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Abstract: Proppant placement in hydraulic fractures is crucial for avoiding fracture closure and
maintaining a high conductivity pathway for oil and gas flow from the reservoir. The curving fracture
is the primary fracture form in formation and affects proppant—fluid flow. This work experimentally
examines proppant transport and placement in narrow curving channels. Four dimensionless
numbers, including the bending angle, distance ratio, Reynolds number, and Shields number, are
used to analyze particle placement in curving fractures. The results indicate that non-uniform
proppant placement occurs in curving fractures due to the flow direction change and induces an
irregular proppant dune. The dune height and covered area are lower than that in the straight fracture.
The curving pathway hinders proppant distribution and leads to a dune closer to the inlet. When the
distance increases between the inlet and curving section, a large depleted zone in the curving section
will be formed and hinder oil and gas flowback. The covered area has negative linear correlations
with the Reynolds number and Shields numbers. Four dimensionless parameters are used to develop
a model to quantitatively predict the covered area of particle dune in curving fractures.

Keywords: hydraulic fracturing; proppant dune; proppant placement; complicated fracture;
multiphase flow

1. Introduction

Hydraulic fracturing has become an essential method to create complex fractures in
unconventional reservoirs to improve oil and gas recovery. Proppants should be trans-
ported by fracturing fluid into the fracture [1,2]. Sufficient proppants can avoid fracture
closure and maintain a high conductivity pathway for liquid flowback from the reservoir.
Many factors, including the fracture shape, injection parameters, and proppant proper-
ties, change particle placement [3-5]. Experimental results have proven that pre-existing
cracks significantly affect hydraulic fracture propagation. The hydraulic fracture probably
deviates into a pre-existing fracture during the intersection and then turns to the original
direction. Typically, a hydraulic fracture is curved and irregular [6-10], and the complicated
pathway probably affects particle—fluid flow, which changes particle distribution [11-13].
A specific understanding of proppant placement characteristics in a curving fracture with
bends is crucial to optimizing fracturing design and enhancing the stimulation effect for
unconventional reservoirs.

Various narrow channels were developed based on the similarity theory of fluid
mechanics to study proppant placement in hydraulic fracture. For simplicity, vertical planar
channels with narrow widths have been used to represent hydraulic fractures for decades.
A straight channel containing two parallel acrylic panels was first set up by Kern et al. [14].
Sands and water were injected into the channel. It was observed that particle suspension
and settling were two primary transport mechanisms in the straight fracture. An initial
sand dune would form near the inlet due to particle settling. The injected sands flowed
through the initial dune and deposited to the backside for the dune development toward the

Energies 2022, 15, 7169. https:/ /doi.org/10.3390/en15197169

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15197169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15197169
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15197169?type=check_update&version=1

Energies 2022, 15, 7169

20f16

fracture tip. The dune would be in equilibrium, and the subsequently injected sands were
suspended deeper into the experimental channel. Babcock et al. [15] used a planar channel
to study the sand buildup mechanisms. Tap water and three types of sand were employed
in the experiment. It was found that the equilibrium bed height would significantly
vary as the fluid velocity increases or decreases. A correlation equation was developed
for the prediction of the equilibrium height and velocity related to the proppant type
and size, the fluid properties, and the fracture geometry. According to the experimental
channel at the STIM-LAB facilities, Wang et al. [16] developed a bi-power law model to
calculate the equilibrium height. Water and low viscous fluid were used as fracturing
fluids. The equation was widely used to model particle transport in vertical fracture and
benchmark numerical simulation models [17-20]. Since particle settling would be reduced
in the fracture with a small aperture, Zeng et al. [21] studied the particle dune shape in
a super-narrow channel and developed two correlations to predict the dune height and
coverage area. It was found that the dune in narrow fracture was higher than the wider one.
Qu et al. [4] studied proppant placement in a wedge fracture. Low viscous fluid with 1.5
mPa-s was prepared as fracture fluid. The experimental channel with a contracted aperture
was achieved by gradually inserting acrylic panels to gradually reduce the channel width.
A regression model with four dimensionless parameters was proposed to predict the dune
equilibrium height. Recently, other fracturing fluids, such as high viscosity guar gum,
foamed fluid, and supercritical carbon dioxide, were tested in the straight channel to study
proppant placement [5,22,23].

