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a b s t r a c t

Slickwater fracturing fluids are widely used in the development of unconventional oil and gas resources
due to the advantages of low cost, low formation damage and high drag reduction performance. How-
ever, their performance is severely affected at high temperatures. Drag reducing agent is the key to
determine the drag reducing performance of slickwater. In this work, in order to further improve the
temperature resistance of slickwater, a temperature-resistant polymeric drag reducing agent (PDRA) was
synthesized and used as the basis for preparing the temperature-resistant slickwater. The slickwater
system was prepared with the compositions of 0.2 wt% PDRA, 0.05 wt% drainage aid nonylphenol pol-
yoxyethylene ether phosphate (NPEP) and 0.5 wt% anti-expansion agent polyepichlorohydrin-
dimethylamine (PDM). The drag reduction ability, rheology properties, temperature and shear resis-
tance ability, and core damage property of slickwater were systematically studied and evaluated. In
contrast to on-site drag reducing agent (DRA) and HPAM, the temperature-resistant slickwater dem-
onstrates enhanced drag reduction efficacy at 90 �C, exhibiting superior temperature and shear resis-
tance ability. Notably, the drag reduction retention rate for the slickwater achieved an impressive 90.52%
after a 30-min shearing period. Additionally, the core damage is only 5.53%. We expect that this study can
broaden the application of slickwater in high-temperature reservoirs and provide a theoretical basis for
field applications.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Nowadays, the recovery of existing conventional oil and gas
resources is decreasing, unconventional oil and gas resources have
gained considerable attention due to their abundant reserves (Yang
et al., 2022). However, unconventional oil and gas reservoirs have
harsh geological conditions, such as low porosity, low permeability
and no natural production capacity (Li et al., 2015; Sheng, 2017;Wu
et al., 2022). Hydraulic fracturing technology is the key to increase
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production of low-porosity and low-permeability reservoirs
(Osiptsov, 2017), improving the oil recovery by creating complex
fractures in the reservoir and high-permeability channels for oil
flowing (Yang et al., 2022). Fracturing fluid plays a crucial role in
hydraulic fracturing, with water-based gel, guar gum and slick-
water being the most commonly used systems (Barati and Liang,
2014; Birdsell et al., 2015; Montgomery, 2013; Patel et al., 2014).
Slickwater has the advantages of low cost, low formation damage
and high drag reduction performance (Wang et al., 2022). Thus, it
has emerged as an effective option to increase the recovery of tight
reservoirs and shale gas (Guo et al., 2018; Hu et al., 2018; Wang
et al., 2020a).

Slickwater with very low viscosity requires high flow rates to
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deliver proppants into the reservoir (Korlepara et al., 2022; Nguyen
et al., 2018). However, the high pumping discharge causes turbu-
lence, leading to significant energy loss and increased friction in the
pipeline. To overcome high frictional resistance and reduce
pumping discharge, drag reducing agents with low concentration
and high drag reduction efficiency are commonly used as key ad-
ditives in slickwater, and have become a hot topic of research in
industry and engineering (Asidin et al., 2019; Karami and Mowla,
2012; Varnaseri and Peyghambarzadeh, 2020). Polymers, mainly
relying on high molecular weight to rapidly increase viscosity and
form a dense spatial network through cross-linking to achieve drag
reduction, have shown promise. Polyacrylamides-based polymers
are favored due to their low cost, good drag reduction effect and fast
viscosity-increase ability (Deng et al., 2022; Elhaei et al., 2021).
However, conventional polymers are susceptible to degradation
and curling under high temperature. Moreover, under turbulent
flow conditions, they usually undergo vigorous mechanical
shearing, resulting in poor timing of drag reduction and serious
shearing degradation (Argyropoulos and Markatos, 2015). There-
fore, it is urgent to synthesize a temperature-resistant polymeric
drag reducing agent and develop the temperature-resistant slick-
water to improve oil and gas production under high temperature
conditions.

