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ARTICLE INFO ABSTRACT

Keywords:
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Fluid flow rate

Secondary sand fracturing, an innovative hydraulic fracturing technique, divides the injection of proppant into
two stages, altering the reservoir’s rock mechanics and fracturing fluid flow paths, thus effectively controlling
fracture creation and improving the effectiveness of proppant placement. This methodology facilitates fracture
height control and enhances fracture conductivity, benefiting production rate. Despite abundant literature on
proppant transport, limited attention has been paid to exploring the specific aspects of secondary sand fracturing.
In this study, the Eulerian-Eulerian multiphase model was used to simulate the proppant transport in secondary
sand fracturing for the first time. This model accounts for turbulence and the interplay between proppant par-
ticles, thus enabling a comprehensive integration of fluid and particulate phases. The effects of proppant per-
formance, fracturing fluid performance, and fluid flow rate on proppant placement were analyzed. In the first
sand-addition stage, an innovative sanding index was proposed to evaluate the effectiveness of proppant
placement. Combined with the orthogonal experiment, the fluid flow rate significantly influences proppant
placement. An escalated flow rate augments both the sandbank leading edge and laying lengths, concurrently
diminishing the equilibrium height and the sanding index. In the second sand-addition stage, the equilibrium
height increases with the increase of sand ratio, decreases with the increase of flow rate and fluid viscosity, and
first increases and then decreases with the increase of particle size and proppant density. This study enriches the
comprehension of proppant placement and its governing elements within hydraulic fracturing, thereby
furnishing a more empirical and theoretically sound foundation for optimizing secondary sand fracturing
practices.

Sand ratio

Nomenclature (continued)

t Time , s

as The volume fraction of the
solid phase, dimensionless

a Liquid fraction of solid
phase, dimensionless

s Proppant density, kg/m®

P Fluid density, kg/m®

Vs The velocity of proppant, m/
s
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Dynamic viscosity of the liquid
phase, Pa-s

The interphase momentum
exchange coefficient, dimensionless
Turbulence dissipation rate, m?/s>

The sand ratio, %

Sanding index, dimensionless
The sandbank laying length, m

(continued on next column)

https://doi.org/10.1016/j.geoen.2024.213186
Received 21 March 2024; Received in revised form 5 June 2024; Accepted 25 July 2024

Available online 26 July 2024

% The velocity of fluid, m/s

Ds The pressure of the proppant
phase, Pa

D The pressure of the fluid
phase, Pa

75 The shear stress tensor of the
solid phase, Pa

7 The shear stress tensor of the
fluid phase, Pa

g The acceleration due to
gravity, m/s?

The sandbank leading edge length,
m
The sandbank equilibrium height, m

The maximum accumulated volume
fraction of particles, value = 0.63
The area of the sandbank, m?

The area of the crack plate, m?

The dimensionless mean value of
the iy, parameter is the parameter of
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(continued)
the serial number, k is the data serial
number
p The inter-phase momentum xi(k) The iy, parameter value,
exchange coefficient,
kg-m .71
Ox The Prandtl number for X; The arithmetic mean
turbulent kinetic energy,
value = 1.0

o The Prandtl number for the (k) The grey relational coefficient,

turbulent dissipation rate, dimensionless
value = 1.3

C1e Empirical constant, value = p Distinguishing coefficient, value =
1.44 0.5

Cy:  Empirical constant, value = Yi The degree of correlation degree
1.92

ks Particle relaxation time, s 74 The weight coefficient,

dimensionless
ds Proppant diameter, m

1. Introduction

The global imperative for cleaner, low-carbon energy solutions has
intensified in response to growing concerns about climate change and
environmental sustainability. This push to transition from traditional
fossil fuels to more environmentally friendly alternatives has spotlighted
natural gas as a crucial player in the pursuit of cleaner energy sources
(ABDIN, Z, 2024; Sanya and Konisky, 2020). Central to natural gas
extraction from unconventional reservoirs is the revolutionary tech-
nology of hydraulic fracturing, colloquially known as "fracking". The
process starts with the high-pressure injection of fracturing fluid into the
wellbore to create fractures, followed by the injection of fracturing fluid
with proppant such as quartz sand or ceramic to create
high-conductivity channels from the reservoir to the wellbore, enabling
the flow of oil and gas, thus achieving increased production (CAO, H
etal., 2024; CHEN, B et al., 2022; LIAO, Z et al., 2022). For some special
reservoirs, such as bottom water reservoirs, the conventional hydraulic
fracturing technique faces challenges, such as uncontrolled fracture
height and low effective fracture conductivity (LAL F et al., 2017; Pra-
sun and Ghalambor, 2018, Shi et al., 2018; ZHAO, J et al., 2019).
Consequently, several researchers have proposed the concept of sec-
ondary sand fracturing. Unlike the conventional hydraulic fracturing
technique that injects proppant into the formation in one stage, the
secondary sand technique divides proppant injection into two stages. As
shown in Fig. 1, in the first sand-addition stage, fracturing fluid con-
taining proppant was injected; after a pumping pause, the proppant
settled within the fractures, forming an artificial barrier. In the second
sand-addition stage, additional proppant was injected, resulting in

Wellbore

@ First sand-addition stage

‘ Second sand-addition stage

Fig. 1. Schematic diagram of secondary sand fracturing.

