions can also be included in this model. Since the theories of DDPM were well-developed in
literature [19,36–40], some important equations were presented here to briefly introduce this model.
Considering no source term existed, the mass conservation for fluid and particle phases can be
expressed as [19,41]:

∂
∂t

(
α fρ f

)
+∇ ·

(
α fρ f v f

)
= 0 (8)
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∂
∂t
(αsρs) +∇ · (αsρsvs) = 0 (9)

where αf is the volume fraction of fluid phase; αs is the volume fraction of particle phase; ρf is the fluid
density; ρs is the particle density; vf is the fluid velocity; and vs is the particle velocity. Furthermore,
the momentum conservation for fluid and particle phases can be expressed as [19,41]:

∂
∂t

(
α fρ f v f

)
+∇ ·

(
α fρ f v f ⊗ v f

)
= −α f∇p +∇ · τ f + α fρ f g + β

(
vs − v f

)
(10)

∂
∂t
(αsρsvs) +∇ · (αsρsvs ⊗ vs) = −αs∇p +∇ · τs + αsρsg + β

(
v f − vs

)
(11)

where ⊗ is a dyadic multiplication of the (3 × 1) velocity vector by the (1 × 3) velocity vector v to give
the 3 × 3 matrix; p is the pressure shared by fluid and particle phases; τf is the stress tensor of fluid
phase; τs is the stress tensor of particle phase; and β is the interphase momentum exchange coefficient.
β is determined by Gidaspow drag model [41] in terms of the volume proportion of particle phase (αs)
and can be expressed as:

β = 150
αs

(
1− α f

)
µ f

α f ds2 + 1.75
αsρ f ‖vs − v f ‖

ds
for αs ≥ 0.2 (dense system) (12)

β =
3
4

CD
αsα fρ f ‖vs − v f ‖

ds
α f
−2.65 for αs < 0.2 (dilute system) (13)

where CD is the drag coefficient and can be given by [41]:

CD =
24

α f Res

[
1 + 0.15

(
α f Res

)0.687
]

(14)

where Res denotes the Reynold number of particle phase. Due to the computation of particle properties
on the Eulerian grid in DDPM, the momentum conservation of particle phase (Equation (14)) is not
solved. The particle motion is actually computed by [19]:

dvs

dt
=

g
(
ρs − ρ f

)
ρs

+ FD
(
v f − vs

)
+ FKTGF (15)

The first term on the right side of Equation (14) denotes the effect of gravity on the particle motion.
The second one represents the effect of drag force, in which FD can be expressed by Equation (16).
The third one denotes particle interactions from KTGF and can be computed as [19]:

FD =
18µ f

ρsds2
CDRes

24
(16)

FKTGF = −
1
αsρs
∇ · τs (17)

The stress tensors of fluid and particle phases (i.e., τf and τs) can be calculated by [41]:

τ f = α fµ f

(
∇v f +

(
∇v f

)T
)
−

2
3
α fµ f

(
∇ · v f

)
I (18)

τs = µs
(
∇vs + (∇vs)

T
)
−

(
λs −

2
3
µs

)
(∇ · vs)I (19)
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where I is the unit tensor; µs is the particle shear viscosity; and λs is the bulk viscosity. In KTGF, µs can
be expressed as the sum of kinetic viscosity µs,kin, collisional viscosity µs,col, and frictional viscosity
µs,fri [19,41]), which is denoted as:

µs = µs,kin + µs,col + µs, f ri (20)

The three components of µs can be calculated from [19,41]:

µs,kin =
10dsρs

√
Θsπ

96αsgo(1 + e)

[
1 +

4
5
αsgo(1 + e)

]2
(21)

µs,col =
4
5
αsdsρsgo(1 + e)

(Θs

π

) 1
2

(22)

µs, f ri = 0.1αs
(αs − αs,min)

2 sinφ

2(αs,max − αs)
3√I2D

(23)

where Θs is the granular temperature; go is the radial distribution function; e is the restitution coefficient;
φ is the internal friction angle; and I2D is the partial stress tensor constant of the particle phase.
Additionally, the bulk viscosity λs is computed by [37]:

λs =
4
3
αsdsρsgo(1 + e)

(Θs

π

) 1
2

(24)

Equations (21)–(24) indicate that the particle shear viscosity and bulk viscosity are both related to the
granular temperature Θs. This quantity complies with the kinetic energy conservation equation [14] as:

3
2

[
∂(αsρsΘs)

∂t
+∇ · (αsρsΘsvs)

]
= (−psI + τs) : ∇vs −∇ · (kΘ∇Θs) − γ+ Φ (25)

Four terms on the right side of Equation (25) represent the energy variation relevant to the
particle stress, diffusion, collision, and interphase exchange, respectively. Several important parameters
(i.e., the particle pressure ps, the granular energy diffusion coefficient kΘ, the collisional dissipation
energy γ, and the interphase energy exchange Φ) can be calculated from [41,42]:

ps = αsρsΘs + 2αs
2ρsΘsgo(1 + e) (26)

kΘ =
150dsρs

√
Θsπ

384go(1 + e)

[
1 +

6
5
αsgo(1 + e)

]2
+ 2αs

2ρsdsgo(1 + e)
(Θs

π

) 1
2

(27)

Φ = −3βΘs (28)

go =

1− (
αs

αs,max

)1/3−1

(29)

Neglecting the convection and diffusion term in Equation (25) [19], the model can be solved by
putting Equations (8)–(10), (12)–(26), (28) and (29) together.

4.2. Numerical Simulation Model

The computational geometries are presented in Figure 9. The fracture geometries were also
scaled by the geometric scaling criterion used in experimental designs. Hence, the aspect ratio of
the fracture length to the height in CFD simulations are the same as those in the experiments and
in the field, with the size of the primary fracture 500 mm × 60 mm × 5 mm and the size of one
branch 100 mm × 60 mm × 3 mm. It is noted that the branches are placed at L = 0.1, 0.2, 0.3, and 0.4
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m, respectively, to study the effect of the branch position on the dune development in the branch.
Outlets were set on the top of the primary and secondary fractures.
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The geometric body was divided into blocks to mesh grids. Hexahedral structured grids were
adopted to increase the accuracy and stability of simulations. Three and two grids were placed
along the widths of the primary and secondary fractures, respectively. Medium grids with the
size of 3 mm × 2.5 mm × 1.7 mm were used in the primary fracture, and finer grids with the size of
2.5 mm × 2.5 mm × 1.5 mm were arranged in secondary fractures. In that way, the total number of
meshes in all of the cases was on average 15,300.

ANSYS FLUENT software was utilized to simulate the proppant transport in fractures.
The Realizable k-ε turbulence model was adopted for the fluid phase. Different from the standard k-ε
model and the RNG k-εmodel, the Realizable k-εmodel satisfies certain mathematical constraints on the
Reynolds stresses, consistent with the physics of turbulent flows. It also adopts a new eddy-viscosity
formula for the turbulent viscosity and a modified transport equation for the dissipation rate ε,
which provides a better performance. The transport equations for the Realizable k-ε model can be
expressed as [43]:

∂
∂t
(ρmk) +∇ · (ρmvmk) = ∇ ·

[(
µ+

µt

σk

)
∇k

]
+ Gk + Gb − ρmε−YM + Sk (30)
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∂
∂t
(ρmε) +∇ · (ρmεvm) = ∇ ·

[(
µ+

µt

σε

)
∇ε

]
+ ρmC1Sε− ρmC2

ε2

k +
√

vε
+ C1ε

ε
k

C3εGb + Sε (31)

where k is the turbulence kinetic energy; ε is the dissipation rate; ρm is the density of the mixture,
ρm = αfρf + αsρs; vm is the velocity of the mixture, vm = αfρfvf + αsρsvs; Gk and Gb are the average
velocity gradient and buoyancy terms of k, respectively; Ym is the proportion of the undulatory
dilatation occurring in compressible turbulence to ε; C1 = max[0.43, η/(η + 5)]; η = Sk/ε; S = (2SijSij)1/2;
C1ε, C2, σk, and σε are model constants, taken as 1.44, 1.9, 1.0, and 1.2, respectively.

Besides, the standard wall functions were considered to involve the effect of walls on the flow.
The injection rate of the particle phase was scaled by Equation (6). Moreover, the sand ratios were the
same as those in the experiments. Considering a uniform size distribution, an average diameter of
proppants was used in the simulations (e.g., 0.64 mm for 20/40 sands). Other parameters are listed in
Table 4. Velocity inlets and pressure outlets were set in the simulations. The phase coupled SIMPLE
scheme was selected for pressure-velocity coupling. The gradient was spatially discretized using the
Green-Gauss-node-based method. The momentum and volume fraction were treated with the QUICK
method. The spatial discretization of the turbulent kinetic energy and turbulent dissipation rate were
processed with the First Order Upwind method. Besides, First Order Implicit method was applied for
the transient formulation.