Because hydraulic fracturing can easily cause a complex fracture in the reservoir-
developed fissures, complex experimental channels were developed to understand prop-
pant placement in complicated fracture systems. Two types of channel systems have been
proposed so far. A planar channel has several secondary and tertiary channels [13,24,25].
Sahai et al. [25] first developed a complex channel that contained a primary channel, three
secondary channels, and two tertiary channels. The location of the subsidiary channels
from the inlet impacted the proppant-covered area. It was found that the closest subsidiary
fractures to the inlet received more proppant than the farthest fractures. However, the
propped area in the tertiary fracture slots was considerably less than in the primary and sec-
ondary ones. Two transport behaviors are found as the proppant flows into the secondary
channel. Proppants roll down to the secondary channel by the gravity effect. Further-
more, Proppants were suspended in the secondary channel by vortices as the fluid velocity
was high enough. Another channel is that straight channels have one or two-branched
channels [19,26]. Particles mainly settled in the primary channel to form a high dune and
were more likely to accumulate in the branched channel near the inlet. The turbulent flow
and eddies at fracture intersections could decrease the particle dune height and improve
particle transport deeper into narrow-branched fractures. [11,19,27-29].

Overall, previous literature studied proppant-fluid flow in planar fractures and com-
plex fracture networks. Typically, curving fractures are the most common fracture in the
reservoir due to the influence of formation heterogeneity and pre-existing fractures. Frac-
ture shapes are more likely to be nonlinear. However, proppant placement characteristics
in a curving fracture are still not well understood. Furthermore, there is no equation to
quantitatively predict the coverage area of the proppant dune. For this reason, the present
article’s objective is to study the effect of curving fractures on proppant placement, particle
size distribution, and particle dune area. Seven narrow channels with a curving section are
set up to analyze proppant placement. A laser particle analyzer measures the particle size
distributions in different positions of channels. Four dimensionless parameters are used to
develop the relationship with the dune-covered area. A regression model is developed to
calculate the percentage of covered area in curving fractures quantitively. It is beneficial to
understand proppant placement and fracturing design.
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2. Experimental System and Method
2.1. Experimental Method

Figure 1 shows the experimental system for proppant transport and placement in a
curving channel. Natural sands are typically used as proppant in hydraulic fracturing [30],
and four types of sands are used in the experiment, including 10/20 mesh, 20/40 mesh,
40/70 mesh, and 70/140 mesh. Table 1 lists the sand size and properties. Sands are mixed
with tap water in the tank, and the sand flow rate is controlled by a funnel. A slurry pump
with a variable frequency driver (VFD) is used to meet the requirements of the flow rates.
To ensure accuracy, we calibrated the rate by collecting water at the outlet of the channel for
a constant interval, then adjusted the rate by the VFD. During the experiment, the slurry is
pumped into the channel by five holes on the channel inlet. Three cameras with 5472 x 3648
resolution record particle distribution. A 160-mesh sieve collected sands that flowed out
of the channel at the outlet during the experiment. When the dune is equilibrium, the
test is terminated. Once the test is complete and the channel is opened. Sand samples
are collected from each individual region. Particle size distribution is measured by a laser
particle analyzer.

Outlet
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Particles E
2 J s

Collected particles

2.Particle transport Sedimentation lank ﬁ w[ ﬁ
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‘Water tank
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Figure 1. Experimental procedures and instruments.

Table 1. Particle parameters used in experiments.