Geoenergy Science and Engineering 241 (2024) 213186

larger volumes of propped fractures (Li et al., 2009). Compared to the
conventional hydraulic fracturing technique, secondary sand fracturing
has the following advantages.

(1) For bottom water reservoirs, after injecting the proppant in the
sand-addition stage, the proppant formed an artificial barrier at
the bottom of the fractures to control downward extension and
prevent infiltration into the underlying aquifer.

The presence of an artificial barrier hinders the vertical extension
of fractures, promoting the proppant flow towards the far end of
the fractures during the second sand-addition stage. This leads to
higher proppant concentration and propped fracture volume,
thereby improving effective fracture conductivity.

It reduces the risk of sand plugging due to a faster rate of fracture
volume growth, increases the success rate of construction, and
improves the production enhancement effect of hydraulic
fracturing.

(2

—

@3

—

For instance, in China’s HeShun Gas Field, a secondary sand frac-
turing technique was employed in 10 wells to address the challenge of
fractures efficiently communicating with underlying aquifers, with
construction efficiency reaching 90%. Compared to neighboring wells
that use the conventional fracturing technique, natural gas production
increases by 60%, and the liquid-to-gas ratio decreases by 31.7% (XU,
Bingwei et al., 2022). In the East China Sea, offshore gas fields showed
that, during the same period, the initial production of the target doubled
compared to neighboring wells, while the cumulative production
increased threefold, indicating a significant improvement in the pro-
duction owing to the employment of secondary sand fracturing (Y,
Feng-Sheng et al., 2020).

In the process of secondary sand fracturing, the placement of prop-
pant within the fractures is crucial because it directly affects the fracture
conductivity and determines the productivity of oil and gas wells,
thereby impacting the post-fracturing production (MAO, S et al., 2020;
SHI, F et al., 2018). For example, RAIMBAY, A et al. (2016) conducted
experimental research on the impacts of rock surface roughness and
fracturing fluid type on proppant transport and found that
polymer-based fracturing fluids, compared to water, were more
conducive to proppant transport in rough fractures. The smoother the
rock surface, the more proppant tended to be uniformly distributed in
multiple layers, resulting in lower fracture conductivity. WEN, Q et al.
(2016) experimentally studied the effects of fluid viscosity and fracture
complexity on proppant transport. The study demonstrated that to
improve the fracture conductivity, we can choose low-viscosity fluids to
carry the proppant or high-viscosity fluids to carry the proppant to
support the fractures that extend away from the wellbore. Li et al. (2022)
developed a triaxial fracking experimental system to obtain a more
realistic distribution of proppant during hydraulic fracturing, with the
results indicating that the stress required for proppant transport in
horizontal fractures was lower than that in vertical fractures.

In addition to physical experiments, numerical simulation is also
vital for studying proppant transport due to its efficiency, cost-
effectiveness, and ability to precisely control variables. Nowadays, the
Eulerian-Lagrangian multiphase method and the Eulerian-Eulerian
multiphase method are the most widely used method to study multi-
phase problems. In the Eulerian-Lagrangian method, the fluid phase is
treated as a continuous phase, while the particle phase is treated as a
discrete phase. The motion trajectories of the particles are indepen-
dently calculated using Newton’s laws, primarily addressing the
microscopic movement state and trajectories of the particles(WEN, Z
et al., 2022). For example, YI, S S et al. (2018) modeled the proppant
distribution using CFD-DEM in multiple perforation clusters during a
hydraulic fracture operation, with the results indicating that if toe-side
clusters screen out at an early proppant stage, the fluid and proppant
are redistributed to the heel-side clusters. ZENG, J et al. (2019) coupled
the crack propagation model with the proppant transport model, solved
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the crack propagation model using the PKN model, and simulated the
transport of proppant in the extended crack using the
Eulerian-Lagrangian method. MAO, S et al. (2023) also conducted
similar research. The Eulerian-Lagrangian model requires the volume
fraction of the solid phase to be much smaller. This characteristic limits
the range of sand ratios that can be simulated in proppant transport
within fractures, making it unsuitable for simulating high sand ratio
fracturing fluids. This limitation is particularly significant for secondary
sand fracturing, where the proppant concentration is relatively high. In
contrast, the Eulerian-Eulerian multiphase model treats the solid phase
as a pseudo-fluid and sets the sum of the volume fractions of all phases to
be 1. By deriving the momentum and mass conservation equations for
each phase, it can address the simulation of proppant transport at high
sand ratios. This method has recently been used to study the transport
and settling behavior of proppants in hydraulic fracturing. For example,
YANG, R et al. (2019) studied the proppant transport in complex frac-
ture networks using an Eulerian-Eulerian method and revealed that in
the fracture network system, proppant mainly accumulated in the pri-
mary and secondary fractures near the primary fractures. However,
limited proppants were present in the deep part of the fracture system,
rendering ineffective support for the deep regions of the complex frac-
ture system. Li et al., (2023)studied the pulse effect mechanism and
regularity on the proppant transport in fracture using an Eulerian-
Eulerian method and revealed that pulse injection can extend the
migration range of proppants, and the range extension effect is only
significant when the pulse amplitude is greater than 0.3 m/s.