Table 4. Values of parameters in CFD simulations.

Parameter Unit Value

Inlet fluid velocity m/s 0.6
Inlet proppant velocity m/s 0.6

Total proppant mass rate kg/s 0.018
Proppant diameter m 0.00064 (20/40 ceramic)

Fluid density kg/m3 998.2
Proppant density kg/m3 3350

Angle of internal friction ◦ 30
Friction pressure Pa Based KTGF
Friction modulus Pa derived

Friction packing limit - 0.61
Elasticity Modulus Pa derived

Packing limit - 0.63
Transition factor - 0.75

4.3. Simulation Results and Analysis

In this section, the model is firstly validated by the experimental results reported above, then the
effects of the intersection location and pumping rate on the dune development in branches at angles
are investigated.

4.3.1. Model Validation

In this section, the model is validated by comparing the simulation results with the experimental
results. Cases 1, 4 (with the 90◦-orthogonal branch), and 12 (with 45–135◦-branches) were simulated
using this model. The normalized dune height, taken as the ratio of the dune height to the slot
height, was adopted as the verification criterion. Figures 10 and 11 presents the simulation results
in cases 1 and 4, respectively. The normalized dune heights in slots 1, 2, 3, and the 90◦-branch were
observed. In each slot, the heights at one-third and two-thirds of the slot length were chosen for
comparison. Experimental results in cases 1 and 4 are presented in Figure 3. For case 1, the dune
geometries at 30%, 60%, and 90% of the total sand pumped are identified in Figure 10a and presented
in Figure 10b. It was indicated that in slots 2, 3, and the 90◦-branch, simulation results agree well with
the experimental results. In slot 1, especially at the position closer to the inlet, it can be found that
the simulation results slightly deviate from the experimental results, with a maximum deviation of
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about 34%. This is probably due to the turbulent effect near the inlet, with the dune eroded. For case 4,
the dune geometries at the same three pumping stages are identified in Figure 11a and presented in
Figure 11b. Similarly, there is a good agreement between the simulation and experimental results in
slots 2 and 3. The turbulent effects near the inlet may cause a deviation. Due to the pressure outlet,
some particles may flow out of the computation domain, which causes a reduction of the normalized
dune height in the 90◦-branch. Despite the deviation, it is considered that the numerical simulation
model with a 90◦-branch used in this study is reliable with the allowable engineering error.

Afterward, the model with 45–135◦-branches is validated using case 12. The normalized dune
heights in the two branches were observed. In each slot, the heights at the normalized dune length
(i.e., the ratio of the dune length to the slot length) of 0.1, 0.3, 0.5, 0.7, and 0.9 were chosen for comparison.
Experimental results in case 12 are presented in Figure 8. Also, the dune geometries at 30%, 60%,
and 90% of the total sand pumped are identified and presented in Figure 12. It was demonstrated that
the simulated results are close to the experimental values with a maximum deviation of less than 25%.
Overall, the errors produced from the model with two branches is acceptable in engineering and can
be applied for further study.Energies 2020, 13, x FOR PEER REVIEW 21 of 29 

 

 
(a) 

 
(b) 

Figure 10. Simulation and experimental results of normalized dune height for case 1, (a) Dune 
geometries in different pumping stages, (b) comparisons between simulation and experimental 
results. 

 
(a) 

 
(b) 

Figure 11. Simulation and experimental results of normalized dune height for case 4, (a) Dune 
geometries in different pumping stages, (b) comparisons between simulation and experimental 
results. 

Figure 10. Simulation and experimental results of normalized dune height for case 1, (a) Dune
geometries in different pumping stages, (b) comparisons between simulation and experimental results.



Energies 2020, 13, 6290 22 of 29

Energies 2020, 13, x FOR PEER REVIEW 21 of 29 

 

 
(a) 

 
(b) 

Figure 10. Simulation and experimental results of normalized dune height for case 1, (a) Dune 
geometries in different pumping stages, (b) comparisons between simulation and experimental 
results. 

 
(a) 

 
(b) 

Figure 11. Simulation and experimental results of normalized dune height for case 4, (a) Dune 
geometries in different pumping stages, (b) comparisons between simulation and experimental 
results. 