Particle Mesh Size Range (mm) Average Diameter d50 (mm) Apparent Density pp (kg/m®) Repose Angle Or (°)
10/20 2/0.84 141 2650 34.8
Sand 20/40 0.84/0.42 0.633 2650 33.5
an 40/70 0.42/0.212 0311 2650 37.3
70/140 0.212/0.053 0.155 2650 40.2

Figure 2 shows the structure and dimensions of a curving channel. To ensure the
accuracy of the bending angle and the sealing at the bend, two whole acrylic sheets are
bent twice at the required angle. A blue sticker is attached to one side of the channel as
the background. The experimental channel is divided into three parts: the first straight
section, the curving section, and the second straight section. The total length, height, and
width are 1.5 m, 0.27 m, and 4 mm. Five injection holes are on the inlet boundary of the
channel to simulate the perforation cluster; the hole diameter is 9 mm. The outlet is at the
top right corner, which is similar to the channels [25,31]. The outlet height is 70 mm. The
seven channels have the same inlet and outlet configuration to use the pumping system.

In Figure 2a, the bending angle varies from 45° to 180°, and other dimensions are kept
constant. Four curving channels with varied bending angles are assembled. In Figure 2b,
the bending angle is 90°, and the length of the first straight section varies from 0.25 m to
1.0 m. Correspondingly, the length of the second straight section changes from 1.0 m to
0.25 m. Four curving channels with varied distance ratios are used in the experiments.
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Figure 2. Curving channels at the front view and configurations at the top view.

Since the inner sizes of all channels are the same, 24 region codes from Al to F4 are
marked for describing the particle size and distribution, as shown in Figure 3.
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Figure 3. The region codes of the channel for particle size analysis.

2.2. Sands and Fluid

Figure 4 shows four sizes of natural sands used in the present study, including
10/20 mesh, 20/40 mesh, 40/70 mesh, and 70/140 mesh. The size range is measured
by the laser particle analyzer. The median-diameter d50 is a commonly used parameter
to represent the average particle size [32]. It is defined as the particle size at which the
cumulative volume percentage of particles reaches 50%. Table 1 lists the relevant physical
properties of sands.

Figure 4. Particle samples used in experiments.
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The sand mixes with tap water to prepare the slurry. The average slurry velocity in a
fracture without proppant deposition typically ranges from 0.1 m/s to 0.5 m/s [25], the
experimental velocity is from 0.12 m/s to 0.5 m/s.

2.3. Experimental Parameters

The percentage of the dune coverage area (PCA) can be used to evaluate particle
placement, expressed by Equation (1).

PDA o
PCA = FcA ~ 100% 1)
where the PDA is the proppant dune area perpendicular to the width direction; FCA is
the fracture cross-section area perpendicular to the width direction. The dimensionless
numbers are typically used to set up the correlation for the fluid experiment [33]. The PCA
has a relationship with the bending angle, the distance between the bending section and
inlet, fluid velocity, and particle size. Thus, the dimensionless expression is as follows.

L
PCA = f(6, 7, Re, S) 2)
where 0 is the bending angle; L; is the length of the first straight section; L is the total
length of the channel; The Reynolds number of Re is expressed in Equation (3); The Shields
number of S is expressed by Equation (5).
The Reynolds number Re is usually used to represent flow regimes, including turbu-
lence and laminar flow. —
v:
Re = b el
Hf

where pr is the fluid density, kg/ m?; #y is the fluid viscosity, Pa-s; v; is the fluid velocity,
m/s; I is the hydraulic diameter of the narrow channel.

®)

2wh

~wrh @

h
where w is the channel width, m; / is the channel height, m.

Shields number represents the shear stress ratio at the dune top to the particle weight
to analyze particle motion. At very low Shields Number, any settled proppant remains
stationary and is hardly transported by fluid. Mack et al. [34] proposed the Shields number
equation to represent particle transport in a narrow rectangular channel, expressed in
Equation (5).