Herein, it is proposed to harness numerical simulation to investigate
the distribution of proppant during the secondary sand addition process,
which can lead to improved hydraulic fracturing techniques and overall
reservoir performance. Despite the abundance of literature concerning
proppant transport, the investigation into the nuanced aspects of sec-
ondary sand fracturing has been significantly limited, particularly
regarding the impact of the artificial barrier formed in the first sand-
addition stage on the proppant transport in the second sand-addition
stage. Considering the research objectives and computational costs, an
Eulerian-Eulerian multiphase method was established, and commercial
software FLUENT was used to investigate the effects of factors such as
sand ratio, proppant size, proppant density, fluid flow rate, fluid vis-
cosity, and fluid density on proppant transport in secondary sand frac-
turing for the first time. The findings obtained provide a more scientific
and reasonable theoretical design basis for secondary sand fracturing.

2. Model approach
2.1. Mathematical model

The Eulerian- Eulerian multiphase flow model was used to simulate
the proppant transport based on the following assumptions.

(1) In the Eulerian-Eulerian multiphase flow model, the particle
phase is treated as a pseudo-fluid coupled with the fluid phase.
Each phase satisfies the conservation of momentum and mass.

(2) The fluid flow within the fracture was characterized as unsteady.

(3) The proppant particles exhibited uneven sizes; however, the
average particle size was typically used.

Continuity equation:

0
g (@) +V - (@pv) =0 1
0
T (asps) +V - (aspevs) =0 (2)

Momentum equation:
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d
% (apv) +V - (upyv) = —aVpi+V -1+ aipg + p(vs —vy) 3)
J
3 (aspsVs) + V- (aspyVsvs) = — asVps + V- 75 + asp,g + (v — V) (©)]

where t represents time (s), as and o; represent the volume fraction of the
solid phase and liquid phase, respectively(dimensionless), p; and p;
represent the density of solid phase and liquid phase, respectively (kg/
m>), vs and v, represent the velocity of solid phase and liquid phase,
respectively (m/s), ps and p; represents the pressure of solid phase and
liquid phase, respectively (Pa), 7; and 7; represents the shear stress
tensor of the solid phase and liquid phase, respectively (Pa), g represents
the acceleration due to gravity (m/s>), B represents the inter-phase
momentum exchange coefficient (kg-m’g-s’l)

Owing to the narrow fracture width and rough wall, significant
momentum exchange occurred between the solid and liquid phases in
the flow of the fracturing fluid within the fracture. Therefore, the flow of
the fracturing fluid inside the fracture was turbulent. The k-¢ model
(GUO, T et al., 2022; TIANKUIL, G et al., 2023) is commonly used to
describe this turbulent characteristic, and the mathematical equations
for the turbulent flow and turbulent diffusion equations in this model are
as follows(ZHANG, J et al., 2023):

9 (pmk) +V - <pmvmk> =V- <<ym +M> Vk> + Gim — Pme + i,
ot Ok
5)

0 — Hem €
3 (pm€) +V - <pm Vme) =V- <(ﬂm + ; >V6) +E (CIEGk_,,, — Czé.pms)

€

+ 11

€m

(6)

where o, is the Prandtl number for turbulent kinetic energy and has a
value of 1.0, o, is the Prandtl number for the turbulent dissipation rate
and has a value of 1.3, C;, and Cy, are empirical constants, with values of
1.44 and 1.92, respectively.

The interphase exchange coefficient Ky is used to describe the
interaction and exchange processes between the solid and liquid phases.
It represents the rate of exchange of physical quantities such as mass,
momentum, and energy between the solid and liquid phases in the solid-
liquid two-phase flow:

aspf

Kga= ks

)

where k; represents the particle relaxation time(s), which reflects the
time required for the particles to reach equilibrium from their initial
state under the influence of external forces or fluid flow:

_ Pz
k= Tgr ®

where d; represents the particle diameter of the solid phase (m), y;
represents the dynamic viscosity of the liquid phase (Pa-s), f is related to
the drag function, and it is calculated using the Gidaspow model(GONG,
Y et al., 2020; SURI, Y et al., 2019).

When s <0.2, the inter-phase exchange coefficient K; can be
described as:

_3

A;Q1P1|Vs — V1| _
4CD soupy|vs ‘az 2.65

K
sl ds

€©)

When a5 > 0.2, the inter-phase exchange coefficient K can be described
as:

(1 - al)/"l + 1475plax|vs — Vl|

as
Ky =150
o a2 d,

10
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24
=211+ 0.15(Re;)*® | Re; < 1000
Cp =< Res a1
0.44 Re;>1000
Re, _pdse|vs — v a2)
H

where Cp represents the interphase momentum exchange coefficient
(dimensionless), Re; is the Reynolds number defined by the interphase
slip velocity (dimensionless), d; is the diameter of the solid phase par-
ticles (m), and ¢ is the turbulence dissipation rate (m?/s%).