Figure 11. Simulation and experimental results of normalized dune height for case 4, (a) Dune
geometries in different pumping stages, (b) comparisons between simulation and experimental results.

Energies 2020, 13, x FOR PEER REVIEW 22 of 29 

 

Afterward, the model with 45°–135°-branches is validated using case 12. The normalized dune 
heights in the two branches were observed. In each slot, the heights at the normalized dune length 
(i.e., the ratio of the dune length to the slot length) of 0.1, 0.3, 0.5, 0.7, and 0.9 were chosen for 
comparison. Experimental results in case 12 are presented in Figure 8. Also, the dune geometries at 
30%, 60%, and 90% of the total sand pumped are identified and presented in Figure 12. It was 
demonstrated that the simulated results are close to the experimental values with a maximum 
deviation of less than 25%. Overall, the errors produced from the model with two branches is 
acceptable in engineering and can be applied for further study. 

 
Figure 12. Simulation and experimental results of normalized dune height for case 12. 

4.3.2. Dune Development in Branches at Different Locations 

With the branch at different locations, proppant transport in the complex fracture system was 
simulated. For all numerical simulations, the same amount of sand was injected. First of all, the 
numerical and experimental results were compared. From Figure 13, the numerical results matched 
well with the experimental results in the branch with a large angle (i.e., 135°-branch and 150°-branch). 
However, there is a discrepancy between the numerical and experimental results in the branch with 
a small angle (i.e., 45°-branch and 30°-branch). In the numerical model, the branch length is set to 0.5 
m, and the branch height is set to 0.06 m. Although the model domain was scaled based on the 
geometry similarity criterion, the proppant diameter set in the simulation was the same as that in the 
field. As a result, the horizontal transport distance in the branch obtained in the numerical simulation 
was shorter than that in the experiment. More proppants injected would flow out of the branch 
through the outlet on the branch top before they settled on the bottom. 

According to Figure 13, the placement area in the branch decreased with the increasing distance 
from the inlet, and the placement area in the branch with a larger angle tended to be larger than that 
with a smaller angle. When the branch was placed at the position 100 mm away from the inlet, the 
placement areas in the 90°-, 135°-, and 150°-branches were larger than those in the 30°- and 45°-
branches, and there were few differences for the placement area among the 90°-, 135°-, and 150°-
branches. When the branch was placed at the position 200 mm away from the inlet, the placement 
areas in the 90°-, 135°-, and 150°-branches were still larger than those in the 30°- and 45°-branches, 
but the gap between these two categories of branches narrowed. When the branch was placed at the 

Figure 12. Simulation and experimental results of normalized dune height for case 12.

4.3.2. Dune Development in Branches at Different Locations

With the branch at different locations, proppant transport in the complex fracture system was
simulated. For all numerical simulations, the same amount of sand was injected. First of all,
the numerical and experimental results were compared. From Figure 13, the numerical results matched
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well with the experimental results in the branch with a large angle (i.e., 135◦-branch and 150◦-branch).
However, there is a discrepancy between the numerical and experimental results in the branch with a
small angle (i.e., 45◦-branch and 30◦-branch). In the numerical model, the branch length is set to 0.5 m,
and the branch height is set to 0.06 m. Although the model domain was scaled based on the geometry
similarity criterion, the proppant diameter set in the simulation was the same as that in the field. As a
result, the horizontal transport distance in the branch obtained in the numerical simulation was shorter
than that in the experiment. More proppants injected would flow out of the branch through the outlet
on the branch top before they settled on the bottom.

Energies 2020, 13, x FOR PEER REVIEW 23 of 29 

 

position 400 mm away from the inlet, the placement areas among these branches were approximately 
the same. 

 

Figure 13. Numerical results of dune development in the Branch at Different Locations. 

When the branch was far from the inlet, most proppants injected tended to settle in the primary 
fracture before they transported to the intersection. Thus, the branches situated at the deep of a 
primary fracture may not be well propped by the sand. To solve the issue, more proppants should be 
injected to prop those branches. As a result, the corresponding sand amount may be considerable 
and the operation time would increase significantly. 

