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ABSTRACT

Low-permeability reservoirs are generally characterized by low porosity and low permeability. Obtaining
high production using the traditional method is technologically challenging because it yields a low
reservoir recovery factor. In recent years, hydraulic fracturing technology is widely applied for efficiently
exploiting and developing low-permeability reservoirs using a low-viscosity fluid as a fracturing fluid.
However, the transportation of the proppant is inefficient in the low-viscosity fluid, and the proppant has
a low piling-up height in fracture channels. These key challenges restrict the fluid (natural gas or oil) flow
in fracture channels and their functional flow areas, reducing the profits of hydrocarbon exploitation.
This study aimed to explore and develop a novel dandelion-bionic proppant by modifying the surface of
the proppant and the fiber. Its structure was similar to that of dandelion seeds, and it had high transport
and stacking efficiency in low-viscosity liquids compared with the traditional proppant.

Moreover, the transportation efficiency of this newly developed proppant was investigated experi-
mentally using six different types of fracture models (tortuous fracture model, rough fracture model,
narrow fracture model, complex fracture model, large-scale single fracture model, and small-scale single
fracture model). Experimental results indicated that, compared with the traditional proppant, the
transportation efficiency and the packing area of the dandelion-based bionic proppant significantly
improved in tap water or low-viscosity fluid. Compared with the traditional proppant, the dandelion-
based bionic proppant had 0.1—4 times longer transportation length, 0.3—5 times higher piling-up
height, and 2—10 times larger placement area. The newly developed proppant also had some other
extraordinary features. The tortuosity of the fracture did not influence the transportation of the novel
proppant. This proppant could easily enter the branch fracture and narrow fracture with a high packing
area in rough surface fractures. Based on the aforementioned characteristics, this novel proppant tech-
nique could improve the proppant transportation efficiency in the low-viscosity fracturing fluid and
increase the ability of the proppant to enter the secondary fracture. This study might provide a new
solution for effectively exploiting low-permeability hydrocarbon reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

the practical exploration of low-permeability reservoirs, commonly
employing low-viscosity fluid (slickwater) as a fracturing fluid.

The world is endowed with abundant low-permeability hydro-
carbon reservoirs, including tight sandstone, shale oil, and shale
gas. The economic development of low-permeability hydrocarbon
reservoirs is essential to secure the energy supply (Li et al., 2020;
Zou et al., 2015). Hydraulic fracturing technology paves the way for
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Slickwater can reduce friction during the injection process and
increase the complexity of fractures. However, it has low carrying
and transportation abilities to the proppant. Thus, the proppant
settles down quickly in the fracture and cannot easily enter the
secondary fracture. In addition, the demerits of the slickwater
carrying the proppant in hydraulic fracturing decrease the propped
area of the fracture, reducing the valid stimulated volume. There-
fore, the production of hydrocarbons is limited. Moreover, the
proppant with slickwater is easily plugged at the wellbore or the
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front of the fracture, increasing the operating costs and the risk of
proppant blockage.

To address the aforementioned problem of low transportation
efficiency of the proppant in the low-viscosity fracturing fluid and
improve the proppant ability to enter the secondary fracture, two
new types of the proppant have been proposed by scholars based
on the properties of the proppant: the self-suspension proppant
and the low-density proppant. The self-suspension proppant can be
categorized into three types (Xu et al., 2021; Yao et al., 2021). The
first type of self-suspension proppant is the water-soluble self-
expanding proppant. The surface of this proppant is covered with a
layer of hydrogel, which expands after contact with water. The self-
suspending function is achieved by expanding the hydrogel, lead-
ing to an increase in the apparent volume of the proppant. There-
fore, the lift force of the proppant is increased (Brian and Alan,
2015; Gol et al., 2017). However, the self-suspension proppant
still has challenges in terms of moisture resistance, shear resis-
tance, and temperature resistance. Notably, whether the proppant
performs well at high temperatures or not and this performance
still needs to be verified in practice. The second type of self-
suspension proppant is the viscoelastic proppant. The surface of
this proppant is coated with a polymer, which is soluble in the
fracturing fluid and increases the viscosity of the fracturing fluid.
Thus, the suspending performance of the proppant is achieved (Fan
et al,, 2021; Zhou et al., 2022; Zoveidavianpoor and Gharibi, 2015).
Similar to the first type of proppant, the viscoelastic proppant still
has issues related to economic and formation damage. The third
type of self-suspension proppant is the air-suspension proppant.
The air-suspending function is fulfilled by the lifting force of the air
attached to the proppant (Boyer et al., 2014; Darren et al., 2014;
Kostenuk and Browne, 2010; Quintero et al., 2018; Zoveidavianpoor
et al., 2018). However, whether or not the attachment between air
bubbles and the proppant maintains stability in the fracturing fluid,
which remain uncertain. Therefore, the air-suspension proppant
still has issues. For example, the generation condition, distribution
condition, and stability of the bubbles in formation situations (high
temperature and pressure) still need to be ascertained.

Besides particle surface modification, the low-density proppant
is commonly manufactured using the preferred new materials with
low density. Therefore, the manufactured proppant has a relatively
low density (Fan et al., 2018; Tasqué et al., 2020; Xie et al., 2019).
Some low-density proppants have different structures than tradi-
tional proppants, which are designed as porous or hollow (Jones
and Cutler, 1985; Li et al., 2018; Liao et al.,, 2021; Mou et al.,
2017). However, the disadvantages of the low-density proppant
are its relatively higher cost, high energy consumption, and
complicated manufacturing process, which limit the popularization
and application of the low-density proppant. Based on the afore-
mentioned review, the performance of the self-suspension prop-
pant still needs verification and improvisation, and the
manufacturing cost and process of the low-density proppant still
need optimization.