8v;
s=— Ok ®)
(op —pr)gdpw
where dj, is the mean particle diameter, m; p, is particle density, kg/m?3; g is the gravitational
acceleration, m/s2.

Table 2 list the experimental parameters and dimensionless numbers. The Re is from

946 to 3942, and the S is from 0.04 to 0.32. Both parameters are in the typical range [35,36].

Table 2. Experimental parameters and dimensionless numbers.

Fluid Phase Particle Phase Dimensionless Number
Case vi (m/s) dso (mm) Ly/L 0 () Re s
1 0.42 0.311 0.5 45/90/135/180 3311 0.16
2 0.42 0.311 0.16/0.33/0.5/0.66 90 3311 0.16
3 0.12 0.311 0.5 45/90/135/180 946 0.05
4 0.12 0.311 0.16/0.33/0.5/0.66 90 946 0.05
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Table 2. Cont.

Fluid Phase Particle Phase Dimensionless Number
Case vi (m/s) dso (mm) Li/L 0 ) Re s
5 0.21 0.311 0.5 45/90/135/180 1655 0.08
6 0.21 0.311 0.16/0.33/0.5/0.66 90 1655 0.08
7 0.5 0.311 0.5 45/90/135/180 3942 0.2
8 0.5 0.311 0.16/0.33/0.5/0.66 90 3942 0.2
9 0.42 0.155 0.5 45/90/135/180 3311 0.32
10 0.42 0.155 0.16/0.33/0.5/0.66 90 3311 0.32
11 0.42 0.633 0.5 45/90/135/180 3311 0.08
12 0.42 0.633 0.16/0.33/0.5/0.66 90 3311 0.08
13 0.42 1.41 0.5 45/90/135/180 3311 0.04
14 0.42 1.41 0.16/0.33/0.5/0.66 90 3311 0.04

3. Results and Analysis
3.1. Effect of the Angle, 0

Figure 5 shows four 40/70 mesh sand dunes at equilibrium for Case 1 (Table 2). For
convenient comparison, three sections of the curving channel are placed in the plane. Two
red dash lines in the figure mark the boundary of the curving section. The first straight
section and the second straight section are located on the curving section’s left and right
sides. It should be noted that brown particles as a tracer agent are injected twice during
the experiments for demarcating the dune into three regions, representing three injection
sequences of S, Sy, and S3_Figure 5a shows a sand dune in the straight channel. The region
of 51 shows the initial dune shape formed by the first injection sequence. The later injected
sands are lifted to overshoot the front region of S1 and settle to the backside, forming the
regions of S and S3 in sequence, which are identical to experimental results [14,25,37,38].
As the sand dune is in equilibrium, the dune height and shape are constant.

270

—
®
]

©
S

\

Height (mm)

250 500 750 1000 1250 1500
First straight section Deviated section Second straight section

Length (mm)

)

Figure 5. Snapshots of 40/70 mesh sand dunes in four channels at the stable status at L; /L = 0.5,
Re = 3311, and S = 0.16, front view: (a) The straight channel, 8 = 180°; (b) The curving channel,
0 =135°; (c) The curving channel, 6 = 90°; (d) The curving channel, 6 = 45°.
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The curving pathway significantly affects particle transport behaviors compared to
the straight channel. More particles deposit in the first straight section and form a dune
closer to the left boundary. It indicates that the curving section can hinder particle transport.
The dune buildup in the curving section originates from two issues, as the following:
(1) particle rolling from the first straight section; (2) particle settling in the suspension
after colliding with the curving section. Although hindered by the curving section, many
particles could be suspended through two bends and deposited along with the second
straight section. Meanwhile, some particles directly flow out of the channel during the
experiment. Another important finding is that the particle resuspension appears around
two bends as the dune increase to a threshold value close to the equilibrium height, as
shown in Figure 6. According to the observation, there are different scale vortices around
the bends, and they are kept in the clockwise direction due to the turbulent stress [39]. The
vortices can resuspend the settled particles through the curving section. Due to the vorticity
around two bends, there are two depressions on the top of the dune.

