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ABSTRACT: In this paper, a liquid−solid phase-change autoge-
nous proppant fracturing fluid system (LSPCAP) was proposed to
solve the problems that was caused by “sand-carrying” in
conventional fracturing technology in oil and gas fields. The
characteristic of the new fluid system is that no solid particles will
be injected in the whole process of fracturing construction except
liquids. The fluid itself will transform into solid particles under the
formation temperature to resist the closure stress in the fractures.
There are two kinds of liquids that make up the new fracturing
fluid system. One of the liquids is called phase-change liquid
(PCL) which occurs in the liquid−solid phase change under the
formation temperature to form solid particles. Another is called
nonphase-change liquid (NPCL) which controls the dispersity and size of PCL in the two-phase fluid system. Based on the
molecular interaction theory and organic chemistry, bisphenol-A epoxy resin was selected as the building unit of the PCL, and the
NPCL consisted of deionized water + nonionic surfactant. The test results indicated that the new fracturing fluid shows the
properties of non-Newtonian fluid and has no wall-building property. The new fluid system has good compatibility with the
formation fluid, conventional fracturing fluid, and hydrochloric acid. Through the filtration test, the filtration coefficients of PCL,
NPCL, and mixture are found to be 1.56 × 10−4 m/s1/2, 2.66 × 10−4 m/s1/2, and 1.7 × 10−4 m/s1/2, respectively, and the damage rate
of mixture and NPCL is 18 and 17.7%. The friction test results show that the resistance reduction rate reaches 69% when the volume
ratio of PCL and NPCL is 1:10. The shear rate and time only affect the size of the autogenous solid particles, and the sorting
coefficient (S) of the particles is 1.04−1.73, indicating good sorting. Crushing resistance and conductivity test results show that the
crush rate of autogenous solid particles is 3.56−8.42%. The conductivity of the autogenous solid particles is better than those of
quartz sand and ceramsite under a pressure of 10−30 MPa.

1. INTRODUCTION
Hydraulic fracturing, as the main technology of oil and gas
reservoir stimulation, has been widely used in oil and gas fields.
Materials and techniques have advanced significantly in the
decades ever since the technology was introduced in 1947.
However, the conventional fracturing technology based on
“sand-carrying” still has some challenges:1

Because of density, the solid proppant tends to settle at the
bottom of the fracture quickly, which causes the accumulation of
proppants at the entrance of the fractures in the process of
proppant transportation.1 In order to transport the proppants
farther in fractures, raising the viscosity of the carrying fluid by
adding thickening agents is widely used.2 Although it can slow
down the settlement of proppants and avoid massive
accumulation of proppants at the entrance of the fractures,
other problems arise.2 For example, polymer gels may be left
over as residual in the formation and cause damage.3 Other
methods such as slick water with low viscosity and large
displacement can also transport the proppants farther in the
fractures, but there might exist some potential risks in the

construction process, with the pump pressure and friction in the
pipe very high due to large displacement.3 In addition, improper
operation during fracturing construction may also cause sand
plugging.4

In complex fracture networks, a solid proppant may not be
able to turn effectively at the junction of cross fractures, which
limits the distance the proppant can travel in branching
fractures,5 It may even be possible to bridge at fracture
intersections, resulting in the proppant supporting only the
main fracture surface.6 However, the fracture network may be
closed due to proppant-free proppant support, which reduces
the conductivity of the fracture network.7,8
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The proppant placement formed by traditional fracturing
technology is homogeneous and continuous in the form of sand
bank in fractures. This placement and shape of the proppants
make the oil and gas seep through the intergranular pores of
solid particles, which causes limitation of reservoir stimulation.9

In order to solve the above problems, the liquid−solid phase-
change autogenous proppant fracturing fluid system (LSPCAP)
has been proposed in the paper. There are no solid particles in
the whole injection process except two kinds of fluids [phase-
change liquid (PCL) and nonphase-change liquid (NPCL)].
They both act as fracturing fluids and supporting solids.2 The
new fracturing fluid system can bring the following benefits:

