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Abstract

The surfactant-polymer-based (S/P) fracturing fluid combines the advantages of the surfactant-based and polymer-based
fracturing fluids. In this study, the synergistic tackifying of cationic surfactants and carboxymethyl hydroxyethyl cellulose
and the potential application in hydraulic fracturing fluid was investigated. Firstly, cetyltrimethylammonium chloride
(CTAC) and salicylic acid (SA) with a weight ratio of 4:1 were optimized as the main agent of the small molecule
surfactant gel, which was then mixed with carboxymethyl 2-hydroxyethyl ether cellulose (CMHEC) and salicylic acid
(SA) to obtain the S/P gel. The proppant suspension performance, gel-breaking properties, salt-resistance and thermal
stability of the optimized S/P were evaluated to confirm their potential application in the hydraulic fracturing fluid.
These results showed that the performance of the S/P fracturing fluid system was much better than the performance of
the surfactant fracturing fluid and also the performance of polymer fracturing fluid.
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1. Introduction

In recent years, with the depletion of the conventional
oil and gas reservoirs, the exploration of unconventional
reservoirs has attracted much attention from researcherst!.
However, the oil in the unconventional reservoirs can not be
produced at an economic flow rate without the assistance
from stimulation treatments'?, which includes steam injection
for heavy oil extraction, acid stimulation and hydraulic
fracturing for oil recovery from low-permeability reservoirs
(e.g., shale reservoirs), etc. At present, hydraulic fracturing
has been considered as a common and efficient stimulation
treatment to promote the exploration of the tight reservoirsi®*.
Fracturing fluid plays a critical role in hydraulic fracturing
operations, since fracturing fluid could transfer pressure,
create cracks and deliver the proppant particles into the
fractures during the operation®. The fracturing fluid is
designed to have the above abilities under harsh reservoir
conditions (e.g., high temperature, high salinity, etc.)®..
Fracturing fluid based on polymers (e.g., linear polymerst’-#),
crosslinked polymers®!?!, synthetic polymers!'*!3), etc.)
have been extensively used as the working fluids during
the fracturing process, since the polymer-based fracturing
fluids exhibit high performances in proppant suspension,
thermal stability and reducing the fluid leak-off during
the fracturing stimulation'®.. However, the polymers in
the fracturing fluids are hard to be completely broken and
degraded by the breaker. The residuals with high content

Polimeros, 33(2), e20230015, 2023

in the broken polymer-based fracturing fluids would block
the pore throats and herein lead to formation damage!'7:'¥].
It is reasonable to expect that a fracturing fluid with low
content of polymers would result in less insoluble residuals
and serious formation damage could be effectively avoided.

In order to prevent serious damage to the formation
during the fracturing process, other types of fracturing
fluids have been developed and employed in the fields,
including viscoelastic surfactant-based!!*>*! and foam-
based®>3! fracturing fluid, which are selected according to
the reservoir conditions. The viscoelastic surfactants (VES)
can assemble into wormlike micelles (WLMs), which lead
to the formation of tight networks caused by the physical
association and entanglement of the WLMs>34, Due to
the presence of the WLMs and their entanglement, the
VES fracturing fluid exhibits viscoelastic properties and
excellent proppant suspension properties®>**!. Besides, due
to the low molecule weight nature of the VES, no residues
are produced by the VES fracturing fluids after gel-breaking
in high-temperature reservoirs and heavy damage to the
proppant pack and formation can be prevented?!. The filter
cake layer on the fracture faces can not be quickly developed
due to the lack of enough water-insoluble impurities in the
VES fracturing fluids>3). Therefore, the VES fracturing
fluid would produce a large fluid leak-off into the formation.
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The viscoelastic properties of the VES fracturing fluids will
disappear when the fluids meet the hydrocarbons in the
formation. Besides, some performances (e.g., thermal stability,
proppant suspension, fluid loss, etc.) of the VES fracturing
fluids can be greatly affected by the temperature and salinity
conditions of the formation®>3°!, It should be noted that the
high concentration of surfactants in the VES fracturing
fluid increases its cost and affects its application**, Thus,
methods need to be developed to enhance the performance
of the VES fracturing fluids and enlarge their application.