The inlet boundary condition for simulating the crack adopts a ve-
locity inlet, with the parameter set as the radial flow velocity of the
fracturing fluid at the interface of the crack inlet. The outlet boundary
condition is set as the pressure outlet, and the standard atmospheric
pressure of 101.325 kPa is taken as the outlet pressure. The model has a
gravity acceleration of —9.81 m/s%, a wall roughness of 0, and no slip.

2.2. Simulation conditions

Using an Eulerian-Eulerian multiphase flow model, this study
investigated the proppant transport within hydraulic fractures. Ac-
cording to the process of secondary sand fracturing, the proppant
transport is divided into three parts.

(1) The first sand-addition stage, as shown in Fig. 2a, in which the
geometric crack model is simplified as a flat plate. The size of the
flat plate is fixed and will not change due to changes in the
fracturing fluid and proppant factors. According to the similarity
criterion, the crack’s length, height, and width in the numerical
model were scaled down to 4 m, 0.4 m, and 0.01 m, respectively.
These scaled dimensions represent the actual underground crack,
which has a length of 200 m, a height of 20 m, and a width of
0.01 m. In the simulation, fluid was injected from the left
boundary of the crack. The entrance was located on the left side
of the crack model (height: 0.04m, with the middle of the
entrance located at the center of the crack height). Ten equally
wide outlets were set at the fracturing fluid outlet with a height of
0.02 m and evenly distributed on the model’s right side. The
fracturing fluid outlet was set with 10 equally wide outlets
(height: 0.02 m) evenly distributed on the model’s right side. The
grid size is divided into 0.01 m, and the crack is divided into
32080 grid units.

. Fluid flow area . Proppant barrier
Fig. 2. Schematic diagram of crack geometry and boundary conditions: (a) The
First Sand Addition stage, (b) Pumping pause and forming an artificial barrier,
(c)The Second Sand Addition stage.
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(2) Pumping pause: the proppant settled within the fractures, form-
ing an artificial barrier, as shown in Fig. 2b.

(3) Second sand-addition stage: this research assumes that the
sandbank obtained from the first sand-addition stage remains at a
fixed boundary and is not affected by the scouring of the frac-
turing fluid during the second sand-addition stage, as shown in
Fig. 2c.

2.3. Characterization parameters and experiment design

The proppant placement during the first sand-addition process was
extracted, as shown in Fig. 2b, wherein Lgq is the sandbank leading-edge
length, representing the filling effect of the proppant in the near-
wellbore zone. If Lgq is too large, the proppant does not settle at the
fracture entrance near the wellbore; this ineffective filling can lead to
crack closure. Even with well-placed proppant placed further down the
fracture, the hydraulic fracturing effectiveness remains poor. Hgg is the
sandbank equilibrium height, representing the height of the sandbank
when it reaches dynamic equilibrium during proppant migration in the
fracture. This parameter reflects the final effect of proppant placement
in the fracture. A larger Hgo means more proppant has settled in the
fracture, providing better oil and gas flow channels and increasing
fracture conductivity. Lag is the sandbank laying length, representing
the distance from the farthest end of the sandbank to the entrance of the
fracture. This parameter indicated the proppant’s filling effect in the
fracture’s remote well zone. In other words, it reflects the extent to
which the proppant has spread within the fracture, affecting the con-
ductivity and flow paths in more distant regions of the fracture. In
addition, we propose a sanding index through cluster analysis and
dimensional analysis that can be used to quantify the proppant place-
ment comprehensively. The Sanding index can be described as:

7 a;naxAEch (CzLAQ — C3LEQ)2

M= 13)
ALFC4HEQC5LEQ

where M is sanding index (dimensionless); Cj, Cg, Cs, C4, Cs are weight
coefficients that can focus on different factors for evaluation (dimen-
sionless), taking a value of 1 in this study; Laq is the sandbank laying
length(m); Lgq is the sandbank leading edge length(m); Hgq is the
sandbank equilibrium height (m); of"®* is the maximum accumulated
volume fraction of particles (dimensionless), taking a value of 0.63; Agq
is the area of the sandbank (mz); Ajr is the area of the crack plate (mz).

In the first sand-addition stage, orthogonal experimental design is
used to study the proppant transport. The orthogonal experimental
method is a design approach used to examine multiple factors at various
levels (GONG, F et al., 2023; Li and Hao, 2020). The design of orthog-
onal experiments has proven to be a highly efficient, fast, and
economical experimental method for evaluating the effects of different
factors on performance (ZOU, G et al., 2017). The design of orthogonal
experiments was based on using orthogonal tables. In orthogonal ex-
periments, the factors represent the parameters influencing proppant
transport, whereas the levels refer to the maximum number of values
that each factor can assume. By understanding the importance of various
factors and their interactions, the main advantage of this method is that
it reduces the number of required tests while still achieving the best
combination of factor levels. Consequently, the proppant transport
process was optimized by conducting multi-factor and multilevel
orthogonal experiments. In the first sand-addition stage, the effects of
the following factors were considered: (a) fracturing fluid flow rate, (b)
sand ratio, (c) proppant size, (d) proppant density, (e) fracturing fluid
viscosity and (f) fluid density. An orthogonal experimental design table
L18 (6%) was adopted, with 18 samples tested. The experimental design
is listed in Table 1(No 1-18). When analyzing the influence of a
particular factor on the proppant transport parameters, the average
value of different experiments conducted under that specific factor was
used for analysis. In addition, to achieve similarity in Reynolds number
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Table 1
Experimental design table.