Some researchers have focused on exploring temperature-
resistant polymers in recent years. Gupta and Carman (2011)
developed a temperature-resistant polymer based on acrylamide
monomers with sulfonic acid groups, and constructed the gel
fracturing fluid with good temperature-resistance ability.
Funkhouser et al. (2010) synthesized a ternary polymer based on
acrylic acid (AA), acrylamide (AM) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) to construct the gel fracturing fluid.
Although the researchers have achieved breakthrough results in
indoor experiments, there are few temperature-resistant polymers
reported suitable for use as drag reducing agents in slickwater. The
functional groups and structures induced by each monomer can be
used to improve the temperature-resistance ability (Funkhouser
et al., 2010), providing us with ideas for the synthesis of
temperature-resistant drag reducing agent for slickwater.

In this work, aiming at the poor temperature-resistance ability
of the conventional slickwater, the temperature-resistant slick-
water was developed. Firstly, the temperature-resistant polymeric
drag reducing agent (PDRA) was synthesized using the solution
polymerization method. Temperature-resistant monomers with
large side groups and sulfonic acid groups were optimized and
copolymerized to improve the temperature resistance of polymer.
Subsequently, the concentrations of PDRA, drainage aid, and anti-
expansion agent were optimized. Finally, the performance of the
temperature-resistant slickwater was evaluated, including drag
reduction ability, rheology properties, temperature and shear
resistance ability, and core damage properties.

2. Experimental

2.1. Reagents and instruments

Acrylamide (AM), 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS), acrylic acid (AA), 1-vinyl-2-pyrrolidone (NVP),
(NH4)2S2O8 and NaHSO3 were used to synthesize the polymeric
drag reducing agent PDRA. Sodium dodecylbenzene sulfonate
(SDSE), dodecyl trimethyl ammonium bromide (DB), sodium
dodecyl sulfate (SDS), octadecyl hydroxy sulfobetaine (OHS), Triton
X-100 (TX-100) and nonylphenol polyoxyethylene ether phosphate
(NPEP) were used to optimize the drainage aid. KCl, NH4Cl,
polyepichlorohydrin-dimethylamine (PDM), polyepichlorohydrin-
diethanolamine (PDE) and anti-expansion agent-1 (AEA1) were
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used to optimize the anti-expansion agent. On-site drag reducing
agent DRA and HPAMwere used to comparatively evaluate the drag
reduction ability and temperature and shear resistance ability. All
chemicals were used as received without further purification.
Deionized water and simulated formation water (2.0 wt%
KCl þ 5.5 wt% NaCl þ 0.45 wt% MgCl2 þ 0.55 wt% CaCl2) were
prepared in the laboratory. The core sample was provided from
Shengli Oilfield and had a porosity of 17.23% and permeability of
2.17 mD.

The MYP11-2A magnetic stirrer was used to mix the solutions.
The Bruker FT-IR spectrometer was used to characterize the
copolymer. The TX-500C full range rotary interfacial tension meter
was used to measure the interfacial tension (IFT) of different sys-
tems. The JHIF-2 fracturing fluid friction tester was used to test the
drag reduction performance of the drag reducing agent and
temperature-resistant slickwater. The tabletop high-speed centri-
fuge was used to evaluate the anti-expansion rate of different
systems. The HAAKE MARS 60 rheometer was used to test rheo-
logical properties. The high-pressure and high precision plunger
pump as well as the TY-B core gripper were used to test the core
damage rate after the temperature-resistant slickwater was used.
The Sigma 300 scanning electron microscope was used to charac-
terize the microscopic morphologies of slickwater.
2.2. The synthesis of the polymeric drag reducing agent

In this work, the temperature-resistant polymeric drag reducing
agent PDRA was synthesized via solution polymerization method
(Abdollahi et al., 2011; Chen et al., 2019; Lin et al., 2014; Pawar et al.,
2016; Shi et al., 2016) as detailed in Fig. 1. The synthesis steps are
summarized as follows: firstly, 8.5 g of AMPS, 26 g of AM, 0.4 g of
AA, 0.1 g of NVP and 65 g of deionized water were mixed and
stirred. The pH was adjusted to neutral using NaOH solution with
pH meter (Sartorius PB-10). The mixture was placed in the water
bath at 15 �C and nitrogenwas passed in for 30 min. A certain mass
fraction of compound initiator (NH4)2S2O8 and NaHSO3 was added
into the mixture (Li et al., 2013; Xu et al., 2022), and PDRA was
obtained after 8 h. Fourier transform infrared (FT-IR) spectrum of
PDRA was performed by KBr method.
2.3. Drag reduction test and temperature and shear resistance test

In the experimental setup, 10 L of fresh water was added to the
tank, and the power pump was adjusted to ensure complete filling
of the entire test pipeline with liquids. Then, the test temperature
was set at 25 or 90 �C, and the heating system was initiated to
maintain a stable temperature. The stable pressure difference DP1
of water at the two pressure measurement points was recorded
from the software. Similarly, the stable pressure difference DP2 of
slickwater flowing through the pipeline was measured under the
same conditions and following the same procedure.

