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ABSTRACT: In in situ-generated proppant fracturing technology
without proppant injection, the distribution of the flow pattern of <t
two-phase fracturing fluid in the fracture determines the
concentration of proppant particles formed by phase change in
different positions. Therefore, the study of a two-phase fracturing Viewing window

fluid flow pattern is of great significance to reveal the formation

T-piece

Nitrogen gas tank
PCL

mechanisms of different flow patterns and guide the on-site Pressure Gauges
implementation of the technology. This paper establishes a
mathematical model for the two-phase fracturing fluids in fractures
based on their physical properties and presents numerical
experiments on the flow pattern of two-phase fracturing fluids
under different conditions of injection displacement, interfacial
tension, and phase change liquid (PCL) ratio. The results show
that at lower injection displacements, such as 3 or 4 m*/min, it is easier to form striped shape distributions, and at higher injection
displacements, such as § or 6 m*/min, it is easier to form droplet shape distributions. When the interfacial tension is low (15 mN/
m), PCL shrinks less and is distributed in strips; when the interfacial tension is high (25, 35, and 45 mN/m), PCL shrinks more and
mainly forms droplet-shaped distributions. PCL tends to form discrete droplet shape distributions at PCL volume fractions of 10,
and 20%. At 30% volume fraction, PCL is distributed in strips, and at 40% volume fraction, PCL forms strips of a larger size. These
findings reveal the changing pattern of two-phase fracturing fluid flow and enrich the theoretical system of in situ-generated proppant
fracturing technology, which can provide theoretical support for the on-site implementation of this technology.
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1. INTRODUCTION Figure 1, PFFS means the phase-transition fracturing fluid
In situ-generated proppant fracturing technology (Figure 1) was system; it is the mixture of PCL and NPCL; IGP means in situ-
created to solve the issues of equipment wear by proppant, generated proppant; it is the proppant particles formed by phase
limited migration distance of proppant, and difficulties in change from PCL.

supporting narrow fractures in conventional hydraulic fracturing The flow pattern of two-phase fracturing fluid belongs to the

technology.' ™ It utilizes an immiscible two-phase fracturing field of liquid—liquid two-phase flow,® the PCL and the NPCL
fluid for work. One phase, known as phase change liquid (PCL),

undergoes a phase transition and transforms into solid proppant
particles when stimulated by the formation temperature. The

other phase (NPCL, nonphase change liquid) occupies part of . . .
the fracture space, and the space liberated by its backflow medium. A part of the PCL and NPCL in the hydraulic fracture

were injected, both of which are immiscible, from the inlet, and
the boundary condition was set at the inlet as a velocity inlet and
the outlet as a pressure outlet. Formation rock is a kind of porous

functions as an oil and gas high-conductivity flow channel.*’ will leak off into the formation along the direction perpendicular
Due to the different physical properties, such as density and to the wall of the hydraulic fracture, resulting in the total volume
viscosity, of PCL and NPCL, as well as the existence of of PFFS in hydraulic fractures being less than the volume

interfacial tension between the two immiscible fluids, they will
flow in fractures in different ways. The distribution of the flow
pattern is determined by the concentration of proppant particles
at different positions in the fracture after the phase transition,
which affects the support effect and conductivity. Therefore,
studying the flow patterns of the two-phase fracturing fluid is of
great significance for revealing the formation mechanisms of
different flow patterns and guiding the on-site implementation
of in situ-generated proppant fracturing technology. As shown in
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Figure 1. Principle of in situ-generated proppant fracturing technology: (a) continuous injection PFFS cooling the formation, (b) formation heating
the injected PFFS and IGP formed by the thermal stimulation, and (c) NPCL flow back and IGP remaining in the fracture and prop the hydraulic

fracture.

The relevant research mainly focuses on experimental
research and flow pattern discrimination. In terms of
experimental research, research methods include physical and
numerical experiments. Due to the advantages of numerical
experimental research in terms of time investment, economic
cost, and experimental conditions, it has received increasing
attention. Zhang et al.” carried out a numerical study on the two-
phase flow problem in oil—water separators, and flow character-
istics such as pressure drop, cross-sectional phase distribution,
and outlet flow rate were obtained. The effects of geometric
parameters such as conical angle, pipe diameter, pitch height,
and outlet split ratio on oil—water separation are revealed.
Archibong-Eso et al.” carried out a numerical simulation of a
two-phase flow of high-viscosity oil and water in a pipeline using
commercial software with oil viscosities between 3.5 and 5 Pa.s.
The apparent flow velocities of oil and water in the experiments
ranged from 0.06 to 0.55 m/s and from 0.01 to 1.0 m/s. The
above studies are all focused on the two-phase flow pattern in
pipelines with circular cross sections. For flow channels with
rectangular cross sections, the flow pattern may vary slightly. In
response, Abdul Hussein et al.’ carried out a numerical
experimental analysis on the effect of geometry on two-phase
flow patterns using the volume of fluid (VOF) and mixed
multiphase flow modeling methods in conjunction with a
normal k- turbulence scheme. Song et al.'’ conducted
visualization experiments on water flooding in fractures to
analyze the effects of factors such as gravity differentiation, water
injection velocity, displacement direction, and fracture opening
on the morphology of oil—water flow and oil displacement
effectiveness. Babaoglu et al.'" have explored the effect of cross-
sectional shape (circular, elliptical, rectangular, square, and
trapezoidal) on flow patterns and pressure drop.