Figure 6. Vortices of 40/70 mesh sands around two bends, enlarged view of the deviated section in
Figure 5c.

Once the test is complete and the channel is opened. Sand samples are collected from
each individual region, illustrated in Figure 3. Particle size distribution is measured by
a laser particle analyzer. Then, the contour map of the size distribution is obtained by
the software of MATLAB 9.0, as shown in Figure 7. Particle sizes gradually reduce from
the inlet to the outlet, and large particles accumulate in the front of the sand dune. In the
straight channel, 65/70 mesh sands are in the E1 and F1 regions, and more than 70 mesh
sands are in the F1. The result means small particles are easily transported deeper into
the fracture during the first sequence of S;. In the second last row from C2 to F2, they
represent the second injection sequence of Sy, extensive sands sized from 40 to 60 mesh
settle these regions. Furthermore, the particle size in the regions from D3 to F3 ranges from
40 to 50 mesh. Large sands deposit on the top of the dune at the late injection sequence,
and smaller particles are out of the channel. The reason is that the decrease in the flow gap
increases the fluid velocity, transporting larger particles out of the channel. As the bending
angle decreases, it is founded that the mean particle sizes in E1 and F1 increase. For the
angle of 45°, sand sizes range from 50 to 62 mesh in E1 and F1. It is interesting to note that
there are more large sands in the straight section due to the curving section’s hindrance.
The particle size mainly ranges from 50 to 55 mesh in the curving section.

Four sand samples are collected at the outlet by a 160-mesh sieve when the injection
time is 180 s. Figure 8a shows the particle size distributions of four collected samples.
When the angle is 135°, the mean particle diameter of dsg is 303 um, and the diameter
increases to 317 um at 0 = 45°, which is larger than the original mean diameter of 311 pum.
For the straight channel, smaller sands (dsp = 282 pum) can flow out of the channel, and large
particles deposit in the channel for the dune buildup, consistent with the experimental
results [25,40]. In Figure 8b, it is found that the PCA decreases with the reduction of the
bending angle. The PCA has a nonlinear correlation with the dimensionless number of
angles. Fitting a natural logarithmic law trend through four data obtains a coefficient of
determination, R? of 0.89.
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Figure 7. Mean particle size distribution across four channels: (a) The straight channel, 6 = 180°;
(b) The curving channel, 6 = 135°; (c) The curving channel, 6 = 90°; (d) The curving channel, 6 = 45°.
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Figure 8. Effect of the bending angle on the particle dune distribution: (a) The particle size distribu-
tions of sands flowed out the channel at the injection time = 180 s; (b) The PCA in four channels with

different bending angles.

In conclusion, as the bending angle decreases, a curving pathway induces fluid flow
redirection and turbulent flow, enhancing particle transport capacity. As a result, more
large particles are washed out of the channel. Moreover, the dune shape is more irregular
and smaller.

3.2. Effect of the Distance Ratio, L1/L

Since the location of the natural fracture is random, the distance between the natural
fracture and the wellbore would be variable and affects the particle—fluid flow in the curving
fracture. Figure 9 shows the 40/70 mesh sand dunes in four channels for Case 2 (Table 2).
Two red dash lines in the figure mark the boundary of the curving section. It should be
noted that brown particles as a tracer agent are injected twice during the experiments
for demarcating the dune into three regions, representing three injection sequences of
51, Sy, and S5, In Figure 9a,b, there is a large depleted zone without sands between the
left boundary and the front side of the particle dune. In Figure 9a, almost all sands are
transported through the curving section and deposited in the second straight section.
However, the fracture will close in the depleted zone because there are no proppants to
prop the fracture, and the closure region will significantly increase flow friction during
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production. According to the size of the depleted zone, it is found that the curving section
has a hindering effect on particle transport as the ratio increases. As the ratio is more
than 0.33, the dune’s front side is closer to the inlet, and more sands deposit in the first
straight section.