Given the limitations of the existing self-suspension proppants,
this study mainly introduced a new proppant suitable for carrying
in low-viscosity fluids. This proppant had the significant merits of
high transport in the fracture and achieved better filling in longi-
tudinal fractures. The first part of this study introduced the
dandelion-based bionic proppant and its coupling, settling, and
movement mechanisms. Then, the preparation and optimization of
the proppant were implemented based on the investigated mech-
anism. In the second part, the material for the dandelion-based
proppant was selected and optimized. Then, the settlement and
transportation mechanisms of the dandelion-based bionic prop-
pant in different types of fractures were discussed in the third and
fourth parts. The last part of this study presented the conclusions.
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2. Mechanisms of the dandelion-based bionic proppant
2.1. Coupling mechanisms of the dandelion-based bionic proppant

The fundamental idea of the dandelion-based bionic proppant
was to mimic the fly performance of the dandelion, which con-
sisted of the seeds and the pappus. The coupling mechanisms of
this novel dandelion-based bionic proppant were explored in the
early stages. Based on the current research, we found that the novel
dandelion-based bionic proppant chemically adhered the proppant
and the fiber together to construct a structure of dandelion seeds
(seed + pappus, Fig. 1(a) and (c)). Based on our preliminary
research, we speculated that the aforementioned chemical adher-
ence was achieved through the attraction of charges. Specifically, a
zwitterionic polymer was coated on the surface of the proppant,
and a grafted cationic polymer was coated on the fiber. Thus, the
proppant had positive and negative charges, whereas the fiber had
a positive charge. The corresponding negative and positive charges
on the surface gathered the modified group and created a stabilized
structure (Fig. 1(b) and (d)). Thus, the charge anisotropy attraction
helped construct the novel dandelion-based bionic proppant.
However, this was only a preliminary result of the speculation that
also discussed in a previous study (Li et al., 2022b). We continue to
conduct further research on specific empirical evidence.

2.2. Settling mechanism of the dandelion-based bionic proppant

The modified proppant and modified fiber were coupled
together to form a dandelion structure, which notably changed the
settling mechanism of the proppant. The next part introduced the
settling mechanism of the traditional proppant and the dandelion-
based bionic proppant.

2.2.1. Settling mechanism of the traditional proppant

The traditional proppant could be assumed to be spherical. Its
force analysis during the settlement in liquid is shown in Fig. 2(a).
As depicted in the figure, the traditional proppant was affected by
the fluid's gravity, buoyancy and resistance force also called viscous
force. Assuming the traditional proppant was a regular sphere, the
buoyancy and the viscous force were calculated using the buoyancy
function and Navi—Stokes function (Eq. (1) and (2)), respectively.
Fy=pmgVp (1)
where F, is the proppant buoyancy; pj is the fluid density; g is the
local gravitational acceleration; and Vj, is the proppant volume.
Fy =6mnrv (2)
where F, is the proppant viscous force; 7 is the viscous coefficient;
r is the proppant diameter; and v is the velocity of the proppant.

The force analysis showed that the interaction between the
three forces influenced the settlement of the traditional proppant.
The settling velocity was thus affected by these forces. The buoy-
ancy and the gravity force were determined based on the basic
properties of the traditional proppant. The traditional proppant
accelerated downward at the beginning of the settlement and
achieved an equilibrium velocity due to the viscous force. The
proppant finally settled down to the bottom under the equilibrium
velocity.

2.2.2. Settling mechanism of the dandelion-based bionic proppant
The apparent volume of the dandelion-based bionic proppant

dramatically changed due to the coupling of the modified proppant

and the fiber. As a result, the force analysis of the dandelion-based
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(a) Structure of dandelion seed

Pappus

Pappus

(c) Schematic diagram of dandelion seed
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(b) Structure of dandelion-based bionic proppant

(d) Mechanism diagram of dandelion-based bionic proppant

Fig. 1. Coupling mechanism of the dandelion-based bionic proppant.

(a) Traditional proppant

(b) Dandelion-based bionic proppant

Fig. 2. Force analysis of proppant settling in the fluid, where F, is the traditional proppant buoyancy, F, is the traditional proppant viscous force, Fg; is the traditional proppant
gravity, Fy is the fiber buoyancy, Fy; is the modified proppant buoyancy, F, is the viscous force of the modified proppant, F; is the viscous force of the fiber, and Fc; is the dandelion-

based bionic proppant gravity.

bionic proppant was also different. In addition, the randomness of
the coupling complicated the structure of the coupled proppant
and fiber, increasing the indeterminacy of the structure. However,
the force analysis could still be conducted using a simplified
structure, as shown in Fig. 2(b).
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Despite the dandelion-based proppant having a structure
different from that of the traditional proppant, its force analysis still
included gravitational, buoyancy, and viscous forces. Among these
forces, the gravitational force and the buoyancy of the dandelion-
based proppant were calculated by adding those of the proppants
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and fibers. Thus, the aforementioned force was not similar to that of
the traditional proppant because the volume and mass of the fiber
could not be neglected. However, after the proppant—fiber
coupling, the apparent volume of the dandelion-based bionic
proppant sharply increased. Thus, its viscous force increased, which
was the most critical factor influencing the settlement of the
proppant.

The viscous force of the dandelion-based bionic proppant could
be divided into the viscous force of the proppant and the viscous
force of the fiber. Therefore, the viscous force of the proppant and
fiber was expressed as Eqs. (3) and (4), and the sphere's radius was
equal to the radius of the proppant and fiber.
Fp =6mn,rpv (3)
where F, is the viscous force of the proppant; 7, is the viscous
coefficient of the fluid; and r}, is the equivalent radius.
f% ::67tnlrfv (4)
where F; is the viscous force of the fiber and r; is the equivalent
radius of the fiber.

Based on the aforementioned equation, the apparent volume of
the dandelion-based bionic proppant was more significant than
that of the traditional proppant. This contributed to a significant
delay in the settlement of the proppant.

2.3. Transportation mechanism of the dandelion-based bionic
proppant

Based on the aforementioned analysis of the settlement mech-
anism of the dandelion-based proppant, it was inferred that the
settlement of the dandelion-based bionic proppant was delayed.
Therefore, some exploratory experiments were conducted. As ex-
pected, the dandelion-based bionic proppant had a better carrying
ability than the traditional proppant in the low-viscosity fluid due
to the higher viscous force. Meanwhile, the dandelion-based bionic
proppant had a lower settlement speed. Therefore, it could travel
longer in fractures when carried by a low-viscosity fluid (Fig. 3(b)).