Salts (e.g., KCIF7*¥, NaSall71, NaNO "%, etc.),
polymers (e.g., cellulose nanofiber!®!), hydroxypropyl
guarl®?, etc.) and nanoparticles (e.g., SiO, nanoparticle!**),
ZnO nanoparticle*, etc.) are often used to enhance the
properties (e.g., theological property, leak-off property,
filter cake-building property, etc.) of VES fracturing fluids
under harsh formation conditions (e.g., high temperature,
high salinity, etc.). However, while the addition of those
chemicals is effective, the costs of which need to be taken
into consideration. Walker et al.[*”\. confirmed that the NaSal
could promote the formation of worm-like micelles (WLM)
at much lower concentrations of CTAB, integrate into the
micelles and alter the repulsive interactions that governing
the micelles, which leads to a great increase in the viscosity
of the CTAB micelles. Dai et al.*! also used the CTAB and
NaSal to prepare a WLM system, which could be served
as VES fracturing fluid. Besides, the cellulose derivatives,
such as carboxymethyl hydroxyethylcellulose (CMHEC),
have been used to viscosify the fracturing fluids!®47-4!
because of the cellulose derivatives’ proper properties (easy
availability, economic efficiency, low toxicity, etc.) The
synergy between polymers (e.g., CMHEC) and viscoelastic
surfactants has been found by many researchers in recent
years>>4#1 Lj et al.*”) found that the synergy appeared
between CMHEC and CTAB in the construction of fracturing
fluid with proper properties!*®-°!.

In this paper, cetyltrimethylammonium chloride (CTAC)
132 and salicylic acid (SA) were used in combination with
carboxymethyl 2-hydroxyethyl ether cellulose (CMHEC)
to develop a S/P fracturing fluid with proper properties.
The ratio of these three components of the S/P fracturing
fluid was optimized through the evaluation of thermal
stability, proppant suspension, gel-breaking, salt tolerance
and shear stability. We expect the synergy between the
surfactant (CTAC), SA and CMHEC could effectively
avoid the disadvantages of the surfactant-based and the
polymer-based fracturing fluids.

2. Experimental
2.1 Materials

KClI and salicylic acid were purchased from Tianjin
Shengao Chemical Reagent Co., Ltd. CaCl, (96.0% purity)
was supplied from Kelong Chemical Reagent Factory in
Chengdu. Salicylic acid (SA) and cetyltrimethylammonium
chloride (CTAC) were purchased from Epno Chemical
Co., Ltd. PVA 2488 was purchased from Hebei Shenpeng
Chemical Reagent Co., Ltd Division. Polyacrylamide (PAM)
was purchased from Renqiu Shangkang Chemical Co., Ltd.
Carboxymethyl 2-hydroxyethyl ether cellulose (CMHEC)
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and carboxymethyl cellulose (CMC) were purchased from
Tianjin Kemio Chemical Reagent Co., Ltd. Guar gum was
purchased from Jinjia Chemical Products Co., Ltd. Gemini
quaternary ammonium salt (Gemini QAS, 60% purity) was
supplied from Jiangsu Jintenai Company.

2.2 Optimization of the ratio of CATC/SA

In this section, a series of clean fracturing fluids contain
CATC and SA at weight ratios of 4:1, 5:1, 5:1, 6:1, 7:1, 8:1,
9:1 and 10:0 were prepared. In each clean fracturing fluid,
the total content of CATC and SA was 2 wt%, while the
content of KCI was 0.2 wt%. After the preparation of the
clean fracturing fluid, the temperature resistance, the sand
suspension performance and the gel-breaking properties of
each fracturing fluid were investigated to find the proper
ratio of CATC/SA.