S
2
S

Height (mm)
—
-3 3
=3 =3

e

0 250 500 750 1000 1250 1500
Length (mm)

Figure 9. Snapshots of 40/70 mesh sand dunes in four channels at equilibrium at 6 = 90°, Re = 3311
and S = 0.16, front view: (a) L; /L =0.16; (b) L; /L =0.33; (¢) L; /L =0.5; (d) L; /L = 0.66.

Figure 10 shows the contour map of the particle size distribution in four channels with
different distance ratios. In Figure 10a, the particle size distribution in the second straight
section is similar to that in the straight channel. After the injected particle flows through
the curving section, large particles settle in the front, and the small particles deposit in the
end. For the late injected sequences of S, and S3, more large particles build up the dune
in the channel. As the distance ratio increases, the curving section is far away from the
entrance, and more large particles sized from 40 to 50 mesh are hindered in the first straight
section. Furthermore, the smaller particles hardly deposit at the end of the channel. For
example, Figure 10d shows that the sand size in the F1 is from 60 to 65 mesh. The probable
explanation is that the vortex flow around two bends is closer to the outlet, so smaller
particles are prone to flow out of the channel by the vortex.

® | | |

=r————"——— | Pparticle size
< 7/
o

65
— |
60 0.25

(b)

I
) )

55

0 250 500 750 1000 1250 1500
Length (mm)

Figure 10. Mean particle size distribution across four channels: (a) L; /L = 0.16; (b) L;/L = 0.33;
(c)L1/L=0.5; (d) L;/L =0.66.
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Figure 11a shows the particle size distributions for the sand deposited in the sedi-
mentation tank when the injection time is 180 s. Compared to the original distribution,
the bigger particle could flow out of the channel with a smaller distance ratio. When the
ratio is 0.166, the mean diameter is 316 um. When the ratio increases to 0.66, the diameter
decreases to 291 um. Figure 11b shows a natural logarithmic law trend between the PCA
and distance ratio.

70
(a) (b) = PCA
i Fitting line

100

Sand size distribution

Origin 40/70 mesh sand
—— 1.L,/1-0.16

60

®
=3
T

50
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0 I(I]O 2(‘)0 3 : 0 4{‘]0 5(‘)0 0 0.‘16 0.‘33 015 0.66
Particle size(um) Length ratio, L,/L

Figure 11. Effect of the distance ratio on the particle dune distribution: (a) The particle size distribu-

tions of sands flowed out the channel at the injection time = 180 s; (b) The PCA in four channels with

different distance ratios.

3.3. Effect of the Reynolds Number, Re

Since the particle transport originated from the fluid flow, the flow pattern would affect
the particle distribution. Figure 12 shows the front view of 40/70 mesh sand distributions
in four channels for Case 3 (Table 2), the slurry flow shown in Figure 12 is laminar. Two
red dash lines in the figure mark the boundary of the curving section. The 40/70 mesh
sand builds up a higher dune in the straight channel, closer to the left boundary. For the
curving channel, three dunes contact the entrance. In Figure 12¢,d, the lowest injection hole
was totally blocked during the experiment. The curving pathway has a more hindering
effect on particle deposition in laminar flow with a low Reynolds number, especially in the
channel with small bending angles. The flow would change to turbulence when the dune
increases to a threshold height, and then the vortex flow appears around two bends. Due
to the vortex wash, depression will be formed around the bend. The smaller the bending
angle, the larger the depression.

Figure 13 shows the front view of 40/70 mesh sand distributions in four channels
for Case 4 (Table 2). It is found that the distance ratio has little effect on particle distri-
bution when the flow is laminar. Particle settlement and bedload dominate the transport
mechanisms [37]. As a result, the injected particles quickly settle near the entrance and
accumulate a high dune in the channel.