On the contrary, the traditional proppant settled down quickly
once introduced into the fracture by the low-viscosity fluid, and
then piled up in the front portion of the fracture (Fig. 3(a)). This
study designed a series of experimental apparatuses to investigate
the settlement and the movement mechanisms of the dandelion-
based bionic proppant to verify the aforementioned assumptions.

Petroleum Science 21 (2024) 2583—2599

The material selection and concentration optimization were con-
ducted before the research on transportation mechanisms in
different fracture types.

3. Material selection and optimization

The structure of the dandelion-based proppant was inspired by
a bionic idea of coupling the proppant and the fiber. The coupling of
the proppant and fiber was achieved by modifying the surface of
the proppant and fiber. Thus, this study selected and optimized the
modification material for the dandelion-based proppant.

3.1. Materials

The dandelion-based bionic proppant was compatible with the
slickwater in the experiment. The preparation method, surface
characteristics test, and chemical modifier information were pro-
vided in a previous study (Li et al., 2022b). This study adopted the
material and its preparation of the dandelion-based bionic prop-
pant (Li et al., 2022b). A zwitterionic polymer (amino acid-type
zwitterionic polymers and betaine-type zwitterionic polymers)
was used to synthesize the proppant modifier, and a grafted
cationic polymer (quaternary ammonium salt cationic polymer and
amine salt cationic polymers) was used to synthesize the fiber
modifier.

As presented in the previous study (Li et al., 2022b), the raw
proppant (quartz sand) and the fiber were purchased from Ruiao
China Co., Ltd. And Chaoshunyida China Co., Ltd., respectively. The
raw material was also used as the traditional proppant for com-
parison. The particle size of the traditional proppant and the
dandelion-based bionic proppant was 20/40 mesh. Their apparent
densities were 2560 and 2480 kg/m>, respectively, and the
roundness and sphericity ranged from 0.6 to 0.8. Moreover, the
crushing rate and conductivity of the dandelion-based bionic
proppant at 40 MPa were 6.8% and 77.2 um3 cm, respectively, which
were better than those of the traditional proppant. Table 1 lists the
proppant parameters.

3.2. Experimental setup and procedures

3.2.1. Experimental setup of the material selection and optimization
A visual laboratory apparatus was designed to observe the

coupling effect of the dandelion-based bionic proppant directly. As

shown in Fig. 4, the apparatus consisted of a beaker, an agitator, and

Q\
.\
'\&x

A

(a) Traditional proppant

(b) Dandelion-based bionic proppant

Fig. 3. Transportation mechanism of the proppants.
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Table 1
Proppant parameters.

Petroleum Science 21 (2024) 2583—2599

Proppant type Particle size, mesh  Density, kg/m®  Sphericity ~Roundness  Crushing rate @ 40 MPa, %  Conductivity @ 40 MPa, pm> cm
Traditional proppant 20/40 2560 0.6—0.8 0.6—0.8 7.6 48.5
Dandelion-based bionic proppant  20/40 2480 0.6—-0.8 0.6—0.8 6.8 77.2

Agitator

e, .
e i~
g

Camera

®.9

Beaker

Fig. 4. Experimental setup of material selection and optimization of the dandelion-
based bionic proppant.

a camera. Therefore, the coupling effect of different materials of the
dandelion-based proppant was observed and optimized using the
designed equipment.

3.2.2. Experimental procedures of the material selection and
optimization

Using the aforementioned apparatus, the material optimization
of the dandelion-based proppant was performed as follows.

(1) The dandelion-based bionic proppant was prepared, and
7.5 g of it was weighed.

(2) Then, 250 g of the fracturing fluid was poured into a 500-mL
beaker and the prepared proppant was placed in the same
beaker.

(3) An agitator was placed in the beaker and operated at a
rotation speed of 800 rad/min for 30 s, during which the
coupling effect of the dandelion-based bionic proppant was
observed. A high-speed camera (East Fluid Measurement
Technology (Beijing) Co., Ltd., 1920 x 1200 resolution, 2.3
million pixels) was used during the observation.

(4) The aforementioned steps were repeated three times to
obtain stable experimental results.

3.2.3. Experimental scheme of the material selection and
optimization for the dandelion-based bionic proppant

Ten experiments were designed to select the fiber/proppant
modifiers and optimize their concentrations. The optional proppant
modifiers were PT1, PT2, and PT3 polymers at concentrations of 4%,
6%, and 8%, respectively. PT1 was an amino acid-type zwitterionic

polymer, whereas PT2 and PT3 were two types of betaine zwit-
terionic polymers. The optional fiber modifiers were FM1, FM2, and
FM3 synthetic polymers at concentrations of 1%, 5%, and 9%,
respectively (Table 2). Besides, FM1 was a quaternary ammonium
salt cationic polymer, and FM2 and FM3 were two different types of
amine salt cationic polymers. Noting that the dandelion-based bi-
onic proppant was compatible with the low-viscosity fracturing
fluid, the viscosity of the fracturing fluid was chosen to be
1-3 mPas.

3.2.4. Evaluation criteria for the material selection and
optimization

The dandelion-based bionic proppant had the characteristics of
effectively coupling solid particles and soft fibers. Hence, the
coupling effect was chosen as the evaluation criteria for the
experimental results of the dandelion-based bionic proppant. In
the experiment, the coupling effect was indicated by the proportion
of the proppant suspension. The more significant the amount of the
proppant suspended, the better the coupling effect. The material
selection and concentration optimization were conducted based on
these criteria.

3.3. Experimental results of material selection and optimization

3.3.1. Material selection for the proppant modifier

The coupling effects of the proppant with no modifier, modifier
PT1, modifier PT2, and modifier PT3 were examined based on
experiment sets 1—4 (Table 2). The results are shown in Fig. 5.
Compared with the proppant with no modifier, the proppant with
modifiers PT1, PT2, and PT3 showed some coupling effects with the
fiber. However, the dandelion-based bionic proppant modified by
PT2 was more likely to be suspended in the beaker and established
a more stable coupling structure with the fiber (more proppant was
in a suspended state). Therefore, PT2 was chosen as the proppant
modifier.