No  Fluid Sand Proppant Proppant Fluid Fluid
flow ratio size density viscosity density
rate (%) (10°m) (kg/m®) (103 Pa (kg/m*)
(m/s) s)

1 2 20 0.4 2700 3 1200

2 1 30 1.0 2700 3 1100

3 3 10 0.4 2700 5 1200

4 3 10 1.0 2700 1 1100

5 2 10 0.7 3400 5 1100

6 1 20 0.4 3400 5 1100

7 1 10 0.7 2000 3 1200

8 2 10 1.0 3400 3 1000

9 1 20 1.0 3400 1 1200

10 3 30 0.7 3400 1 1200

11 2 30 0.4 2000 1 1100

12 2 20 0.7 2700 1 1000

13 3 20 1.0 2000 5 1000

14 3 30 0.4 3400 3 1000

15 1 10 0.4 2000 1 1000

16 3 20 0.7 2000 3 1100

17 1 30 0.7 2700 5 1000

18 2 30 1.0 2000 5 1200

19 2 20 0.7 2700 3 1100

20 2 10 0.7 2700 3 1100

21 2 30 0.7 2700 3 1100

22 2 20 0.4 2700 3 1100

23 2 20 1 2700 3 1100

24 2 20 0.7 2000 3 1100

25 2 20 0.7 3400 3 1100

26 1 20 0.7 2700 3 1100

27 3 20 0.7 2700 3 1100

28 2 20 0.7 2700 1 1100

29 2 20 0.7 2700 5 1100

and linear velocity, the actual injection rates corresponding to fluid
velocities of 1 m/s, 2 m/s, and 3 m/s in the numerical simulation are
1.17 m®/min, 2.34 m®/min, and 3.51 m®/min, respectively. It should be
noted that the actual hydraulic fractures consist of multiple clusters,
while the experimental simulation represents only one cluster. Besides
the injection rate, the sand ratio, proppant size, proppant density,
fracturing fluid viscosity, and fracturing fluid density are consistent with
actual field conditions.

First stage

Second stage

Geoenergy Science and Engineering 241 (2024) 213186

In the second sand-addition stage, to enhance the longitudinal
placement effect of the proppant, a simulation was conducted based on
the model that exhibited the maximum sanding index in the first sand-
addition stage. The sandbank equilibrium height was selected to indi-
cate the placement effect in the second sand-addition stage. A controlled
variable approach is adopted. The experimental design table is listed in
Table 1(No 19-29).

2.4. Model verification

In this section, comparing the numerical simulation’s results with
those of previous physical experiments is crucial to ensure its accuracy.
Previous studies on proppant transport primarily relied on the theory of
the first sand-addition stage. Hence, this section presents a numerical
simulation of continuous proppant transport and subsequently compares
the findings with those obtained from prior physical experiments.

The accumulation of proppant was categorized into three stages in
the fracture (YAJUN, L, 2006). As shown in Fig. 3a, in the first stage, the
proppant settled, forming the initial shape of a sandbank. During the
second stage, the height of the sandbank continued to increase. In the
third stage, when the sandbank reached the equilibrium height, any
subsequently injected proppant moved and settled at the back of the
sandbank. Consequently, the length of the sandbank continued to in-
crease while maintaining the same height. The numerical simulation
results of this study are presented in Fig. 3b, representing the stages of
formation, growth, balance, and extension of the sandbank. These re-
sults align with the trends of sandbanks observed in the physical
experiments.

Another experimental results (HUI, F, 2017) is shown in Fig. 4a,
while Fig. 4b displays the simulation results using the same parameters.
Fig. 4c illustrates the high overall similarity between the shapes of the
sandbank obtained from the physical experiment and numerical simu-
lation. The sandbank equilibrium height obtained from the numerical
simulation was slightly smaller than that obtained from the physical
experiments, with an error of approximately 10%, because the proppant
size used in the numerical simulation was an average value, whereas the
particle size of the proppant used in the physical experiments varied
within a range. This discrepancy in the proppant size can influence the
formation of the sandbank and contribute to the variation in the

t=5.5s

100 200 300 400
x/cm

“Volume fraction of proppant/%

&3 50

Volume fraction of proppant/%

50 33 13

&

Volume fraction of proppant/%

Fig. 3. Experimental and numerical simulation results: (a) Visualized proppant placement in the experiment (b) Simulated proppant placement by Eulerian- Eulerian

multiphase model.
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Fig. 4. Experimental and numerical simulation results: (a) Visualized proppant placement in experiment (b) Simulated proppant placement by Eulerian- Eulerian
multiphase model, (c) The sandbank curve in experimental and numerical simulation.

equilibrium height. Furthermore, the physical experimental equipment
affected the injection rate of the fracturing fluid, resulting in its actual
speed being lower than the design flow rate. The flow rate of the frac-
turing fluid is negatively correlated with the sandbank equilibrium
height, which can also lead to differences in the results of the physical
and numerical experiments.