In Figure 14, Re has a negative linear correlation with PCA. The experiments are Cases
1 to 8. The higher the Reynolds number, the lower the covered areas, especially in the
curving channel. When the Re is 3942, the flow is turbulent, and the PCA significantly
decreases. The minimum value is 17.2% in the channel with 45° bends. The linear fitting
model has a good correlation between PCA and Re, and R? values range from 0.96 to 0.98.
These trends indicate that the smaller bending angle has more effect on particle deposition
than the straight channel.
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Figure 12. Snapshots of 40/70 mesh sand dunes in four channels at the stable status at Re = 946,
S =0.05 and L;/L = 0.5, front view: (a) The straight channel, 8 = 180°; (b) The curving channel,
0 = 135°; () The curving channel, 8 = 90°; (d) The curving channel, 8 = 45°.
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Figure 13. Snapshots of 40/70 mesh sand dunes in four channels at the stable status at Re = 946,
S =0.05and 6 =90°, front view: (a) L;/L =0.16; (b) L1 /L =0.33; (c) L; /L =0.5; (d) L1 /L = 0.66.
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Figure 14. The correlations between Re and PCA: (a) The bending angle; (b) The distance ratio.
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3.4. Effect of the Shields Number, S

The Shields number has a substantial impact on the particle placement in different
channels. In Figure 15, two red dash lines in the figure mark the boundary of the curving
section. In Figure 15a, a lot of sand is deposited in the straight channel to form a large dune.
As the sand is transported in the curving channel with the angle of 135°, more sands flow
out of the channel, and the dune area decreases, as shown in Figure 15b. In Figure 15d,
the injected 70/140 mesh sands mainly deposit in the second straight section, and a few
particles deposit in the curving section. The probable reason is that the curving channel
with small bending angles induces turbulent flow, transporting more smaller particles out
of the channel.

Height (mm)

0 250 500 750 1000 1250 1500
Length (mm)
Figure 15. Snapshots of 70/140 mesh sand dunes in four channels at the stable status at Re = 3311
and Ly /L = 0.5, front view: (a) The straight channel, 6 = 180°; (b) The curving channel, 6 = 135°;
(c) The curving channel, 8 = 90°; (d) The curving channel, 6 = 45°.

Figure 16 shows the front view of 70/140 mesh sand distributions in four channels
for Case 10 (Table 2). When the ratio is 0.16, sands build up a dune in the second straight
section, far away from the second bends. As the ratio increases to 0.66, particles build up a
dune closer to the entrance due to the hindering effect, as shown in Figure 16d.

)
2
S

*
2

Height (mm)
=

e

1000 1250 1500

750
Length (mm)

Figure 16. Snapshots of 70/140 mesh sand dunes in four channels at the stable status at Re = 3311
and 0 =90°, front view: (a) L1 /L =0.16; (b) L; /L =0.33; (c) L; /L =0.5; (d) L; /L = 0.66.
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Figure 17 shows that the S has a negative linear correlation with PCA. The experiments
are Cases 1 to 2 and Cases 9 to 14. The larger the Shields number, the lower the area of the
dune. The minimum value is 8.5% in the channel with 45° bends. The linear fitting model
has a good correlation between PCA and S, and R? values range from 0.87 to 0.98. Thus, it
can conclude that the smaller particles smoothly flow through the curving section deeper
into the channel. For the complex fracture system, the small particle is recommended for
propping the remote fracture region.