3.3.2. Concentration optimization for the proppant modifier

The experiment tested the influence of the proppant modifier
concentration on the coupling effect based on experiment sets 3, 5,
and 6, as outlined in Table 2. The results are shown in Fig. 6. The test
results indicated that the amount of suspended proppant in the
beaker increased with the increase in the modifier concentration.
The results suggested that a better coupling effect and stability of
the dandelion-based bionic proppant were achieved with the use of
the increased amount of modifier. However, increasing the amount
of modifiers also increased the operation cost. The experiment on
modifier concentration higher than 8% was not conducted consid-
ering the overall coupling effect and the cost of the dandelion-
based bionic proppant.

3.3.3. Material selection for the fiber modifier

The optimization experiments on fiber modifiers were con-
ducted based on experiment sets 6, 7, and 8, as outlined in Table 2.
The results are shown in Fig. 7, revealing that the three fiber
modifiers helped increase the proppant suspension performance.
The experiments with FM2 and FM3 yielded similar results, and
their coupling effect was superior to that of FM1. Considering the
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Table 2
Experimental scheme of the material selection and optimization for the dandelion-based bionic proppant.
No. Proppant mesh Type of the proppant modifier Concentration of the proppant modifier, % Fiber modifier Concentration of the fiber modifier, %
1 20/40 N/A N/A N/A N/A
2 20/40 PT1 6 FM1 1
3 20/40 PT2 6 FM1 1
4 20/40 PT3 6 FM1 1
5 20/40 PT2 4 FM1 1
6 20/40 PT2 8 FM1 1
7 20/40 PT2 8 FM2 1
8 20/40 PT2 8 FM3 1
9 20/40 PT2 8 FM2 5
10 20/40 PT2 8 FM2 9

GG-17
e,

5 0 D mi

(a) No modifier (b) PT1

(c) PT2 (d) PT3

Fig. 5. Experimental results of the material selection for the proppant modifier.

(a) 4% (b) 6% (c) 8%

Fig. 6. Experimental results of the concentration optimization of the proppant modifier PT2.
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(a) FM1

(b) FM2

(c) FM3

Fig. 7. Experimental results of the material selection for the fiber modifiers.

material costs and production safety, FM2 was selected as the fiber
modifier.

3.3.4. Concentration optimization for the fiber modifier

Based on experiment sets 7, 9, and 10 outlined in Table 2, the
experiments for optimizing fiber modifier concentration were
conducted, as shown in Fig. 8. The results indicated that the amount
of suspended proppant increased first and then decreased with the
increase in the application of fiber modifiers to the proppant. It
indicated that the coupling effect of the proppant and the fiber
increased first and then decreased with the increase in the con-
centration of fiber modifier. Therefore, a 5% fiber modifier (FM2)
concentration was selected.

4. Settlement of the dandelion-based bionic proppant

Based on the aforementioned analysis, it was postulated that the
dandelion-based proppant had a prolonged settling time. There-
fore, a settlement experiment was designed to verify the settlement
performance of the dandelion-based bionic proppant and the
traditional proppant. As mentioned earlier, given the structure
complexity, we simplified the dandelion-based bionic proppant
structure during settlement to a pair of single proppant and fiber
(Fig. 9). Based on this simplified structure, we further investigated
the structure of the dandelion-based bionic proppant and its clas-
sification to investigate its settlement characteristics in different
conditions. The experimental materials used in this study are
introduced in Section 2.1.

4.1. Experimental setup and procedures

4.1.1. Experimental setup of the settlement experiment

Fig. 10 illustrates the settlement experimental apparatus of the
dandelion-based bionic proppant. A transparent acrylic bucket,
20 cm in diameter and 30 cm in height, was equipped with a ruler
as a reference scale. The apparatus also comprised a high-speed
camera and two LED (light emitting diode) light sources.

(a) 1%

(b) 5%

Simplify

= e

Simplified coupling
diagram of dandelion-
based bionic proppant

Dandelion-based bionic proppant
coupling diagram

Fig. 9. Combination of the single fiber and proppant.

Transparent
cylinder with scale
LED light
‘ H
Camera
LED light

Q.9

L ]

Fig. 10. Setup of the settlement experiment for the dandelion-based bionic proppant.

4.1.2. Procedures of the settlement experiment

Using the aforementioned experiment apparatus, we designed
the procedures to study the settlement of the dandelion-based
bionic proppant as follows.

(c) 9%

Fig. 8. Experimental results of the concentration optimization for the fiber modifier FM2.
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1) The dandelion-based bionic proppant was prepared. 5

2) The transparent bucket was filled up with water, and the posi-
tions of the high-speed camera and the light sources were
adjusted to ensure the recording quality.

3) The camera was turned on, the proppant was allowed to drop
from the water's surface, and the proppant settlement time was
recorded. For each experiment, the procedure was repeated
three times.

4.33

Settling time, s

4.1.3. Scheme of the settlement experiment

Based on the aforementioned experimental procedures, the 133
scheme of the settlement experiment was designed to investigate
the difference between the dandelion-based bionic proppant and
the traditional proppant (Table 3).

0 T T
4.14. Evaluation criteria Of settlement experiments Traditional proppant Dandelion-based bionic proppant

The most crucial feature of the dandelion-base bionic proppant
was the settlement velocity. We used the high-speed camera to
record the process. In this study, the proppant was dropped from
static conditions at the same height. Therefore, the proppant
settling time (from the water surface to the bottom) was recorded bionic proppant, comprising the control, mixing, injection, fracture,

Fig. 11. Comparison of the settling time between the traditional proppant and the
dandelion-based bionic proppant.

as an evaluation criterion. recycling, and data acquisition sectors. The fracture model was

modularized and easily replaceable with a series of different types

4.2. Result of the settlement experiment of fracture models to investigate the proppant transportation and

movement in different types of fractures. Six typical fracture

According to the experiment design outlined in Table 3, the models were adopted in the experiment (small fracture model,

settlement mechanism of single particles of dandelion-based bionic tortuous fracture model, complex fracture model, large-scale frac-

proppant and the traditional proppant in the 1 mPa s fluid was ture model, rough surface fracture model, and narrow fracture
investigated. As shown in Fig. 11 The settling time of the dandelion- model).

based bionic proppant was significantly longer than that of the The model parameter was acquired by the parameter conver-

traditional proppant in the low-viscosity fluid. The settling time of sion of the actual formation fracture based on the principle of
the dandelion-based bionic proppant was 2.25 times longer than similarity to ensure that the experiment had a similar operation
that of the traditional proppant. The results indicated that the condition as in the field. The underground Reynolds number in the
dandelion-based bionic proppant could delay the proppant settle- field was assumed to be equal to the experimental Reynolds
ment as anticipated. The settlement delay mechanism of the number of slurry, which also determined the injection rate (Egs. (5)
dandelion-based bionic proppant and its settlement process in the and (6)).

fluid will be explored in the following study.