Because of no solid injection, this fracturing is not limited by
the completions of the well (such as screen section
completion).1 High viscosity of the fracturing fluid or slick
water with a large placement is no longer required, which
indicates that the gel residue damage, high pump pressure, and
high friction in tubes can be solved. In addition, the problems
such as pipeline abrasion, sand plug, and so on can also be
solved.3

The liquids can effectively turn corners at the junction of the
intersecting fractures in the complex fracture network, which
causes unlimited migration of the “proppants” (liquid phase) in
branch fractures. Both main planar fractures and branch
fractures can be propped.1

Because the two kinds of liquids flow separately in fractures,
the proppant placement is controlled by two-phase flow patterns
without the sand bank shape, which greatly increases the fracture
conductivity.3

2. METHODOLOGY
The LSPCAP consists of two kinds of liquids. The PCL flows in
the pipe and wellbore at low temperatures and quickly
transforms into solid under the formation temperature to resist
closure pressure in the fracture. The NPCL stays liquid
throughout the fracturing and forms an immiscible two-phase
flow with the PCL. After PCL converted into solid to support
fractures, theNPCL flows back and leaves the channel for oil and
gas. The design principle of PCL and NPCL is as follows (Table
1).

In the above design principles, the thermal stimulation
response materials can meet a series of requirements of PCL.
Such materials are usually liquid prepolymers with a small

molecular weight. Under heating conditions, the prepolymers
change from liquid to solid by chemical reaction with the
initiator, forming a linear or three-dimensional network
structure.10−15 The building units of PCL were selected by
comparing the stimuli-responsive materials (Table 2).

By comparing the advantages and disadvantages of the
materials, it shows that the epoxy resin can meet the
requirements of the design principle of PCL.16−25 Therefore,
bisphenol-A epoxy resin is selected as the basis of the phase-
change fracturing fluid system.

According to the design principle, the basic fluid of NPCL is
deionized water, its good fluidity meets the requirements of easy
injection, and it is difficult to mix with organic substances
(PCL). Based on the molecular interaction theory of the two-
phase interface layer, PCL can be dispersed in NPCL as droplets
by changing the interfacial tension between the two phases.26−29

(1) Reduce interface energy
Under the same volume conditions, the spherical surface area

is the smallest, and the dispersed phase reduces the interface area
based on the principle of minimizing the interfacial potential
energy, so that the dispersed phase tends to be spherical. Thus,
by adding surfactants to NPCL, the formation of dispersion
systems can be achieved and the shape and size of dispersed
phase droplets can be controlled.
(2) Interfacial film stability
In the dispersion system, the huge interface area and interface

energy between the dispersed phase and the dispersed medium
will make the droplets spontaneously coalesce to reduce the
interface area and the potential energy. Therefore, the PCL/
NPCL system is in a thermodynamic unstable state, and there is
a dynamic process of dispersion and coalescence.

Polymers and solid particles can stabilize the interfacial
membrane. Polymers can be adsorbed at the two-phase interface
by diffusion and migration. Due to their links, each chain can be
adsorbed on the interface to form an adsorption layer, which will
make the boundary film thicker and increase the stability of the
interface film. Solid particles, which are much smaller than PCL
droplets and can be wetted by two-phase liquids, can be
adsorbed on the interfacial layer to thicken the interfacial film
and improve the interfacial strength.

3. RESULTS AND DISCUSSION
3.1. Rheological Property Test of LSPCAP. PCL and

NPCL were synthesized by the above methods (see Figure 1)
and evaluated experimentally. Figure 2a indicates the viscosity
curve of PCL and NPCL and their mixtures with temperature.
The test results show that the viscosity of PCL decreases with
the increase of temperature. The viscosity of PCL decreases
from 80 to 33 mPa·s when the temperature reaches 60 °C. The
viscosity of NPCL is low, and the viscosity changes little with the
increase of temperature. From the test results, it can be seen that
the viscosity of NPCL decreases from 4 to 3mPa s. The viscosity
of the mixture varies greatly at 30−35 °Cwith the decrease of 40
percent (from 55 to 33 mPa·s), and it changes smoothly after 35
°C.

The test indicates that the NPCL is more prone to filtration
loss due to the low viscosity. Therefore, fluid loss during
fracturing needs to be improved by increasing the viscosity of
nonphase-change fluids or wall building with precursors.