After comparing the simulation results with previous studies, the
Eulerian-Eulerian multiphase model was employed in this study to
accurately simulate proppant placement within a fracture. Therefore,
this study provides a foundation for studying the proppant placement in
secondary sand fracturing.

3. Results and discussion
3.1. First sand-addition stage

3.1.1. Sanding index analysis

As shown in Fig. 5, for this comparison, No. 3, 11, and 6 were chosen
to represent cases with low, medium, and high sanding indices,
respectively, as shown in Fig. 5. When the sanding index was small, the
proppant tended to be concentrated at the far end of the crack, resulting
in a small sandbank area and equilibrium height. When the sanding
index is moderate, the proppant distribution covers the middle area of

the crack, leading to an increased sandbank area and equilibrium height.
When the sanding index is at its highest, the proppant can be effectively
placed in the near-wellbore area while extending this positive effect to
the far-wellbore area, owing to the larger sandbank laying length. The
research findings strongly indicate that the sanding index proposed in
this study successfully and comprehensively assessed the distribution
characteristics of proppant inside fractures, considering factors such as
the sandbank equilibrium height, sandbank leading-edge length, and
sandbank laying length. The sanding index significantly contributes
toward understanding the effectiveness of proppant placement and its
impact on fracture conductivity.

3.1.2. Single factor analysis

As shown in Fig. 6a, the sandbank leading-edge length and laying
length exhibit a trend of first increasing and then stabilizing with an
increase in the sand ratio. This behavior was influenced by the inter-
particle interactions of the proppant. The equilibrium height, which
represents the stabilized height of the sandbank, increased with an in-
crease in the sand ratio because a higher sand ratio leads to stronger
proppant interactions, which requires a higher equilibrium flow rate to
maintain the proppant suspension in the flow passage section and allow
the fracturing fluid to reach the far end of the fracture. In addition, the
sand ratio significantly impacts the sanding index, showing a trend of
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first increasing and then decreasing with increasing sand ratio. An in-
crease in the sand ratio was beneficial for filling the near-wellbore zone
of the fracture with proppant. When the sand ratio became excessively
large(>20%), the proppant settled quickly, leading to insufficient sand
placement at the far end of the fracture.

As shown in Fig. 6b, the sandbank leading edge and laying lengths
decrease with increasing particle size. The equilibrium height increased
with increasing particle size owing to the accelerated sedimentation
rate, necessitating an increase in the equilibrium level of the sandbank
to satisfy the demand for a higher equilibrium flow rate of the fracturing
fluid in the flow passage section. Moreover, the sanding index decreased
with increasing proppant size because the larger particles settle more

rapidly in the fracturing fluid, causing them to accumulate near the
wellbore of the fracture quickly. Consequently, transporting these larger
proppant particles to the far end of the fracture for proper laying and
filling is challenging.

As shown in Fig. 6¢, the sandbank leading edge length decreases
quickly at higher proppant densitie. The laying length of the sandbank
initially reduced and then increased with increasing proppant density
because an increase in the proppant density leads to a higher settling
speed, resulting in a decrease in the sanding distance. However, as the
proppant density increased to 2700 kg/cm?®, the equilibrium flow rate
increased, leading to an increase in the migration distance of the prop-
pant at the back of the sandbank and an increase in the laying length.
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The equilibrium height increases with increasing proppant density
because a higher proppant density requires a smaller flow passage sec-
tion to provide a higher equilibrium flow rate, which exerts a more
significant drag force to transport the proppant to the far end of the
crack. Furthermore, the sanding index improved with an increase in the
proppant density as the settling speed of the proppant increased, leading
to a more efficient filling effect in the near-wellbore zone of the fracture.

As shown in Fig. 6d, with an increase in the flow rate, the sandbank’s
leading-edge length and laying length exhibit an increasing trend. As the
flow rate increased, the proppant experienced a more significant hori-
zontal movement within the same settling time. A more substantial
turbulence effect near the crack entrance at higher flow rates played an
important role. The turbulence caused the settled proppant to be rolled
up and carried further along the crack, contributing to the increased
sandbank leading-edge length and laying distance. The higher the flow
rate, the lower the equilibrium height. As the proppant settled and
accumulated, the height of the sandbank within the fracture increased,
occupying more space and reducing the available flow section of the
fracturing fluid. Consequently, the flow rate of the fracturing fluid
within the restricted area increases. When the flow rate of the fracturing
fluid is increased beyond this equilibrium point, a larger flow section can
accommodate the suspended proppant effectively, with the proppant
remaining in the suspension without further settling. Consequently, the
sandbank’s equilibrium level decreased as the fracturing fluid’s flow
rate increased. Moreover, the sanding index decreases as the fluid flow
rate increases. The proppant has a better filling effect at low flow rates in
the near-wellbore zone, indicating that they are effectively distributed
and placed around the wellbore area. However, as the flow rate of the
fracturing fluid increases, turbulence and strong fluid flow can push
proppant away from the wellbore, leading to inadequate support and
coverage in that crucial area.