The drag reduction rate can be calculated as

DR¼DP1�DP2
DP1

�100% (1)

where DR is the drag reduction rate of slickwater to fresh water, %.
The drag reduction rate and retention rate (defined as the ratio

of the drag reduction rate after a 30-min shearing period to the
initial drag reduction rate) were used as the criteria for temperature
and shear resistance of slickwater. The changes in the drag reduc-
tion rate were measured at a displacement of 30 L/min under
different temperatures (25, 50, 75, 90 and 100 �C).



Fig. 1. Reaction structure (a) and scheme (b) of PDRA.
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2.4. Anti-expansion rate test

The anti-expansion performance of various compound systems
was evaluated using the centrifugal method (Wang et al., 2020b,
2021). Initially, 0.5 g of bentonite was separately added to 10 mL
centrifuge tubes. Then, deionized water, kerosene and different
compound systems were added and thoroughly mixed. The
resulting mixture was allowed to stand at room temperature for
2 h, after which it was subjected to a tabletop high-speed centrifuge
for 15 min at a rotation speed of 1500 rpm. The expansion height of
bentonite in the centrifuge tubes was measured.

The anti-expansion rate can be calculated as

B¼V1 � V2

V1 � V3
�100% (2)

where B is anti-expansion rate, %; V1 represents the expansion
volume of bentonite in deionized water, mL; V2 denotes the
expansion volume of bentonite in the compound system, mL; and
V3 is the expansion volume of bentonite in kerosene, mL.
2.5. Rheology test

Polymers usually undergo irreversible mechanical degradation
in turbulent pipes, leading to the reduction in the drag reduction
effect. The viscosity of the polymer solution decreases as the shear
rate increases, and this phenomenon is known as shear thinning
behavior. To evaluate the viscosity of slickwater and its behavior
under different shear rates, the shear viscosity of slickwater was
measured at 25 �C and shear rate ranging from 0.1 to 1000 s�1. To
determine the linear viscoelastic range of the sample, stress scan-
ning was performed. The frequency and stress of the scanning were
set at 1 Hz and 1 Pa, respectively. Prior to the measurements, the
sample was allowed to stabilize for at least 30 min at 25 �C.
1115
2.6. Core damage rate test

Water-sensitive damage is a common challenge during hy-
draulic fracturing, and the extent to which temperature-resistant
slickwater causes core damage determines its application poten-
tial. A physical simulation device (Fig. 2) was used to evaluate the
core damage property of slickwater through the following experi-
mental steps:

(1) Core samples were cut to a diameter of 2.5 cm and a length of
5 cm. These core samples were then sonicated in deionized
water for 1 h to remove residual impurities and subsequently
dried in a constant temperature chamber at 90 �C for 24 h.
Basic physical parameters including mass, permeability and
porosity were measured, and the cores were vacuum satu-
rated with simulated formation water.

(2) Saturated cores were placed in the core gripper, and the
initial surrounding pressure was set to 2.5 MPa. The sur-
rounding pressure was continuously increased to 3 MPa
above the pressure of injection end, and the plunger pump
was turned on. The flow rate was controlled to 0.5 mL/min,
and simulated formation water was injected into the core
until the injection pressure stabilized. The pressure gauge
was read, and the pressure difference between the two ends
of the core was calculated.

(3) The plunger pump was turned off, the core gripper was
opened, and the core was removed, turned over and repo-
sitioned in the core gripper. The instrument was connected,
and the plunger pump was turned on. The flow rate was
controlled to 0.25 mL/min, and temperature-resistant slick-
water was injected for 25e40 min, with an injection volume
of 1 PV. After injection, the core gripper was placed in an
oven at 90 �C for 2 h.