The viscoelastic test results are shown in Figure 2b. The test
results show that with the increase of frequency, the two moduli
of the mixture increase significantly, but the increase of the two

Table 1. Design Principle of PCL and NPCL

liquids characteristics remarks

PCL sensitive
stimuli-responsive

recognize external stimuli; only make an estab-
lished response to a single stimulus

long-term stability liquid long-term stability and solid long-term
stability

phase change and
the cured prod-
ucts are con-
trolled

the time and temperature of phase change can be
controlled; the strength and hardness of the
solidified product can be controlled

chemical inertness not react with formation fluid
easy to inject have low viscosity and friction resistance
immiscible no dissolution of PCL in NPCL

NPCL immiscible no dissolution of NPCL in PCL
easy to inject have low viscosity and friction resistance
chemical inertness not react with formation fluid
the capacity to con-
trol the character-
istics of PCL

the shape, size, and sorting of PCL droplets can be
controlled
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moduli decreases significantly with the increase of temperature,
indicating that the fracturing fluid system has obvious phase-
change behavior with the increase of temperature. Comparing
the storage modulus and loss modulus at the same temperature,
the loss modulus is always greater than the storage modulus and
the storage modulus is very small, which indicates that the
strength of its deformation resistant structure is small, while the
strength of its viscous internal friction structure is large.
Therefore, viscosity should be taken as an important indicator
for the evaluation of the new fracturing fluid system.
3.2. Compatibility Test. Figure 3 reflects the PCL mixed

with five kinds of liquids commonly used during the fracturing
process (volume ratio of PCL and the liquids is 1:1, and the test
temperature is 20 °C). It is obvious that the interface of the
mixed two-phase liquid is clear, and miscibility will not occur.
Then, the test samples were heated in a water bath to 80 °C, and
the PCL solidified to form a solid, which indicates that theT
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Figure 1. PCL, NPCL, and solid particles. (a) Mixture of PCL and
NPCL. (b) Solid particles converting from liquid.

Figure 2. Temperature-viscosity curve of LSPCAP. (b) Curves of
viscoelastic test at different temperatures.
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formation water or fluids used in fracturing will not affect the
phase-change behavior (see Figure 4). Figure 5 shows the NPCL
mixed with five kinds of liquids commonly used during the
fracturing process. It is obvious that the interface of the mixed
two-phase liquid is clear, and miscibility will not occur. The test
results prove that the new fracturing fluid system has good
compatibility with the formation water and working fluid.
3.3. Filtration and Damage. Combined with the liquid

rheology test results in Section 3.1, the LSPCAP has no wall-
building property, and the fluid filtration is mainly controlled by
viscosity. Through the filtration test, the filtration coefficients of
PCL, NPCL, and mixture are found to be 1.56 × 10−4 m/s1/2,
2.66 × 10−4 m/s1/2, and 1.7 × 10−4 m/s1/2, respectively (see

Table 3), and the cumulative filtration loss of the three liquids is
basically linear with time (see Figure 6a). In order to reduce the
filtration of LSPCAP in the fracturing process, two main aspects
are considered (improving the viscosity of NPCL or preinjection

Figure 3. PCL mixed with crude oil, formation water, conventional fracturing fluid, and acid at 20 °C. (a) PCL mixed with crude oil. (b) PCL mixed
with high-salinity formation water. (c) PCLmixed with low-salinity formation water. (d) PCLmixed with conventional fracturing fluid. (e) PCLmixed
with hydrochloric acid. (f) Blank group.

Figure 4. PCL mixed with crude oil, formation water, conventional fracturing fluid, and acid at 80 °C. (a) PCL mixed with crude oil. (b) PCL mixed
with high-salinity formation water. (c) PCLmixed with low-salinity formation water. (d) PCLmixed with conventional fracturing fluid. (e) PCLmixed
with hydrochloric acid. (f) Blank group.

Figure 5. NPCL mixed with oil and formation water in different temperatures. (a,b) NPCL mixed with diesel oil at 25 and 80°C. (c,d) NPCL mixed
with kerosene at 25 and 80°C. (e,f) NPCL mixed with high-salinity formation water at 25 and 80°C. (g,h) NPCL mixed with high-salinity formation
water at 25 and 80°C.