80 80
(a) B 0=180° y—85.0x+57.3 R>=0.87 (b) B L/L-0.16 y=91.7x+49.8 R*=0.98
®  0=135°y=-127.0x+59.7 R>=0.98 ® 1,/1-033 y=102.0x+533 R>=0.98
A 0=90° y=-107.5x+54.7 R*=0.97 A L/1-05 y=-110.6x+55.2 R=0.98
V¥ 6=45° y=-147.5x+55.3 R*=0.98 ¥ L/L=0.66 y=-111.0x+57.2 R*=0.98
60 60
[ ]
\4
_
S ® =~
Z =
<
J4o0 <4
A~ Q
n %]
v
20 - 20 |
0 1 1 1 1 0 1 1 1 1
0.04 0.08 0.16 0.32 0.04 0.08 0.16 s 0.32
S

Figure 17. The correlations between S and PCA: (a) The bending angle; (b) The distance ratio.

4. Discussion

It is found that the PCA has relationships with four factors. According to the
56 experimental data, the correlation between the PCA and dimensionless parameters
is modeled by the multivariable linear regression method, as shown in Equation (6).

%)2'3) R? =098 (6)

PCA = 78.6 — 109.2S — 0.014Re + In (6>

To evaluate the accuracy and reliability of developed models, the absolute percentage

error (APE), mean absolute percentage error (MAPE), relative percentage error (RPE), and
mean relative percentage error (MRPE) are used as follows:

APE = ‘E" — Dl 100% @)
E;
1wwn |Ei—P .
MAPE = - Yo, E x 100% (8)
RPE = |E; — P;| x 100% )
1 < .
MRPE = — Y L |Ei— Pi| x 100% (10)

where E; is the experimental result; P; is the prediction value; # is the sample number.

Figure 18 shows the errors. In Figure 18a, MRPE is 2.77%, and the maximum RPE is
5.56%. In Figure 18b, MAPE is 6.34% for all experimental results, and the APE is 12.9%. The
small errors mean the regression model can reliably predict the covered area of the particle
dune in curved fractures.



Energies 2022, 15, 7169 14 of 16

20 20 S
® - - - MRPE ® - - - MAPE
Bending angle 6 Bending angle 6
A Lengthratio  L/L A Lengthratio  L,/L
5L = Shield number S 151 = Shieldnumber S
Reynold number Re Reynold number Re
~ ~ .
g S -
< <
=10 =10 L}
& > A
~ <
MAPE = 6.34% A A A
st " NG 5t ] ad
L] L [
MRPE =2.77% [] [}
””” L
L - LI |
ok L] | | ok
L L L L ! I L ! L L L L 1 !
10 20 30 40 50 60 70 80 2 10 20 30 40 50 60 70 80 90
PCA (%) PCA (%)

Figure 18. Error analysis. (a) Relative error; (b) Absolute error.

5. Conclusions

This work conducted a proppant transport experiment to reveal the particle place-
ment characteristics in complex curving fractures. The effects of the fracture angle, the
distance between the curving section and inlet, fluid velocity, and particle size on proppant
placement were studied. Furthermore, the particle size distribution and proppant dune
area were analyzed. Then, the primary conclusions are obtained as follows.

1.  Due to the influence of the curving section, the liquid flow direction changes twice,
leading to a change in particle settling behavior. The uneven deposition along the
whole channel causes an irregular proppant dune. The large sand is prone to de-
posit at the front side of the dune, and small particles can move deeper into the
curving fracture.

2. The curving section has a hindering effect on sand placement. The dune in the curving
fracture is closer to the inlet compared to the straight fracture. With the decrease in
the bending angle, more large particles would be transported out of the channel, and
a lower and smaller dune is built up in the fracture.

3. As the curving section is farther away from the inlet, particles deposit near the inlet
and form a larger proppant dune. In contrast, more particles flow through the curving
section and deeper into the fracture. A large depleted zone is formed in the first and
curving sections, significantly decreasing the fracture conductivity.

4. The Reynolds number and Shields number can significantly affect particle—fluid
flow in curving fractures. The increase in Reynolds number and Shields number
would significantly improve particle transport capacity, leading to the reduction of
the covered area of the particle dune.

5. The proposed model, including four factors, can quantitatively predict the covered
area of the proppant dune in curving fractures. The minor errors mean the high
reliability of the equation.
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