(4) After heating was completed, the core gripper was cooled to
room temperature, and the core was repositioned in the core



Fig. 2. Core damage evaluation device for slickwater.

Fig. 3. FT-IR spectrum of copolymer PDRA.
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gripper to its initial state. The instrument was connected, and
the plunger pumpwas turned on, maintaining the same flow
rate as the first injection. Simulated formation water was
injected into the core until the injection pressure stabilized,
and the pressure gauge was read. The pressure difference
between the two ends of the core was calculated.

The permeability can be calculated as

k ¼ 10�1QmL
ADp

(3)

where k is permeability, mD; m represents the viscosity of simulate
formationwater, mPa s; L denotes the core length, cm; Q is the flow
rate through the core in mL/s; Dp represents the core inlet and
outlet pressure difference, 10�3 MPa; and A denotes the core cross-
sectional area, cm2.

The core damage rate can be computed as

hd ¼
K0 � K1

K0
�100% (4)

where hd is the core damage rate, %; K0 denotes the matrix
permeability before slickwater entry, mD; and K1 represents the
matrix permeability upon slickwater entry, mD.
3. Results and discussion

3.1. Characterization of drag reducing agent PDRA

The copolymer PDRA was characterized by FT-IR. Multiple ab-
sorption peaks are observed in the transmittance curve of the
copolymer as shown in Fig. 3. The wavenumbers corresponding to
each peak are identified in the graph, and marked values are
analyzed to determine the corresponding functional groups. The
peak of 3342 cm�1 is ascribed to the bending and contraction vi-
bration of ‒NH2, the peak of 2392 cm�1 is resulted from the
contraction vibration of eCH3, the peak of 1603 cm�1 is ascribed to
the contraction vibration of ‒NH‒, and the eSO3 peak shift to
1183 cm�1. The peak of 479 cm�1 is resulted from the vibration of
CeS. The FT-IR spectrum confirms the effective polymerization of
PDRA.
1116
3.2. Construction of temperature-resistant slickwater system

3.2.1. Concentration optimization of PDRA
The average drag reduction rates of PDRA solutions with various

concentrations are presented in Fig. 4. Initially, the drag reduction
rate increases with an increase in PDRA concentration. However,
after reaching the concentration of 0.2 wt%, the drag reduction rate
remains constant at approximately 70%. It is observed that at low
concentrations, the stored elastic energy is insufficient to reduce
the energy consumption of turbulent vortex. While at higher con-
centrations, the viscosity resistance increases, which negatively
impacts the drag reduction rate (Bai et al., 2021). Hence, PDRAwith
a concentration of 0.2 wt% is optimized for subsequent
experiments.
3.2.2. Optimization of drainage aid
The addition of drainage aid to slickwater can reduce the

oilewater interfacial tension, which in turn reduces the capillary
resistance during flowback. This leads to an improvement in
flowback efficiency and reduction in reservoir damage. Choosing



Fig. 4. Drag reduction rates of PDRA solutions at different concentrations.
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the suitable drainage aid is crucial to ensure compatibility with the
slickwater and temperature resistance. Long-chain cationic sur-
factants were found to decrease the stability of the slickwater.
SDSE, SDS, DB, OHS, TX-100 and NPEP were initially selected for
interfacial tension test. The results, as shown in Fig. 5(a), indicate
that the interfacial tension of the compound system significantly
decreases with increasing concentration of the drainage aid. Three
drainage aids, OHS, TX-100 and NPEP, were selected for further
evaluation of temperature resistance according to industry stan-
dards, with a preferred standard of 2 mN/m.

The drag reduction rates of 0.2 wt% PDRA and different drainage
aid compound systemswere evaluated at 90 �C and 30 L/min under
continuous shearing. As shown in Fig. 5(b), NPEP exhibited effective
improvement in the temperature resistance of the system. The
hydrogen bonds formed between the oxygen atoms in NPEP and
the hydrogen atoms in the polymer molecule enhanced the
strength of the spatial network structure formed by the hydro-
phobic association of polymer. In contrast, the other two systems
showed significantly lower drag reduction rates than the PDRA
solution. This can be attributed to their lack of stabilizing effect on
the polymer structure, which adversely affected the spatial
Fig. 5. (a) Oilewater interfacial tension of PDRA and different drainage aid com
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network structure of the polymer at high displacement, resulting in
a lower drag reduction effect. Based on the comprehensive con-
siderations of cost, interfacial activity and temperature resistance, a
mass concentration of 0.05 wt% NPEP is recommended as the
optimized drainage aid for slickwater.