2.3 Optimization of the ratio of CATC/SA

In this section, 0.1 wt% polymer was introduced into each
clean fracturing fluid optimized in Section 2.2 to evaluate
the polymer’s effect on the temperature resistance, proppant
suspension performance and gel-breaking properties of each
S/P fracturing fluid. After these evaluations, a polymer from
the candidate polymers would be selected. The optimized
polymer was then introduced into the clean fracturing fluid
with CTAC and SA (at an optimized CTAC/SA ratio) to
obtain a series of S/P fracturing fluid. The concentration of
the optimized polymer in each S/P fracturing varied from
0.1 wt% to 0.5 wt%. The apparent viscosity of each S/P
fracturing fluid was evaluated at 40°C, 50°C, 60°C, 70°C and
80°C to find the optimized dosage of the optimized polymer.

2.4 Thermal stability evaluation

During the fracturing operation, the viscosity of the
fracturing fluid is significantly affected by the high temperature
of the reservoirs. Fracturing fluid with low viscosity is not
able to suspend proppants and hence no enough proppants
could be placed in the fractures, leading to the formation
of closed fractures after the fracturing treatment. In this
section, the thermal resistance of the S/P fracturing fluid
will be rated by measuring its viscosity in a temperature
range of 40°C - 80°C.

2.5 Proppant suspension performance test

After the hydraulic fracturing treatment, enough proppants
are required to hold the fractures open to achieve an efficient
conduit for the recovery of oil from formation to the wellbore.
Therefore, the proppant suspension performance of the
fracturing is crucial to assure the distribution of the proppant
in the fractures and the success of the hydraulic fracturing.
In this section, the proppant suspension performance of
each fracturing fluid will be evaluated.

In each experiment, a certain amount (ranges from 5 g
to 40 g) of proppant will be mixed with 100 mL fracturing
fluid in a beaker. After the mixing, the beaker with fracturing
fluid and proppants was kept under static conditions and
placed in a water bath. The temperature of the water bath
was kept at 50 °C, 60 °C, 70°C and 80 °C. The length of
the time that the proppants require to sink to the bottom of
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the beaker was recorded, by this way, the settling velocity
of the proppants could be calculated.

2.6 Gel-breaking properties evaluation

During the hydraulic fracturing treatment, the invasion
of fracturing fluids into the matrix would cause the mixing
of the fracturing fluids with the residual crude oil in the
pores of the matrix. The solubilization of crude oil in the
surfactant micelles in the fracturing fluid would lead to the
decomposition of the micelles and the gel-breaking of the
fracturing fluids. Besides, the mixing of fracturing fluid
and oil in the presence of surfactants may also lead to the
formation of an emulsion. In order to enhance the recovery
of the residual oil in the formation, the emulsions formed
in the pores need to be removed and flowed back to the
production wells. However, this process is affected by the
viscosity of the formed emulsion.

In this section, the gel-breaking properties of the fracturing
were evaluated with the method described in the standard of
SY/T 5107-2016 (The evaluation measurement for properties
of water-based fracturing fluid). In each experiment, 400 mL
S/P fracturing fluid was mixed with 5 mL crude oil and then
placed in a beaker. During the whole gel-breaking time,
the temperature of the fracturing fluid was kept at 80 °C.
The viscosity of the fracturing fluid was measured every
30 min to monitor the gel-breaking process.

2.7 Salinity resistance test

After the invasion of fracturing fluids into the formation,
the fluids in the formation may dilute the fracturing fluid.
The salts with divalent ions in the formation water may
significantly affect the performance of the fracturing fluid.
In this section, CaCl, was used to evaluate the salinity
resistance of the fracturing water. In each measurement,
a certain amount of CaCl, (0.05 wt%, 0.1 wt%, 0.2 wt%,
0.5 wt% and 1 wt%) was introduced into the fracturing
fluid. The viscosity of each fracturing fluid system at 40 °C,
50 °C, 60 °C, 70 °C and 80 °C were measured.