Q152 =2Q:5, (5)
5. Experiment of the dandelion-based bionic proppant
transportation efficiency Re; = Re,
The transportation efficiency of the dandelion-based bionic Re; = M
proppant was assessed based on settling and movement efficiency. K1 (6)
Therefore, the proppant movement efficiency study was also of pavaly
great significance. In this study, the visual fracture model was used Re; = Tz

to investigate the transportation of the proppant. The different

types of fracture models were built to simulate the different frac- where Q; and Q; are pump rates in the field and physical model,
tures generated under complicated formation conditions. A respectively, cm?[s; Sy and S, are the end fracture surface areas in
comprehensive study of the transportation of the dandelion-based the field and physical model, respectively, m?; Re; and Re; are the

bionic proppant was conducted using different visual fracture Reynolds number in the field and physical model, respectively; p1,
models. The experimental materials are also introduced in Section and p; are the density of the fracturing fluid in the field and physical
3.1 model, respectively, kg/m>; vy, v, are the velocities of the fracturing
fluid in the field and physical model, respectively, m/s; u; and u, are
5.1. Experimental setup and procedures the viscosity of the fracturing fluid in the field and physical model,
respectively, Pa s; and [; and [, are the characteristic lengths in the
5.1.1. Setup of the proppant transportation experiment field and physical model, respectively, m.
Fig. 12 presents the experimental setup for the dandelion-based The formation properties could lead to different types of
Table 3
Scheme of the settlement experiment.
No. Type of the proppant Fiber length, mm Fluid viscosity, mPa s
1 Traditional proppant N/A 1
Dandelion-based bionic proppant 12 1
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Fig. 12. Diagram of the transportation experiment.

artificial fractures during the fracturing process. As mentioned
earlier, six types of fracture models were developed to simulate
these typical fractures. The single fracture model was used to
simulate one side of the biplane fracture, a configuration frequently
studied by researchers. The configuration of the fracture model and
its diagram are shown in Tables 4—9 and Fig. 13, respectively. The
branch fracture model was used to simulate the complex fracture
created by volumetric fracturing.

Besides, the 3D printing method was chosen to test the rough
surface effect on dandelion-based bionic proppant transportation
efficiency. The 3D printing technique was applied to build the
rough surface fracture model to ensure the roughness and trans-
parency of the model. The model-building steps are as follows.

(1) A natural formation rock was cleaved to get the actual rough
fracture surface.

(2) The fracture rough surface was scanned and digitalized
(Fig. 14).

(3) The rough surface of the fracture was digitized, and its joint
roughness coefficient (JRC) number was calculated. The op-
tical surface was 3D-printed. (This study compared the dif-
ference in the proppant transportation in the rough surface
and non-rough surface rather than quantitatively comparing

Table 4
Transformation of the configurations of the small-scale single fracture model.

the JRC.) Only a 3-mm depth of the rough surface was
scanned and measured. The impact of the roughness on the
transportation of the dandelion-based bionic proppant will
also be explored in our subsequent study.

(4) The rough fracture surface was placed in the parallel trans-
parent plane to build the visual rough surface model.

5.1.2. Experimental procedures of the dandelion-based bionic
proppant transportation
The experimental steps are as follows.

(1) The fracture models were selected and assembled (single
fracture model, tortuous fracture model, complex fracture
model, large-scale fracture model, and narrow fracture
model). The sealing of the experimental apparatus was
checked.

(2) The pre-flush fluid was prepared and mixed with dandelion-
based bionic proppant.

(3) The pump valve was opened to flush the fluid tank and the
fracture inlet to fill the fracture model with the pre-flush
fluid.

Fracture type Fracture width

Fracture length

Fracture height Fluid viscosity Actual pump rate

145 m
40 cm

0.9 cm
0.9 cm

Actual formation fracture
Laboratory fracture model

80 m
22 cm

1-10 cP
1-10cP

1-15 m>3/min
23-344 cm®[s
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Table 5
Transformation of the configurations of the branch fracture model.
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Fracture type Width of the main and secondary Length of the main  Length of the secondary Fracture Angle of secondary  Fluid Actual pump
fractures fracture fracture height fracture viscosity  rate
Actual formation 0.9 cm 145 m 65 m 80 m 90° 1-10cP  1-15 m*/min
fracture
Laboratory fracture 0.9 cm 40 cm 18 cm 22 cm 90° 1-10cP  23-344 cm®/
model s
Table 6

Transformation of the configurations of the tortuous fracture model.

Fracture type Fracture width Fracture length

Fracture height Fluid viscosity Actual pump rate

0.9 cm
0.9 cm

190 m
54 cm

Actual formation fracture
Laboratory fracture model

80 m
22 cm

1-10 cP
1-10 cP

1-15 m3/min
23-344 cm®[s

Table 7
Transformation of the configurations of the large-scale single fracture model.

Fracture type Fracture width Fracture length

Fracture height Fluid viscosity Actual pump rate

0.9 cm
0.9 cm

1000 m
200 cm

Actual formation fracture
Laboratory fracture model

125m
25 cm

1-10 cP
1-10 cP

1-15 m3/min
17-250 cm?/s

Table 8
Transformation of the configurations of the rough surface fracture model.