3.2.3. Optimization of anti-expansion agent
Formation damage caused by the hydration swelling and

dispersion transport of clay minerals can greatly reduce the pro-
ductivity of reservoirs during slickwater fracturing. Therefore, it is
crucial to develop slickwater with good anti-expansion properties.
The anti-expansion performance of PDRA and different anti-
expansion agent compound systems was evaluated as shown in
Fig. 6(a). The results indicate that the anti-expansion rate increases
with the concentration of the anti-expansion agent. Specifically, the
anti-expansion rate of 2 wt% KCl, 1 wt% NH4Cl and 0.5 wt% PDM can
reach more than 90%. Based on these results, these three anti-
expansion agents were selected for further temperature resis-
tance evaluation.

The drag reduction rates of 0.2 wt% PDRA, along with various
anti-expansion agent compound systems, were experimentally
evaluated under continuous shearing at 90 �C and 30 L/min. The
drag reduction effects of four systems at a fixed displacement are
depicted in Fig. 6(b). Notably, the drag reduction rate of PDRA and
PDM complex system is slightly superior to the pure drag reducing
agent system. Furthermore, the highest drag reduction rate of
72.09% is due to the mutual cross-linking of polymers, which
strengthens the stability of the mesh structure. Taking into account
the cost, anti-expansion rate and temperature resistance effect,
PDM with a mass concentration of 0.5 wt% is the optimized anti-
expansion agent of slickwater.

In summary, based on the experimental outcomes, the opti-
mized formulation of the temperature-resistant slickwater system
comprises 0.2 wt% drag reducing agent PDRA, 0.05 wt% drainage
aid NPEP and 0.5 wt% anti-expansion agent PDM.

3.3. Performance evaluation of the temperature-resistant
slickwater

3.3.1. Drag reduction ability
The drag reducing effects of temperature-resistant slickwater,

commercially available drag reducing agent DRA and HPAM were
evaluated under variable displacement. Fig. 7 shows that at room
temperature, drag reducing agent DRA exhibits the best drag
pound systems. (b) Drag reducing effects of different compound systems.



Fig. 6. (a) Anti-expansion rates of PDRA and different anti-expansion agent compound systems. (b) Drag reducing effects of different compound systems.

Fig. 7. Drag reducing effects of different systems under variable displacement. (a) 25 �C; (b) 90 �C.

Fig. 8. Rheological properties of slickwater. (a) Steady-shear; (b) Viscoelasticity.
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reducing effect. As the displacement increases, the drag reduction
rate gradually increases. After exceeding 50 L/min, the drag
reducing effect starts to decline. The highest drag reduction rate is
76.85%. At 30 L/min, the temperature-resistant slickwater shows
the highest drag reduction rate of 73.53%. However, when the
temperature is increased to 90 �C, the spatial structure becomes
unstable, leading to a significant reduction in drag reducing effect
for both DRA and HPAM, with final drag reduction rates of less than
60%. In contrast, the temperature-resistant slickwater exhibits a
notable persistence in achieving a relatively high drag reduction
rate, approximately 70%, even at 90 �C. This result can be attributed
to the maintenance of a relatively complete spatial structure of the
temperature-resistant drag reducing agent PDRA, in combination
with the drainage aid and anti-expansion agent, which synergisti-
cally enhances the temperature resistance of the slickwater.
3.3.2. Rheology property
The variable shear viscosity of the temperature-resistant slick-

water is presented in Fig. 8(a). As the shear rate increases in 10 min,
shear thinning behavior is observed, and the viscosity continues to
decrease slowly. The results indicate that the high viscosity at low
shear rates is due to slow conformational changes of the polymer
molecular chains. Under static conditions, the polymer molecular
Fig. 9. (a) Variation of drag reduction rate of slickwater at different temperatures. (b) Retent
reduction rates of different systems at 90 �C. (d) Retention rates of drag reduction of differ
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chains undergo random stretching and interactions, which are
disrupted as the shear rate increases. However, as the shear rate
continues to increase, further degradation of macromolecules be-
comes difficult, leading to an insignificant decrease in viscosity
relative to the shear rate (Yang et al., 2019). At a shear rate of
170 s�1, the viscosity of the temperature-resistant slickwater still
maintains 20 mPa s.