The settling speed of the proppant decreases with an increase in the
fracturing fluid viscosity, leading to the proppant being easily carried to
the far end of the fracture. As a result, both the sandbank leading edge
and laying lengths increase with increasing fracturing fluid viscosity, as
shown in Fig. 6e. Furthermore, an increase in the fluid viscosity leads to
a decrease in the equilibrium height. An increase in viscosity amplified
the horizontal velocity of the proppant decay more slowly, and the
equilibrium velocity required for the proppant suspension state in the
overflow section was lower. Consequently, an increase in the height of
the overflow section led to a decrease in the equilibrium height. For the
sanding index, increasing the viscosity on the proppant particles causes
the settling velocity to decrease, and the attenuation rate of the hori-
zontal motion velocity also decreases, resulting in a larger and more
uniform settling distribution area for the proppant within the crack.
Ultimately, an increase in the viscosity improves the sanding index.

In Fig. 6f, the sandbank leading-edge length increases with the
fracturing fluid density, whereas the laying length does not change
significantly with the fracturing fluid density. According to Stokes’ law,
the settling velocity of the proppant is directly proportional to the
density contrast between the solid and liquid phases. Therefore, as the
fracturing fluid’s density increased, the proppant’s settling velocity
decreased. The increase in the fracturing fluid density affected the dis-
tance between the front edge of the sandbank and the distance between
the sand spreading. Furthermore, the drag force of the fracturing fluid
on the proppant increases as the fracturing fluid density increases. This
increased drag force led to a decrease in the equilibrium flow rate.
Consequently, the equilibrium height decreased with increasing frac-
turing fluid density. The sanding index follows a trend of first increasing
and then decreasing as the density of the fracturing fluid increases. This
pattern occurred because the sand-carrying capacity of the fluid was
weak at low fracturing fluid density water levels. The proppant settles
and accumulates near the wellbore, leading to difficulties in trans-
porting it to the far end of the crack and effectively filling the area. As
the fracturing fluid’s density increases, the proppant’s filling effect at
the far end of the crack improves. However, when the density of the
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fracturing fluid was excessively high, the fluid had a high sand-carrying
capacity, resulting in a larger distance from the front edge of the sand-
bank, implying that the near-wellbore area of the fracture was not filled
effectively.

3.1.3. Range analysis

Range analysis is a statistical method used to assess the sensitivity of
factors to the experimental results based on orthogonal experiments.
The range analysis results for the sandbank leading edge length, equi-
librium height, laying length, and sanding index from the orthogonal
experiments are presented in Fig. 7, wherein larger values indicate a
more significant impact of the respective factors on proppant placement.
The sandbank leading-edge length, sandbank equilibrium height,
sandbank laying length, and sanding index are primarily influenced by
the fracturing fluid flow rate. In contrast, the fracturing fluid density has
a relatively minor effect during the first sand-addition stage.

3.2. Second sand-addition stage

From Section 3.1, Experiment 6 in the first sand-addition stage
showed the highest Sanding index. The geometric shape of the sandbank
observed in Experiment 6 when it reached dynamic equilibrium served
as the boundary condition for studying the influences of the proppant
and fracturing fluid parameters on the sandbank equilibrium height in
the second sand-addition stage. In addition, the density of fracturing
fluid has a relatively small impact on the proppant transport 1. There-
fore, in the second sand addition stage, the influence of fracturing fluid
density was ignored.

3.2.1. Single factor analysis

As seen in Fig. 8a, when the sand ratio is at a lower level, the
proppant undergoes a significant settlement and accumulation to form a
second sandbank at the front and back of the primary sandbank; how-
ever, no apparent sandbank formation is observed at the upper part of
the primary sandbank because, with a lower sand ratio, the intergran-
ular interaction of the proppant is weaker. The cross-sectional area of
the flow section at the front and back of the primary sandbank is larger,
resulting in a lower average flow velocity of the fracturing fluid, thus
making the proppant more prone to settling and accumulation. How-
ever, in the upper part of the primary sandbank, the cross-sectional area
was smaller, leading to a higher average flow velocity of the fracturing
fluid, making the proppant less likely to settle and remain suspended. As
the sand ratio increased, the agglomeration and settlement of the
proppant particles became stronger, resulting in a higher proppant
settling velocity. Consequently, the proppant accumulated and settled in
the front and upper parts of the primary sandbank, causing an upward
trend in the equilibrium height of the sandbank. In addition, the prop-
pant accumulates and settles near the crack entrance, forming a small
sandbank.