2.8 Shear resistance performance

In this section, the viscosity of each fracturing fluid
over the temperature range of 30 - 100 °C at a heating rate
of 3 °C/min and a shear rate of 170 s was measured using
a theometer (HAAKE-pv30).

3. Results and Discussions
3.1 Optimization of the CTAC/SA ratio

Figure 1 shows the viscosities of the fracturing fluids
with different CTAC/SA ratios. As can be seen from Figure 1,
the viscosity of each fracturing fluid decreases as the ratio
moves from 1:1 to 9:1, indicating that the SA’s significant
efficiency in increasing the viscosity of the CATC solution.
It could be found that as the CTAC/ratio ranges from 1:1 to
4:1, the viscosity of the fracturing fluid at 80 °C ramps from
33 mPa's to 66 mPa-s. However, as the CTAC/SA ratio
further increases from 4:1 to 1:1, no significant increase
in the viscosity value could be observed. Therefore the
optimized formula of the clean fracturing fluid was measured
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Figure 1. Effect of CTAC/SA ratio on the viscosity of the fracturing
fluid at 80 °C.

to be 1.6 wt% CTAC and 0.4 wt% SA (CTAC/SA = 4:1)
and 0.2 wt% KCL

A possible mechanism to explain the SA’s effect of
viscosifing the CTAC solution (fracturing fluid) is shown in
Figure 2. As presented in Figure 2, the diagram of surfactant
gel formation of CTAC and SA, CTAC begins to form
micelles above the critical micelle concentration, and the
micelles will form a 3-D network in the presence of SAF#),
It should be noted that since the CTAC molecule contains
the same polar group (quaternary ammonium group) with
a positive charge, the electrostatic repulsions among CTAC
molecules will be established if the surfactant molecules
stay close. It is reasonable to expect that the repulsive force
would increase the distance between two CTAC molecules,
and reduce the CTAC’s packing density. When SA molecules
are introduced into the CTAC solution, the SA molecule
with a negative charge (under alkaline conditions) could
be attracted and around the CTAC molecules because of
the attraction force between opposite charges. Besides, the
interaction between the quaternary ammonium group of CTAC
and the aromatic nucleus of the SA also contribute to the
intermolecular interactions®”. As the SA can neutralize the
headgroup repulsions as described above, the SA molecules
could promote the formation and growth of CTAC wormlike
micelles with high CTAC packing density, thereby enhancing
the viscosity of the CTAC solution.

3.2 Settling velocity of the proppants in fracturing fluid

As shown in Figure 3, at each temperature, the settling
velocity of the proppants increases as the proppants content
increases from 5g/100mL to 40g/100mL, the settling
velocity of the proppants increase as the ratio of CTAC/
SA varies from 4:1 to 9:1, indicating that the SA facilitates
the proppant suspending performance of the fracturing
fluid, which may be due to the ability of SA in increasing
the viscosity of the CTAC solution as explained in Section
3.1. The clean fracturing fluid with a CTAC/SA ratio of
4:1 is the optimized fracturing fluid. At each temperature,
the settling velocity of the proppants in the fracturing fluid
with 2 wt% CTAC is the highest. It can also be seen from
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Figure 2. Schematic diagram of surfactant gel formation of CTAC and SA.
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Figure 3. Settling velocity of proppants in different fracturing fluids.

Figure 3 that the settling velocity of the proppants increases
as the temperature increases from 50 °C to 80 °C, which may
be caused by the decreased viscosity of the fracturing fluid.

As shown in Figure 4, after settling for three days under
static condition, the proppants remained suspended and
dispersed in the fracturing fluids with various CTAC/SA
ratios, indicating the well proppant suspension performance
of the fracturing fluids. In Figure 4, in the fracturing fluid
with a CTAC/SA ratio of 4:1, no significant bedding of the
proppants is observed. While in the fracturing fluid with
2 wt% CTAC, significant bedding of the proppants can be
observed. Therefore, increasing the content of SA would
facilitate the suspension performance of the fracturing fluid
containing CTAC, which is also caused by the SA’s ability of
neutralizing the positively charged ammonium group of CTAC
and promoting the formation/growth of the CTAC micelles,
which has been confirmed by Dai et al.**). and Walker etal.*!.