Fracture type Fracture width Fracture length

Fracture height Fluid viscosity Actual pump rate

Actual formation fracture 0.9 cm 70 m 35m 1-10 cP 1-15 m3/min
Laboratory fracture model 0.9 cm 20 cm 10 cm 1-10 cP 23-350 cm’/s
Table 9
Transformation of the configurations of the narrow fracture model.
Fracture type Fracture width Fracture length Fracture height Fluid viscosity Actual pump rate
Actual formation fracture 0.3 cm 145 m 80 m 1-10 cP 1-15 m3/min
Laboratory fracture model 0.3 cm 40 cm 22 cm 1-10 cP 23-344 cm’[s

(4) The pre-flush fluid tank valve was closed, and the mixing
tank and pump valve were opened to inject the dandelion-
based bionic proppant into the fracture.

(5) The transportation process of the dandelion-based bionic
proppant was recorded in the different types of fracture
models.

5.1.3. Experimental scheme of the proppant transportation

Thirteen sets of the proppant placement and transportation
experiments were designed (Table 10) to better differentiate the
transportation mechanisms of the dandelion-based bionic prop-
pant from those of the traditional proppant in different types of
fracture models. The added mass of proppant was 125 g. The length
of the fiber was 3 mm, and the concentration of the fiber was 1% for
the dandelion-based bionic proppant. The model inlet was set in
the middle, and the viscosity of the fracturing fluid was 13 cP. The
detailed information is provided in Table 10.

5.1.4. Evaluation criteria of the dandelion-based bionic proppant
transportation experiment

The experimental results included pictures and videos. The
videos were used to record the movement of the proppant during
the experiment, and the pictures of the final packing pattern of
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proppants were used to acquire the digitalized characteristic pa-
rameters with the software. Four parameters were chosen to
evaluate the proppant placement: (1) equilibrium height, which
was the height of the proppant dune when particles reached
equilibrium conditions; (2) length of the proppant dune, which was
the longest distance that the proppant could reach; and (3) place-
ment area of the proppant dune, which was the total area of the
proppant placed in the fracture. Eq. (7) was used to calculate the
proppant placement area. The conductive channel rate was a
dimensionless parameter as mentioned in the previous study (Li
et al, 2022b). Therefore, to achieve higher proppant trans-
portation efficiency, it is essential to increase the proppant trans-
portation distance, enhance the packing height, enlarge the
packing area, and elevate the conductive channel rate (Fernandez
et al,, 2015; Hu et al., 2018; Li et al., 2017).

1
5= | reoax (7)
JO

where S is the area of the proppant dune; [ is the length of the
proppant dune; and f(x) is the relationship between the proppant
height and length.



J. Li, M.-Y. Wu, X. Han et al.

Petroleum Science 21 (2024) 2583—2599

¢
Length: 40 cm <,
D% X J— 2
Length: 40cm . K~ = i k_‘-'--z- """"" 0., ______________
¥ s e I\E=
It <, S i
i Inlet Main fracture 2 %, Outlet | < g
i e %% g 5 i
i 5 ® S 2 i Tort le: 90°
N (Outlet M inlet {0 i€ oriuoys pnate:
Inlet Outlet1 | 2 - S 5 g
=y Front view 2 i+
T c i
; Length: 40 om % o £ Front view
i E 43
‘ i Inlet Main fracture & outlet 1 % g [ — |_-f_f]9_t_f_1___2_§_c_[t1 _________ E
£ ] B £ ¥
Front view o . IS g1 A s
12 Top view E = Tortuous angle: 90° ~ | g §
; : ot} £ EE Top view Natid 12
Inlet Top view g all Itz
Outiet 1L : Length: 23 cm H ]
Width: 0.9 cm =
(a) Small-scale single fracture model (b) Branch fracture model (c) Tortuous fracture model
Length: 40 cm
5
Length: 20 cm \ ‘ | 1
) Length: 200 cm . . i
5 g
1o o
| HIES Y
[ Inlet Outlet{ b P
. 5 Inket Inlet Outlet £
g =
. HK)
Front view + iT
§ . c | I
\ Length: 200 cm o Front view & -
i 7 S | IL pa Front view c
R £ 5
Inlet Top view Outiet ! § niet - Outlet] £ Length: 40 cm 8
s Top view g 3
[ |
. Outlett £
Inlet Top view f g

(d) Large-scale single fracture model

(e) Rough surface fracture model

(f) Narrow fracture model

Fig. 13. Diagram of different types of fracture models.

5.2. Experimental results of the dandelion-based bionic proppant
transportation in fractures

5.2.1. Experimental results of the dandelion-based bionic proppant
transportation in a small-scale single fracture

The transportation and its difference between the traditional
proppant, the combination of the traditional proppant and tradi-
tional fiber, and the dandelion-based bionic proppant in the single
fracture were investigated based on experiment sets 13 (Table 10).
The transportation process is shown in Fig. 15. The parameters of
the different proppant dunes are shown in Fig. 16. As depicted in
Fig. 15(a), the transportation of the traditional proppant in the
single fracture mainly depended on the fluid-carrying capacity. The
proppant settled down quickly after entering the fracture model,
ultimately forming a tight triangle proppant dune. This configura-
tion resulted in a limited propped area for the traditional proppant,
as shown in Fig. 16. Other researchers also obtained a similar result
(Hu et al, 2018; Zhang et al, 2017). For the experiment of
combining the traditional proppant and the traditional fiber in a
low-viscosity fracturing fluid, the introduction of traditional fiber
did not influence the transportation of the traditional proppant.
The traditional proppant also settled down quickly in the fracture,
and most of the traditional fiber was separated in the fluid. The
traditional fiber floated on the top of the fracture (increasing the
risk of plugging), and the traditional proppant piled up at the
bottom of the fracture (Fig. 15(b)). Fig. 15(c) shows that the
dandelion-based bionic proppant had a sound coupling effect be-
tween the proppant and the fiber, which formed a porous sponge-
like structure in the fracture. The coupled proppant and fiber
mainly floated in the fracture. Moreover, after the settlement of the
dandelion-based bionic proppant, a crafted structure was estab-
lished that increased the conductivity of the fracture.