4.3.3. Dune Development in Branches under a Low Pumping Rate 

It was found from Figure 14 that when the branch was near the inlet, an orthogonal branch 
possessed the largest placement area. In a branch with a small angle, proppants tended to travel a 
long distance and settle along the branch length. Due to an open system used in this study, the 
proppants would transport out of the system, which caused some proppants not to settle in the 
branch. Figure 11 described the mechanism of proppant transport into the 30°- and 150°-branches. 

Figure 11 indicates that a suspended layer and a rolling layer occurred on the dune top in slot 1. 
However, the thickness of the suspended layer was much thicker than that of the rolling layer. At t = 
1 s, the velocity of proppants at the intersection was approximately 0.4 m/s. A few proppants from 
the suspended layer turned the corner at the intersection and entered the two branches. They quickly 
settled due to the decreased flow rate in the branch. Meanwhile, a small number of proppants from 
the rolling layer rolled into the two branches, and accumulated on the dune top. 

As the dune height in slot 1 increased, the proppant velocity increased correspondingly. At t = 4 
s, the highest proppant velocity magnitude increased to 1.02 m/s. Behaviors for the proppants to enter 
the two branches changed. Proppants from the suspended layer mainly transported into the 30°-
branch. These proppants could be carried by the fluid to the fracture tip, and some which did not 
settle in the branch flew out of the system through the outlet. Additionally, some proppants in the 
rolling layer fell into the 30°-branch due to gravity. These proppants accumulated near the branch 
inlet. Proppants from the rolling layer mainly entered the 150°-branch. They rolled on the branch 
dune and contributed to the height increase. Due to a low particle velocity, these proppants cannot 
transport to the deep of the branch and would not flow out of the system. 

Combining the numerical results with the experimental results, it was concluded that the 
pressure outlet in the apparatus and numerical model had an effect on the placement area in the 
branch with a small angle. Due to the size limit, the branch length used in laboratories cannot satisfy 
a long horizontal transport distance, causing proppants to flow out of the fracture system. One more 
simulation under a low pumping rate was conducted below, and the dune development in the two 
branches are presented in Figure 15. It was found that proppants started to enter the two branches at 
t = 6 s, before which proppants mainly settled in the primary fracture. At this time, the dune geometry 

Figure 13. Numerical results of dune development in the Branch at Different Locations.

According to Figure 13, the placement area in the branch decreased with the increasing distance
from the inlet, and the placement area in the branch with a larger angle tended to be larger than that with
a smaller angle. When the branch was placed at the position 100 mm away from the inlet, the placement
areas in the 90◦-, 135◦-, and 150◦-branches were larger than those in the 30◦- and 45◦-branches, and there
were few differences for the placement area among the 90◦-, 135◦-, and 150◦-branches. When the
branch was placed at the position 200 mm away from the inlet, the placement areas in the 90◦-, 135◦-,
and 150◦-branches were still larger than those in the 30◦- and 45◦-branches, but the gap between these
two categories of branches narrowed. When the branch was placed at the position 400 mm away from
the inlet, the placement areas among these branches were approximately the same.

When the branch was far from the inlet, most proppants injected tended to settle in the primary
fracture before they transported to the intersection. Thus, the branches situated at the deep of a primary
fracture may not be well propped by the sand. To solve the issue, more proppants should be injected
to prop those branches. As a result, the corresponding sand amount may be considerable and the
operation time would increase significantly.

4.3.3. Dune Development in Branches under a Low Pumping Rate

It was found from Figure 14 that when the branch was near the inlet, an orthogonal branch
possessed the largest placement area. In a branch with a small angle, proppants tended to travel a long
distance and settle along the branch length. Due to an open system used in this study, the proppants
would transport out of the system, which caused some proppants not to settle in the branch. Figure 11
described the mechanism of proppant transport into the 30◦- and 150◦-branches.
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Figure 11 indicates that a suspended layer and a rolling layer occurred on the dune top in slot 1.
However, the thickness of the suspended layer was much thicker than that of the rolling layer. At t = 1 s,
the velocity of proppants at the intersection was approximately 0.4 m/s. A few proppants from the
suspended layer turned the corner at the intersection and entered the two branches. They quickly
settled due to the decreased flow rate in the branch. Meanwhile, a small number of proppants from the
rolling layer rolled into the two branches, and accumulated on the dune top.