3.3 Settling velocity of the proppants in fracturing fluid

The gel-breaking properties are crucial for the success of
the fracturing stimulation, as the fracturing fluid needs to be
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broken in the wellbores and fractures. After the breaking of
the fracturing fluids, the broken fracturing fluids need to be
removed from the fractures and the pores of the formation
to avoid the blockage of the fractures and the pores in the
formation. Traditionally, the viscosity of the fracturing fluids
after the breaking should be low enough to facilitate the
flowing back of the broken fracturing fluids to the ground.
In this section, a crude oil sample is employed as the breaker.
In each experiment, a certain amount (v/v 1/80 based on the
volume of the fracturing fluid) of crude oil is mixed with
the fracturing fluids and then the mixtures are kept under
static conditions at 80 °C. The viscosity of the mixtures is
measured at 90 mins after the mixing.

Figure 5 shows the viscosities of each broken fracturing
fluid at 90 mins after the mixing of fracturing fluid and crude
oil. After breaking, the viscosity of fracturing fluid with CTAC
and SA (with a CTAC/SAratio of4:1) is 1.25 mPa-s, which is
the lowest viscosity. With the increase of CTAC in the broken
fracturing fluids, the viscosity of which gradually increases
from 1.2 mPa-s to 4.8 mPa-s, which may be caused by the
emulsification of the broken fracturing fluid and crude oil
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Figure 4. The proppant suspension performance of the clean fracturing fluids at room temperature.

in the presence of CTAC during the measurement. Herein,
the fracturing fluid containing CTAC and SA (witha CTAC/
SAratio of 4:1) gives superior gel-breaking properties over
the other fracturing fluids.

According to the conclusions obtained above, the
fracturing fluid with the CTAC/SA ratio of 4:1 exhibits the
best thermal resistance, proppant suspension performance
and gel-breaking property. Therefore, the optimal ratio of
CTAC/SA in the surfactant fracturing fluid is 4:1. In the next
section, the selection of polymers will be conducted based
on this optimized CTAC/SA fracturing fluid.

3.4 Impacts of polymer on the thermal stability of
surfactant-based fracturing fluid

In this section, 0.3 wt% polymer is introduced into
the clean fracturing fluid containing 1.6 wt% CTAC and
0.4 wt% SA to see if there is synergy between the polymer
and surfactant. After the preparation of each fracturing
fluid containing 0.3 wt% polymer and 1.6 wt% CTAC and
0.4 wt% SA, the effects of temperature on the viscosity of
each fracturing fluid is evaluated and presented in Figure 6.
As can be seen from Figure 6, in the whole temperature
range of 40-80 °C, the fracturing fluid containing 0.3 wt%
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Figure 5. The viscosities of the broken fracturing fluids with
various CTAC/SA ratios at 80 °C.

CTAC

CMHEC, 1.6 wt% CTAC and 0. 4 wt% SA exhibits higher
thermal resistance than the fracturing fluid with 1.6 wt%
CTAC and 0.4 wt% SA, indicating that there is synergy
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between CMHEC and CTAC in enhancing the thermal
stability of the fracturing fluid. As can be seen in Figure 7,
an increase in the fraction of polymer (up to 0.5 wt%) would
result in an increase in the viscosity of the fracturing fluid
with 1.6 wt% CTAC and 0.4 wt% SA.