Table 3. Filtration Test Data

<!�Col Count:5-->filtration
medium L (cm) A (cm2) K (μm2) Cv (m/s1/2)

PCL 2.54 5.06 0.077 1.56 × 10−4

NPCL 2.54 5.06 0.075 2.66 × 10−4

mixture 2.54 5.06 0.076 1.7 × 10−4
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of conventional fracturing fluid for wall building). The test
results are shown in Figure 6b. The filtration coefficient of the
conventional fracturing fluid (CFL) + NPCL + PCL system is
calculated to be 0.81 × 10−4 m/s1/2, which decreases by 52.3%
compared with the PCL + NPCL system. The filtration
coefficient of the PCL + NPCL (increase viscosity) system is
about 1.41 × 10−4 m/s1/2, which decreases by 17.1% compared
with the PCL + NPCL system. The test result indicates that
preinjection of conventional fracturing fluid for wall building is
more effective in preventing fluid loss than simply increasing the
viscosity of NPCL.

Figure 7 shows the test results of permeability damage of the
mixture and NPCL to the core matrix. The damage rate of the
mixture and NPCL is 18 and 17.7%, respectively, which is less
than 30% of the damage rate specified in SY/T 6376-2008
General Technical Conditions for Fracturing Fluids. After
injection of the mixture liquid or NPCL, the permeability of the
core matrix will recover to more than 80% of the original
permeability in a short time, and the permeability will be stable
later and will not change again. To summarize, the LSPCAP has
less damage to the core matrix and can be applied in the field.
3.4. Friction Test and Optimization. The friction test

results are shown in Table 4. It indicates that the pipe flow
frictional resistance of the three liquids is PCL, mixture, and
NPCL in the descending order; the resistance reduction rates
are 20−40, 36−45, and 60−65%, respectively. With the increase
of displacement, the resistance reduction rate of the three fluids
all showed an increasing trend, and the resistance reduction rate
of the PCL increased the most, about 20%.

To sum up, adding a friction reducer to NPCL and increasing
the NPCL injection ratio can effectively reduce the pipe flow

friction of liquids. Table 5 shows the relationship between the
average resistance reduction rate and the PCL/NPCL volume
ratio (the NPCL has been treated with friction reducer). The
resistance reduction rate increases with the increase of NPCL,
and it reaches 69% when the volume ratio of PCL and NPCL is
1:10.
3.5. Phase Change under Formation Conditions. Figure

8a,b shows that under laboratory conditions, the artificial cores
were cut to simulate the complex fractures. Then, the cores were
put into the core holder, and the temperature was increased to
80 °C. Two kinds of liquids were displaced into the core, and
after 10 min, the sample was taken out to observe the phase-
change results and the distribution of the autogenous proppants.

Figure 8c−e shows the autogenous proppants in the fractures.
It indicated that the phase-change behavior of the new fluid
system would not be affected by the complexity of the fractures,
pressure, and temperature. It is obvious that the autogenous
proppants filled the fractures in Figure 8c−e, which indicates
that the effective diverting of liquid allowed all fractures to be
filled with solid particles converted from liquid, resulting in a
greatly increased, effective propped area.

Figure 8f shows the microstructure of solid particles
transformed by PCL under formation conditions, demonstrating
that the spherical size of particles is not affected by fracture,
pressure, and temperature complexities. In short, the new
fracturing fluid system has good adaptability in reservoir
conditions.
3.6. Control of Shape and Size. Figure 9a−c shows the

micromorphology of autogenous solid particles, quartz sand,
and ceramsite. It is obvious that the autogenous solid particles
have better sphericity compared with quartz sand and ceramsite,

Figure 6. (a) Relationship between fluid loss and time of PCL and
NPCL and their mixture. (b) Relationship between filtration and time
of PCL and NPCL and their mixture and CFL.