As the dune height in slot 1 increased, the proppant velocity increased correspondingly. At t = 4 s,
the highest proppant velocity magnitude increased to 1.02 m/s. Behaviors for the proppants to enter the
two branches changed. Proppants from the suspended layer mainly transported into the 30◦-branch.
These proppants could be carried by the fluid to the fracture tip, and some which did not settle in the
branch flew out of the system through the outlet. Additionally, some proppants in the rolling layer fell
into the 30◦-branch due to gravity. These proppants accumulated near the branch inlet. Proppants
from the rolling layer mainly entered the 150◦-branch. They rolled on the branch dune and contributed
to the height increase. Due to a low particle velocity, these proppants cannot transport to the deep of
the branch and would not flow out of the system.

Combining the numerical results with the experimental results, it was concluded that the pressure
outlet in the apparatus and numerical model had an effect on the placement area in the branch with a
small angle. Due to the size limit, the branch length used in laboratories cannot satisfy a long horizontal
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transport distance, causing proppants to flow out of the fracture system. One more simulation under a
low pumping rate was conducted below, and the dune development in the two branches are presented
in Figure 15. It was found that proppants started to enter the two branches at t = 6 s, before which
proppants mainly settled in the primary fracture. At this time, the dune geometry and placement area
were almost the same in the 30◦- and 150◦-branches. As more proppants were injected, the dune in the
two branches gradually developed. Different from the results in Figure 14, the dune in the 30◦-branch
developed slightly faster than that in the 150◦-branch, and the dune front in the 30◦-branch reached
the boundary earlier than that in the 150◦-branch. This demonstrated that the placement area in the
30◦-branch was actually larger than that in the 150◦-branch. Under a low pumping rate, the proppants
entering the 30◦-branch settled quickly, and they would not flow out of the system.
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5. Conclusions

This study focused on the proppant transport and distribution in the complex fracture system.
Slot flow experiments were conducted and CFD simulations were carried out with DDPM. The effects
of the pumping rate, sand ratio, sand size, and branch angle and location on the proppant transport
were studied. Some main conclusions are presented below:

(1) The flow rate in the primary fracture is partitioned when encountering an intersection. In the
case of a 90◦-branch, approximately half of the slurry enter the secondary fracture. In the case
of two branches, more than 60% of the slurry turn the corner into the branches. As the number
of branches that the primary slot encounters increases, the flow rate remaining in the primary
slot will decrease correspondingly. It is also found that the flow rate in the branch with a smaller
angle is higher than the other with a larger angle.

(2) Two categories of dune development patterns in the complex fracture system are observed in the
experiments. One pattern is that the dune development in the subsequent slot is dependent on
the development degree of the dune in the precedent fracture; the other pattern is that the dunes
in the primary fracture and branch can develop simultaneously.

(3) Under a low pumping rate, the dune in the branch starts to develop only if the dune in the
primary fracture has fully developed. Under a high pumping rate, a large of proppants can
transport to the branch and the deep of a primary fracture. However, the proportion of sand
which transport into the branch is lower than that in the case with a low pumping rate.

(4) Sand ratio has few effects on the proppant distribution in the before-intersection fraction of a
primary fracture, but has a significant impact on the proppant distribution in the branch and the
after-intersection fraction of a primary fracture. A high sand ratio can result in a low proportion
of proppant transporting into the branch, despite a high placement area in the branch due to the
large sand amount injected. A low sand ratio leads to poor placement in the branch, but a higher
proportion of proppant transporting into the branch can be obtained.

(5) The branch and the deep of the primary fracture can be uniformly covered by fine proppants.
However, a higher proportion of proppant transporting into the branch may be obtained in the
final stage of the injection using the coarse proppants.

(6) Uneven distribution of proppants can occur in the secondary fracture. Proppants tend to settle
along the fracture length in the branch with a small angle, but tend to accumulate along the
height in the branch with a large angle. The branch near the fracture inlet can obtain more
proppants. Due to the size limit, a long horizontal transport distance cannot be realized in the
branch with a small angle, and they will travel out of the system. As a result, a phenomenon
that the placement area in the large-angle branch is larger than that in the small-angle branch.
Decreasing the experimental pumping rate or extending the branch length is an effective method
to prevent the proppants from flowing out of the system.

In future work, the presented results will be extended to the field scale. For the experimental
results, the placement areas in the slot should be used to predict those in the real fractures, especially in
the natural fractures. For the numerical simulation, the model can be improved to consider the effects
of tortuosity and leak-off. Also, a large-scale model with an acceptable cost and satisfying engineering
accuracy is also needed to extrapolate the results.
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