The possible interaction of cationic surfactants and
CMHEC is shown in Figure 8. The cationic surfactants
can absorb on the polymer and CMHEC molecules through

250
—O0— CMHEC+CTAC+SA
—8—CTAC+SA
—A—HPAM+CTACHSA
200 F —7—Gemini QAS+CTAC+SA
—O—PVA+CTAC+SA
=
= 150
=
=]
=
=
Z 100 -
=]
53
= -
50+
0F
L i L L L

40 50 60 70 80
Temperature/°C

Figure 6. Effect of polymer on the viscosity of the surfactant-based
fracturing fluid.
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ﬁ
200+
S150
-
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50 1 1 L L
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Temperature/"C

Figure 7. The effect of CMHEC content on the viscosity of the
surfactant fracturing fluid.

O Surfacant 7 () g
Polymer % ,,o' ‘e S

Cooperative
binding

hydrogen bonds. Besides, each surfactant micellar can
entangle with micelles to form three-dimensional network,
the polymer chains can also integrate into the networks.
The entanglements between surfactant micelles and polymers
can further increase the stability of networks, which can
enhance the viscosity of the fracturing fluid.

3.5 Proppant suspension performance of the S/P
fracturing fluid

Based on the above evaluation method of proppant
suspension performance, the settling velocity of proppant in
S/P fracturing fluid system with 0.3 wt% CMHEC, 1.6 wt%
CTAC and 0.4 wt% SA is tested at 80°C, and the test results
are compared with the proppant suspension performance of
the fracturing fluid with 1.6 wt% CTAC and 0.4 wt% SA.
As shown in Figure 9, with the increases of proppants content
(from 5 wt% to 40 wt%) in the surfactant fracturing fluid, the
settling speed of the proppants increases from 1.95x10* m/s
t0 2.31x10* m/s. With the addition of 0.3 wt% CMHEC in the
surfactant fracturing fluid, the settling speed of the proppants
increases from 1.18x10*m/s to 1.66x10* m/s in the proppant
content range of 5-40 wt%. These results indicate that the
proppant suspension performance of the S/P fracturing fluid
system is superior to that of the surfactant fracturing fluid,
which may be due to the dense three-dimensional network
structure formed by CMHEC chains and surfactant micelles,
thereby increasing the viscosity of fracturing fluid.

3.6 Gel-breaking properties of the S/P fracturing fluid

In this section, a certain amount (v/v 1/80 based on the
volume of the fracturing fluid) of crude oil is mixed with
the S/P fracturing fluids (containing 0.3 wt% CMHEC,
1.6 wt% CTAC and 0.4 wt% SA) and then the mixtures
were kept under static conditions at 80 °C. The viscosity of
the mixtures is recorded every 30 minutes after the mixing.
The gel-breaking properties of the surfactant fracturing fluid
containing 1.6 wt% CTAC and 0.4 wt% SA are evaluated
with the same method. As shown in Figure 10, because the
S/P fracturing fluid has a low polymer concentration, there is
less residue and easy gel-breaking. The viscosity of the S/P
fracturing fluid before breaking is measured to be 105 mPa-s,
after being mixed with 0.125% crude oil and kept at 80 °C,
the viscosity of the S/P fracturing fluid decreases quickly
as the length of the breaking time increases. At 90 minutes
after the addition of crude oil at 80 °C, the viscosity of
the broken S/P fracturing fluid turns out to be 4.5 mPa-s,

'(:‘%Resolubilizaﬁ(jn‘ § %

Figure 8. The interaction of cationic surfactants and carboxymethyl hydroxyethyl cellulose.
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Figure 9. Effect of CMHEC on the settling velocity of proppants.
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Figure 10. Viscosity of the broken S/P fracturing fluid at 80 °C.

which indicates the low content of residuals (possibly from
CMHEC) after breaking. Under the same conditions, the
viscosity of the broken surfactant fracturing fluid can be
decreased from 66 mPa-s to 1.25 mPa-s, which is lower than
that of the broken S/P fracturing fluid. The low viscosity of
the broken S/P fracturing fluid after breaking also indicates
that the broken liquid could be easily cleared and brought
back to the ground by the production liquids.