According to Fig. 8b with an increase in particle size, the main area
of proppant placement moves towards the near-wellbore zone of the
fracture, and the equilibrium height shows an initial increase, followed
by a decrease. This is because when the particle size is higher, the in-
crease in the height of the front edge changes the flow field in the near-
wellbore zone of the fracture. The upper part of the primary sandbank
was significantly influenced by the turbulence at the crack entrance,
leading to a decrease in the equilibrium height.

According to Fig. 8c, with the increase of proppant density, the main
area of proppant placement moves towards the near-wellbore zone of
the fracture, and the trend of equilibrium height shows an initial in-
crease followed by a decrease. This is because when the proppant den-
sity is at a higher level, the increase in the height of the front edge
changes the flow field in the near-wellbore zone of the fracture. The
upper part of the primary sandbank is significantly influenced by the
turbulent effect at the crack entrance, leading to a decrease in the
equilibrium height.
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According to Fig. 8d, when the flow velocity is low, the reduced
carrying capacity of the fracturing fluid for the proppant leads to a
higher equilibrium height of the sandbank. When the sandbank reaches
an equilibrium state, a small sandbank is formed by the proppant in the
far-wellbore zone of the fracture, which can improve proppant pene-
tration and stimulation in the longitudinal and far-wellbore zones of the
fracture. However, a sandbank’s excessively high equilibrium height
may lead to sand plugging. When the flow velocity of the fracturing fluid
is high, the carrying capacity of the fracturing fluid for the proppant
increases, leading to a decrease in the equilibrium height of the sand-
bank until it matches the morphological parameters of the primary
sandbank.

According to Fig. 8e, the carrying capacity of the fracturing fluid for
the proppant increased with an increase in the fracturing fluid viscosity,
and its impact on the equilibrium height followed the same pattern as
that of the proppant placement in the first sand-addition stage. The
higher the viscosity of the fracturing fluid, the lower the equilibrium
height.

3.2.2. Grey relational analysis

The degree of influence of each influencing factor on the proppant
transport during the second sand-addition stage was different, thus
making it necessary to conduct a sensitivity analysis on the influencing
factors. In this section, the grey relational analysis method is used to
determine the influence weight of each factor on the proppant (LU, C
et al., 2022; SONG, Z et al., 2024; ZHANG, H et al., 2016). The specific
implementation steps are as follows:

Perform dimensionless processing:

Xi(n)= 14

Solving for the grey relational coefficient:

i i 0 () — X ()| + p 8 7 X (k) — Xi(K)|

51’ k)=- max max (15)
W= - X+ o7 B ) - KR
Solve the correlation degree:
1 N
n=y Dok 16)
Solve for the weight coefficient:
w, =t a7)

where X;(k) is the dimensionless mean value of the i, parameter, i is the
parameters of the serial number, k is the data serial number, x;(k) is the
i, parameter value, X; is the arithmetic mean, &;(k) is the grey relational
coefficient, p is the distinguishing coefficient, taking a value of 0.5, y; is
the degree of correlation degree, and W; is the weight coefficient.

Fig. 9 indicates that during the second sand-addition stage, the
weight coefficients of the different factors on the sandbank equilibrium
height were comparable at approximately 0.2, indicating that these
factors had comparable influences on the proppant placement effect. In
practical terms, it is crucial to focus on the influence of construction
parameters on specific aspects such as proppant embedment, propped-
fracture conductivity, construction economy, and safety.
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4. Conclusion

In this study, an Eulerian-Eulerian multiphase model was established
to simulate proppant transport in secondary sand fracturing for the first
time, particularly considering the impact of artificial barriers formed in
the first sand-addition stage on the proppant placement in the second
sand-addition stage. Previous physical experiments were conducted to
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verify the reliability of the model. The effects of proppant performance,
fracturing fluid performance, and fluid flow rate on proppant placement
were analyzed. The following conclusions were drawn from this study.

(1) In the first sand-addition stage, an innovative sanding index was
proposed to evaluate the effectiveness of proppant placement.
The sanding index decreases with an increase in the proppant size
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and flow rate and increases with an increase in the proppant
density and fluid viscosity. With an increase in sand ratio and
fluid density, the sanding index first increased and then
decreased.

In the first sand-addition stage, range analysis showed that the
flow rate of the fracturing fluid had a greater impact on the
proppant placement. In contrast, the density of the fracturing
fluid had a more minor effect in the first sand-addition stage.

In the second sand-addition stage, the artificial barrier formed in
the first sand-addition stage was used as the boundary to analyze
proppant placement. Notably, the equilibrium height increases
with the increase of sand ratio, decreases with the increase of
flow rate and fluid viscosity, and first increases and then de-
creases with the increase of particle size and proppant density.
In the second sand-addition stage, the grey correlation method
revealed that different factors had similar effects on proppant
placement during the second sand-addition stage.

(2)

(3)

4

In summary, this study enriches the research on the proppant
transport in hydraulic fracturing, especially providing a more scientific
and reasonable theoretical design basis for secondary sand fracturing.
Future research also needs to consider the proppant transport under the
dynamic expansion of cracks in secondary sand fracturing.
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