The storage modulus G0 and loss modulus G
00
of slickwater were

measured and presented in Fig. 8(b). Both G0 and G
00
increase as the

frequency increases, with a comparable rate of increase. G
00
domi-

nates at lower frequencies, indicating the liquid-like behavior of
slickwater. On the other hand, G0 dominates at higher frequencies,
indicating its solid-like behavior (Liu et al., 2022). At this point, the
polymers in the slickwater store a significant amount of energy due
to their elastic properties, which can be fully released in turbulent
flow to achieve drag reduction.
3.3.3. Temperature and shear resistance ability
The changes in the drag reduction rate at different temperatures

were presented in Fig. 9(a) and (b). The results indicate that the
drag reduction rate gradually decreases with an increase in tem-
perature, with no significant difference between 25 and 50 �C. The
initial drag reduction rate decreases by 3.53% when the
ion rate of drag reduction of slickwater at different temperatures. (c) Variations of drag
ent systems at 90 �C.



Fig. 10. Microscopic morphologies of temperature-resistant slickwater. (a) 25 �C; (b) 90 �C.
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temperature is increased from 25 to 100 �C, indicating good tem-
perature resistance of slickwater. After continuous shear for 30min,
the retention rate of drag reduction at 75 �C is 96.35%. However,
when the temperature reaches 90 �C, the retention rate of drag
reduction decreases to 90.52%. This is due to the breakage of some
polymer molecular chains at high shear rates and the reduction of
intermolecular hydrogen bonding. In either case, the spatial
structure of the polymer becomes loose, which affects the energy
storage and the drag reduction effect of slickwater.

Fig. 9(c) presents drag reduction rate variation curves with time
for different systems at 90 �C. HPAM and drag reducing agent DRA
exhibit poor drag reduction effect under high temperatures and
shear rates, with the rate decreasing from 49.57% to 29.84% and
from 52.22% to 40.25%, respectively. In addition, the drag reduction
rate of slickwater decreases only from 69.51% to 62.92%, indicating
its excellent temperature and shear resistance ability.

Microscopic morphologies of the temperature-resistant slick-
water at different temperatures are depicted in Fig. 10. These im-
ages demonstrate that polymer network structure in slickwater
aggregates and forms the ‘‘dendritic” connection. At 25 �C, slick-
water not only accumulates in the polymer network structure, but
also overlaps and attaches to the surface of the network structure.
As the temperature rises to 90 �C, the polymer network structure of
slickwater is partly fractured and crimped, but still maintains
relatively dense, ensuring high drag reduction efficiency at elevated
temperatures.

3.3.4. Core damage property
Fracturing fluids can inevitably disturb the original dynamic

equilibrium of the formation (Fu et al., 2020; Zhang et al., 2019; Xu
et al., 2016). Therefore, the degree of core damage caused by
slickwater is a significant factor in determining its effectiveness.
Upon injection of temperature-resistant slickwater into the core,
there was a slight reduction in permeability from 2.17 to 2.05 mD,
indicating some degree of core damage. The damage rate of the
temperature-resistant slickwater was 5.53%, which increased
slightly with the decrease in permeability, but remained at a low
level.

4. Conclusions

In this work, a temperature-resistant polymeric drag reducing
agent PDRA was synthesized using the solution polymerization
method, and a temperature-resistant slickwater system was
formulated with a composition of 0.2 wt% PDRA, 0.05 wt% drainage
1120
aid NPEP and 0.5 wt% anti-expansion agent PDM. The performance
of the slickwater systemwas systematically evaluated, including its
drag reduction ability, rheology properties, temperature and shear
resistance ability, and core damage property. The results demon-
strate that the temperature-resistant slickwater exhibits excellent
drag reduction ability at high temperatures, as well as good tem-
perature and shear resistance and rheological properties. Addi-
tionally, the core damage rate is at a low level. All the performance
evaluations meet the standards of the water-based fracturing fluid.
This work represents a novel approach to enhancing the stability of
slickwater, which could be particularly valuable for unconventional
reservoirs.
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