Comparing the parameters of the traditional proppant and
combining the traditional proppant and the traditional fiber

(Fig. 16(a)), a significant improvement was observed in the final
packing height and the effective propped area of the dandelion-
based bionic proppant. The packing height doubled compared
with the traditional proppant, and the final placement was four
times larger than that for the traditional proppant. The results
proved that the transportation performance of the dandelion-based
bionic proppant in a single fracture model dramatically improved.
The final channel rate of the dandelion-based bionic proppant
reached 55%, compared with the 2% channel rate of the combina-
tion of the traditional proppant and the traditional fiber. The
traditional proppant stacked at the bottom of the fracture due to
the gravity effect. The formed proppant dune had nearly no chan-
nels for fluid flow. On introducing the traditional fiber into the
traditional proppant, only narrow channels were observed on the
surface of the proppant dune. The channels were not connected,
impeding the fluid flow. A new type of pilling-up structure was
established for the dandelion-based bionic proppant due to the
sound coupling effect. The proppant was supported by the crafted
fiber, losing the proppant dune and creating flow channels in
centimeter scale. Meanwhile, the channels were connected
throughout the whole proppant dune. Therefore, we speculated
that the new piling-up structure provided opened flow channels for
the hydrocarbons and improved the conductivity of the fracture.

5.2.2. Experimental results of the dandelion-based bionic proppant
transportation in branch fracture

Based on experiment sets 4 and 5 outlined in Table 10, the
movement and direction-changing ability of the dandelion-based
bionic proppant and the traditional proppant in the 90° branch
fracture model were investigated. Figs. 17 and 18 illustrate the
parameters of the final proppant dune. The height and placement
area of the dandelion-based bionic proppant were far greater than
those of the traditional proppant in the main fracture, as shown in
Figs. 17 and 18. Li et al. (2017) and Xiao et al. (2021) reported that
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(a) Actual rock surface

Scanning the fracture
rough surface

(b) Digitized roughness of the actual rock

Surface

(c) Visualized rough surface

Fig. 14. Process of constructing the visualized rough surface using 3D printing tech-
nology based on the actual rock surfaces.

the pump rate and viscosity of the fracturing fluid significantly
influenced the transportation of the traditional proppant. More
proppant was transported in the secondary fracture at a higher
pump rate and a higher fluid viscosity. However, the pump rate and
fluid viscosity in this study were relatively small, which had less
influence on the proppant entering the secondary fracture
(Fig. 17(a)). On comparing the experimental results, it was found
that the transportation length, height, and placement area of the
dandelion-based bionic proppant in the main fracture were 1.5, 3,
and 5 times larger than those of the traditional proppant,

Petroleum Science 21 (2024) 2583—2599

respectively. Meanwhile, the transportation length, height, and
placement area of the dandelion-based bionic proppant in the
branch fracture were 4, 5.5, and 7 times larger than those of the
traditional proppant. Compared with the traditional proppant, the
placement area of the dandelion-based bionic proppant in the
branch area showed the best improvement, implying that the
dandelion-based bionic proppant had a better direction-changing
ability to enter the branch fracture from the main fracture.

5.2.3. Experimental results of the dandelion-based bionic proppant
transportation in the tortuous fracture

Experiment sets 6 and 7 outlined in Table 10 investigated the
transportation efficiency of the dandelion-based bionic proppant
and the traditional proppant in the 90° tortuous fracture model.
Previous studies (Qu et al. 2021a, 2021b) demonstrated the trans-
portation of the traditional proppant in a 90° tortuous fracture,
revealing a gently descending curve that corresponded to the
experimental results shown in Fig. 19. However, the placement of
the dandelion-based bionic proppant differed from that of the
traditional proppant, which showed an uneven sponge-like
pattern. The experimental results were not directly observed in a
single view due to the tortuosity of the fracture model. Hence, the
pattern of the final proppant dune presented in Fig. 19 was the
combination of the experimental results recorded from multiple
views (the front and side views). The tortuous fracture section in
the middle of the fracture model is shown in Fig. 19 (as marked in
the red box). The comparison of the proppant dune parameter
between the traditional proppant and the dandelion-based bionic
proppant in a 90° tortuous fracture model is shown in Fig. 20. It was
observed that the height and the packing area of the dandelion-
based bionic proppant were doubled than those of the traditional
proppant. However, due to the limitation of the fracture model, the
lengths of the proppant dune of traditional proppant and the
dandelion-based bionic proppant were the same. However, on
comparing the repose angle of the proppant dune, it was observed
that the repose angle of the traditional proppant was acute (6°)
whereas that of the dandelion-based bionic proppant was obtuse
angle (157°) (Fig. 19). Indicating the better transportation efficiency
of the dandelion-based bionic proppant in the tortuous fracture. In
other words, the unique movement efficiency of the dandelion-
based bionic proppant led to minor interference by the tortuosity
of the fracture, leading to better movement abilities.

5.2.4. Experimental results of the dandelion-based bionic proppant
transportation in the rough surface fracture

Based on experiment sets 8 and 9 outlined in Table 10, the
transportation of the dandelion-based bionic proppant and the
traditional proppant in the rough surface fracture was examined.

Table 10

Experimental scheme of different types of fracture models.
No. Fracture type Pump rate, cm’[s Proppant concentration, g Proppant size, mesh Proppant type
1 Small-scale single fracture 70 125 20/40 Traditional proppant
2 Small-scale single fracture 70 125 20/40 Traditional proppant + traditional fiber
3 Small-scale single fracture 70 125 20/40 Dandelion-based bionic proppant
4 90° branch fracture 70 125 20/40 Traditional proppant
5 90° branch fracture 70 125 20/40 Dandelion-based bionic proppant
6 90° tortuous fracture 70 125 20/40 Traditional proppant
7 90° tortuous fracture 70 125 20/40 Dandelion-based bionic proppant
8 Rough surface fracture 70 125 20/40 Traditional proppant
9 Rough surface fracture 70 125 20/40 Dandelion-based bionic proppant
10 Large-scale single fracture 70 625 20/40 Traditional proppant
11 Large-scale single fracture 70 625 20/40 Dandelion-based bionic proppant
12 3-mm narrow fracture 70 125 20/40 Traditional proppant
13 3-mm narrow fracture 70 125 20/40 Dandelion-based bionic proppant
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Fig. 15. The packing pattern of the proppant dune changes over time in a small-scale single fracture model.
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Fig. 17. Final packing pattern of traditional proppant and dandelion-based bionic proppant in the 90° branch fracture model.
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Fig. 19. Proppant dune and repose angle of traditional proppant and dandelion-based bionic proppant (middle part is a tortuous corner) in a 90° tortuous fracture model.
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Fig. 20. Comparisons of proppant dune parameters between the traditional proppant
and the dandelion-based bionic proppant in a 90° tortuous fracture model.