Figure 7. (a) Test results of permeability damage of the mixture of PCL
and NPCL to the core matrix. (b) Test results of permeability damage
of NPCL to the core matrix.
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which indicates that the new solid particle surface has less force
per unit area and has more advantages than conventional
proppants in compressive strength when bearing high loads.
Figure 9d−f shows the state of autogenous solid particles, quartz
sand, and ceramsite before pressure bearing, and Figure 9g−i
shows the state of those after pressure bearing. It is obvious that
quartz sand and ceramsite have been broken under pressure at
69Mpa, but the autogenous solid particles have no breakage and
good sphericity is also maintained. Figures 10 and 11 show that
the size of the autogenous solid particles is controlled by shear
rates and shear time. The particle size decreases with the
increase of shear rate and shear time.

Table 6 shows the relationship between sorting of autogenous
solid particles with shear time and shear rate. In the case of
proppants, the better the sorting, the more uniform the force at
high closure pressures, the less the proppant is to fracture or
deform, and the higher the conductivity. The sorting coefficient
(S) was used to characterize the quality of the autogenous solid
particle sorting. When S = 1−2.5, the sorting quality was good. S
= 2.5−4.5 indicates medium sorting; S > 4.5 indicates poor
sorting. In the same sorting coefficient range, the smaller the
value, the better the sorting. At the same shear rate, the shear

time has little effect on the sorting. However, the sorting
coefficient decreases with the increase of shear rate under the
condition of the same shear time, which indicates the faster the
shear rate, the more uniform the particle size (see Table 6).
3.7. Test andOptimization of Crushing Resistance and

Conductivity. In the new fracturing fluid system, the mass
fraction of RDa and PFb are greatly affected by the strength and
hardness of the autogenous proppants. Therefore, the influence
of different proportions of RD and PF on the mechanical
properties and conductivity of the autogenous proppants was
studied by combining the crushing rate experiment and the
conductivity test.

The RD and PF were mixed with 16 base liquids (unmodified
PCL) in different proportions (1:9, 2:8, 3:7, 4:6, 5:5, 4:1, 3:1,
2:1, and 1:1) and heated at 80 °C to form autogenous proppants.
Then, the nine samples were tested using the crushing rate test
and conductivity test.

Figure 12 shows the results of the crushing rate test. It is
obvious to find that the proppant crushing rate decreases with
the increase of RDmass fraction when the mass fraction of PF is
small (PF/RD = 1:1, 1:2, 1:3, and 1:4). The crushing rate of the
autogenous proppants was over 5% with a small amount of PF
and RD, which could not meet the requirements of the proppant
crushing resistance.

When the mass of PF exceeded 20% (PF/RD = 5:5, 6:4, 7:3,
8:2, and 9:1), the crushing rate of autogenous proppants was less
than 5% and is no longer affected by the mass of RD, which
indicates that the strength of autogenous proppants was
controlled by the mass of PF.

Table 4. Data of Liquid Friction Test

<!�Col Count:11-->item PCL NPCL mixture

linear velocity (m/s) 10 9 8 10 9 8 10 9 8
differential pressure (Kpa) 397 366 338 226 191 163 355 311 271
water friction (Kpa) 653 531 423 653 531 423 653 531 423
resistance reduction rate (%) 39.20 31.07 20.09 65.4 64 61.5 45.64 41.43 35.93

Table 5. Average Resistance Reduction Rate of the Mixture
with Different PCL/NPCL Volume Ratios

<!�Col Count:3-->
PCL/NPCL volume ratio

linear velocity
(m/s)

average resistance
reduction rate (%)

1:10 8 69.06
1:5 8 62.53
1:3 8 53.59

Figure 8. Experimental results of phase change in complex fractures under formation conditions. (a,b) Core cutting to simulate complex fractures. (c−
e) Solid particles completely fill in fractures. (f) Microstructure of solid particles cured in complex fractures.
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According to the above tests, it can be considered that
introducing flexible segments into the main chain or increasing
the amount of the reactive diluent could significantly increase
the strength and hardness of the autogenous proppants and
effectively reduce the crushing rate, and PF has a more
significant strength enhancement effect on the autogenic
proppant than RD.

Table 7 shows the comparison of the crushing rate of the
ceramic and new materials. It can be seen that the strength and
hardness of the new materials with different sizes were better
than those of the ceramic proppants.

Combined with the crushing rate test results, five ratios of PF
and RD (9:1, 8:2, 7:3, 6:4, and 5:5) were optimized for the
conductivity test. The proppant concentration was set to 5 kg/
m2, and the closure stress was set to 10−70 MPa.