3.7 Evaluation of salinity resistance of the S/P fracturing
fluid

As shown in Figure 11, without CaCl,, the viscosity of
the S/P fracturing fluid gradually decreases from 171 mPa-s
to 66 mPa's in the temperature range of 40 - 80 °C.
It can also be found that a certain amount of CaCl, could
significantly affect the viscosity of the fracturing fluid.
When 500 ppm CaCl, is present in the fracturing fluid,
the viscosity of the fracturing fluid can be increased up
to 270 mPas (at 50 °C). In the temperature range of
40 - 50 °C, the viscosity ramps from 255 mPa-s to 270 mPa-s.
As the temperature further increases, the viscosity of the
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Figure 11. Effect of Ca®* on the viscosity of the S/P fracturing system.

fracturing fluid gradually decreases to 202 mPa-s at 80 °C.
With the presence of 1000 ppm CaCl, in the fracturing
fluid, the viscosity of the fracturing fluid is higher than
that of the fracturing fluid without CaCl, over the whole
temperature range of 40 - 80 °C. However, it should be
pointed out that, at 1000 ppm CaCl,, the viscosity of the
fracturing fluid is lower than that of the fracturing fluid
with 500 ppm CaCl, in the temperature range of 40-80 °C.
As the concentration of the CaCl2 further increases, the
ability of CaCl, in increasing the viscosity of the fracturing
fluid decreases. At 1000 ppm, 2000 ppm, 5000 ppm
and 10000 ppm CaCl,, the maximum viscosity of each
fracturing fluid is measured to be 225 mPa-s, 159 mPa-s,
120 mPa-s and 111 mPa-s, respectively. It can be shown
from Figure 10 that when CaCl, is present in the fracturing
fluid, the viscosity of the fracturing fluid increases and
then decreases as the temperature ramps from 40 °C to
80 °C. Figure 10 implies the positive effect of CaCl, on
viscosifying the fracturing fluid, which may be attributed
to the introduction of Cl" ions that could reduce repulsive
forces between the quaternary ammonium groups of CTAC
molecules, thereby increasing the formation and growth
of the wormlike micelles as described in Section 3.1.

3.8 Shear resistance of the S/P fracturing fluid

Figure 12 presents the effect of shearing (with a shear
rate of 170 s™') on the viscosity of the S/P fracturing fluid
as the temperature increases from 30 °C to 100 °C. As can
be seen from Figure 12, at 30-50 °C, the viscosity of the
S/P fracturing fluid system is relatively stable and remains
above 200 mPa-s. However, as the temperature further
increases, the viscosity of the S/P fracturing fluid begins
to decreases. At 80 °C, the viscosity of the S/P fracturing
fluid system remains higher than 100 mPa-s, indicating
that the S/P fracturing fluid system has excellent thermal
and shear stability, which may be due to the entanglement
between polymer CMHEC chains and the CTAC wormlike
micelles as described in Figure 8. The hydrogen bonds
between CMHEC and CTAC may also contribute to the
temperature and shear resistance of the compounded
fracturing fluid system.
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Figure 12. Viscosity and temperature performance of the composite
fracturing fluid system after compounding.

4. Conclusions

In this study, a small molecule surfactant gel of CTAC
and SA was formed for the potential application in the
hydraulic fracturing fluid. Based on the viscosity, proppant
suspension and gel breaking properties of the surfactant-
based fracturing fluid, the optimized ratio of CTAC/SA is
found to be 4:1. The fracturing fluid containing 1.6 wt%
CTAC, 0.4 wt% SA and 0.3 wt% CMHEC gives better
viscosifying and proppant suspension properties than that of
the fracturing fluid containing1.6 wt% CTAC, 0.4 wt% SA.
The fracturing fluid containing 1.6 wt% CTAC, 0.4 wt% SA
and 0.3 wt% CMHEC also exhibits excellent gel-breaking,
Ca*" resistance and shear stability. This work will benefit
the related research in hydraulic fracturing fluid preparation
and crude oil production.
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