The final results of the proppant dune are shown in Figs. 21 and 22.
The experimental results showed that the collision between the
traditional proppant and the fracture surface was weak, leading to
the quick settlement of the traditional proppant after entering from
the model inlet. The placement pattern of the traditional proppant
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displayed a short triangle, which was supported by other re-
searchers (Huang et al., 2017; Li et al., 2021). However, the partic-
ular structure of the dandelion-based bionic proppant intensified
the collision between the proppant and the rough surface,
improving its transportation efficiency and the placement area in
rough surface fractures. Comparison of the parameter of the
proppant dune shown in Fig. 22 showed that the length, height, and
placement area of the dandelion-based bionic proppant were 1.5, 3,
and 10 times greater than those of the traditional proppant. The
placement area of the dandelion-based bionic proppant was only
four times bigger than that of the traditional proppant in a straight
small-scale fracture model, indicating better improvement in the
transportation efficiency of the dandelion-based bionic proppant in
the rough surface fractures. Also, the rough surface delayed the
settlement of the dandelion-based bionic proppant. Some of the
proppants even adhered to the rough surface, improving the
placement efficiency (placement area and height) of the dandelion-
based bionic proppant.

5.2.5. Experimental results of the dandelion-based bionic proppant
transportation in the large-scale fracture

Experiment sets 10 and 11 outlined in Table 10 were designed to
examine the influence of the large-scale fracture model on the
transportation of the dandelion-based bionic proppant. The final
pattern of the proppant dune is shown in Figs. 23 and 24. The re-
sults showed that the transportation length, piling-up height, and
placement area of the dandelion-based bionic proppant in the
large-scale fracture model were better than those of the traditional
proppant, which improved by 60%, 30%, and 220%, respectively. The
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Fig. 21. Proppant dune of traditional proppant and dandelion-based bionic proppant in the rough surface fracture model.
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Fig. 23. Proppant dune and its zoomed picture of traditional proppant and dandelion-based bionic proppant in a large-scale fracture model.

experimental results indicated that the dandelion-based bionic zoomed pictures of the final proppant dune illustrated that the
proppant was not influenced by the scale of the fracture, inferring traditional proppant dune was tight without visible flow channels;
an excellent transportation efficiency of the dandelion-based bionic similar observations were reported by Li et al. (2022a) and Wen
proppant in actual hydraulic fractures. As shown in Fig. 23, the et al. (2016). The proppant dune of the dandelion-based bionic
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(b) Dandelion-based bionic proppant

Fig. 25. Packing pattern of traditional proppant and dandelion-based bionic proppant in a 3-mm-narrow width of the fracture model.

0.5
|:| Traditional proppant
- Dandelion-based bionic proppant
04 4 0.4
0.3 A
0.2 A
0.1 4
0

The area of the
proppant dune, m?

The length of the
proppant dune, m

The height of the
proppant dune, m

Fig. 26. Comparisons of proppant dune parameters between the traditional proppant
and the dandelion-based bionic proppant in a 3-mm-narrow width of the fracture
model.

proppant was loose. Moreover, centimeter-scale pores and chan-
nels were observed in the proppant dune, confirming that the
coupling effect of the dandelion-based bionic proppant was not
changed using the magnified large-scale fractures.

5.2.6. Experimental results of the dandelion-based bionic proppant
transportation in the narrow width of the fracture

Experiment sets 12 and 13 outlined in Table 10 were used to
examine the transportation efficiency of the dandelion-based bi-
onic proppant and the traditional proppant transportation in the
narrow width of fracture models. The final patterns of the proppant
dune are shown in Figs. 25 and 26. The experimental results illus-
trated that the dandelion-based bionic proppant could also effi-
ciently couple and form a proppant dune with large channels in the
narrow fracture (Fig. 25). It was observed that the height and the
packing area of the dandelion-based bionic proppant were also
larger than those of the traditional proppant. Besides, the lengths of
the traditional proppant and the dandelion-based bionic proppant
were equal due to the limitation of the fracture model (Fig. 26).

6. Conclusions

This study developed a novel dandelion-based bionic proppant,
which had high transportation efficiency in a low-viscosity fluid
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and established high-conductivity flow channels. The conclusions
were presented by conducting material selection, material opti-
mization study, and study of the different types of proppant
transportation in different types of fracture models.

(1) The optimized proppant modifier concentration was 8% of
PT2, and the optimized fiber modifier concentration was 5%
of FM2.

(2) The dandelion-based bionic proppant was floating in the
fracturing fluid, and the settlement of the dandelion-based
bionic proppant, a crafted structure could be established.
Hence, the proppant dune formed by the dandelion-based
bionic proppant had larger flow channels.

(3) The settling time of the dandelion-based bionic proppant
was longer than that of the traditional proppant.

(4) The dandelion-based bionic proppant had a unique move-
ment mode in the fluid. Compared with the traditional
proppant, the transportation distance of the proppant in
different types of fractures increased by about 0.1—4 times,
the stacking height increased by about 0.3—5 times, and the
placement area increased by about 2—10 times.

(5) The dandelion-based bionic proppant could more readily
transport in the tortuous fractures, deviate into the branch
fractures, and enter into the narrow width of fractures.
Compared with the traditional proppant, the dandelion-
based bionic proppant had less impact on transportation
when encountering tortuous fracture, narrow fracture, and
branch fracture. At the same time, the rough fracture could
also improve the placement efficiency of the dandelion-
based bionic proppant.
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