Figure 13a shows the relationship of conductivity and closure
stress in different ratios of PF and RD.

The test results show that the fracture conductivity of
autogenous proppants is closely related to themass of RD, which
increases with the increase of RD. Bymeasuring the deformation
of the autogenous proppants before and after pressure, it was
found that the sample with a low RD content would not crush
under high load conditions but had a large deformation, which
proves that the hardness of the autogenous proppants is
controlled by RD. In other words, although the increase of PF
could improve the strength and toughness of the autogenous
proppants and make them difficult to crush under high load
conditions, the hardness could not be fully strengthened, which
caused large plastic deformation to lead to a decrease in
conductivity.

Figure 9. Sphericity comparison of solid materials before and after pressure. (a−c) Sphericity contrast of autogenous solid particles, quartz sand, and
ceramsite in microstate. (d−f) Autogenous solid particles, quartz sand, and ceramsite at 0.1 Mpa. (g−i) Autogenous solid particles, quartz sand, and
ceramsite at 69 Mpa.

Figure 10. PCL droplet dispersion and autogenous solid particle size at different shear rates. (a,b) 80, (c,d) 160, (e,f) 240, and (g,h) 400 rpm.

Figure 11. PCL droplet dispersion and autogenous solid particle size at different shear times.
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The introduction of aromatic nuclei of RD improved the
rigidity of the cured product. The epoxy group of RD reacted
with PCL to form a three-dimensional spatial network structure
during the curing reaction andmade the internal structure of the
molecule become closer. Macroscopically, this indicates that the
cured product has higher hardness and can resist high closure
stresses without deformation. Finally, the ratio of each
component in the phase-change fracturing fluid is designed as
RD/PF/PCL = 5:5:16.

Figure 13b shows the comparison of the conductivity of
quartz sand, ceramsite, and autogenous proppants. It is obvious
that the conductivity of the autogenous proppants is much
higher than those of quartz and ceramsite under the condition of
closure stress less than 30 MPa. The autogenous proppants’
conductivity is less than that of ceramsite but always higher than
that of quartz sand when the closure stress exceeds 30 MPa. The

test results also prove that ceramsite is more likely to be broken
under high closure stress, which is consistent with the results of
the breakage rate test (see Table 7). The reduced conductivity of
the new material is due to deformation rather than breakage.

4. CONCLUSIONS

(1) The fracturing fluid system shows the property of
pseudoplastic fluid. Its viscoelasticity is mainly charac-
terized by the structural strength of viscous internal
friction.

(2) The fracturing fluid system has good chemical inertness
and good compatibility with the formation fluid.

(3) Through the filtration and damage tests, it is found that
the fracturing fluid system does not have wall-building
property, and the fluid filtration is mainly controlled by
viscosity.
(4)The size and sorting of autogenous solid particles are
mainly affected by the shear rate and shear time during the
mixing process of the two-phase liquid.

(5) The conductivity of the autogenous solid particles is very
high under low closure pressure, but it decays rapidly with
the increase of closure pressure, which is due to the plastic
deformation of the autogenous solid particles rather than
breaking.
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Table 6. Sorting Coefficient of Autogenous Solid Particles
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Figure 12. Experimental results of the crushing rate test.

Table 7. Comparison of the Crushing Rate between Ceramic
and New Material

items mesh

closure
stress
(MPa)

crushing
rate (%)

the crushing rate of ceramic proppants under 6 52 ≤25
6/20 69 ≤20
20/40 69 ≤5
40/70 86 ≤10
70/140 86 ≤10

the crushing rates of new material with
main sizes (RD/PF = 5:5)

under 6 52 7.66

6/20 69 8.42
20/40 69 3.56

Figure 13. (a) Different conductivities of the autogenous solid particles
with different ratios of RD and PF. (b) Comparison of conductivity
between autogenous solid particles and conventional proppants.
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■ ADDITIONAL NOTES
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and become a part of the three-dimensional network of the
macromolecular structure, which can introduce functional
groups into the molecular structure of the cured products in
the process of the reaction.
bPF is compounds containing flexible fragments which can be
introduced into the molecular structure of PCL to improve the
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