In terms of flow pattern discrimination, Sarkar et al.'”
classified liquid—liquid two-phase flow patterns in serpentine
glass microchannels into segmental plug flow, segmental plug
and droplet flow, droplet flow, unsteady annular flow, annular
flow, annular dispersed flow, and fully dispersed flow and
presented Voronoi diagrams of the flow regime maps. Mao et
al."”? studied the morphology of oil—water two-phase flow in
batch transportation of oil and water and found that the oil—
water interface is more stable than the oil—water interface. The
oil—water flow pattern is divided into annular flow, stratified
flow, dispersed flow, and transitional flow between annular flow
and dispersed flow. The initial oil body integral number and flow
rate are key factors that control the total length of the oil
continuous section. Tan et al.'* investigated the impact of
pipeline diameter and viscosity on flow patterns, classifying low-
viscosity oil and water flow patterns in large-diameter pipelines
as stratified flow, scattered flow, and transitional flow. High-
viscosity oil and water flows have annular flows in addition to
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these other flows. Low-viscosity and high-viscosity oil and water
flow features stratified flow, scattered flow, annular flow, and
intermittent flow patterns in small-diameter pipes. Wang et al.'®
investigated the flow patterns of acid and fracturing fluids in acid
fracturing, looking at how viscosity, injection rate, and alternate
injection sequence affected the flow distribution pattern of acid
and fracturing fluids. The existing models use FVM (finite
volume method), VOF method, level set, and other methods to
study the distribution of liquid—liquid two-phase flow patterns.
However, for the two-phase fracturing fluid flow pattern studied
in this paper, it is necessary to consider the leak-off of the fluid
into the reservoir matrix. The existing model does not consider
the effect of the leak-off on the flow pattern and cannot fully
explain the formation mechanism of the two-phase fracturing
fluid flow pattern in the hydraulic fracture.'®

Currently, on the one hand, when two-phase fracturing fluid is
injected into a hydraulic fracture, a large portion of it will be
filtered out to the formation near the fracture,'” resulting in a
decrease in the volume of fracturing fluid inside the fracture.'®
The leak-off rate of PCL is much higher than that of NPCL,"”
leading to a significant change in the ratio of PCL to NPCL in
the fractures. On the other hand, the physical properties of PCL
and NPCL are greatly affected by temperature, and they exhibit
different interfacial tensions under different temperature
conditions.”” Under the comprehensive influence of changes
in the ratio of PCL to NPCL and interfacial tension, the flow
pattern of the two-phase fracturing fluid undergoes significant
changes. However, existing research on two-phase flow patterns
is mainly conducted under fixed two-phase ratio and interface
tension conditions, lacking research on flow patterns under
changing two-phase ratio and interface tension conditions, and
without considering the impact of filtration, it cannot fully reveal
the formation mechanisms of different two-phase flow forms in
situ-generated proppant fracturing technology, which limits
further application of this technology.

In this regard, this paper combines the physical properties of
two-phase fracturing fluid and the implementation plan of in
situ-generated proppant fracturing technology to construct a
mathematical model for the flow pattern distribution of two-
phase fracturing fluid. Through mathematical models, the
mechanism of injection displacement, interfacial tension, and
the PCL ratio on the formation of a two-phase flow pattern is
revealed, which provides theoretical support for the on-site
implementation of in situ-generated proppant fracturing
technology.

2. MATHEMATICAL MODEL OF FLOW PATTERNS

In this section, the two-phase fracturing fluid model is
established based on the discretized virtual internal bonds
(DVIB) method, the Navier—Stokes (N—S) equation is used to

https://doi.org/10.1021/acsomega.3c06877
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establish a mathematical model of the fluid flow field in a
fracture, and the VOF method is used to establish a
mathematical model of the flow distribution of two-phase
fracturing fluid in a fracture.

2.1. Flow Model of Two-Phase Fracturing Fluid Leak-
off in the Formation. The leak-off depth and leak-off velocity
of the fracturing fluid are important factors that influence the
effect of fracturing.”"*” Classical leak-off theory defines that it is
controlled by three mechanisms: the viscosity of the fracturing
fluid, the compressibility of the reservoir rock and fluid, and the
wall-forming properties of the fracturing fluid.** The continuity
equation for the in-seam fluid pressure drop is included in the in-
seam flow pattern model developed in this paper, and the effect
of the leak-off rate on the fluid pressure field is introduced.

The NPCL viscosity is lower than PCL and the leak-off is
larger,”* while the PCL viscosity is higher and the phase change
in the fracture is faster, the leak-off is smaller, and the PCL leak-
off tends to be stable after more than 20 min; the repulsion
experiments also show that the volume of PCL flowing through
the core under the repulsion pressure difference is very small,
and most of the PCL is retained at the injection end; therefore,
the effect of PCL leak-oft velocity can be ignored, and only, the
effect of PCL leak-off rate can be ignored, and only the effect of
NPCL leak-off rate on the flow distribution pattern can be
considered.

The DVIB method was used to characterize the percolation
process of two-phase fracturing fluids in the matrix. The study
area is divided into several bond cells, each with several virtual
internal bonds. The connection of each bond in the bond cell is
an abstract treatment of the permeability of the medium and
does not represent the actual physical model of the micro-
porosity, and the permeability of each bond cell is assumed by
the virtual internal bonds, and the equation for controlling the
seepage flow of each bond is*

2
kba—P;n + Qint = S_b%
Ox pg ot (1)

where ky, is the equivalent permeability coefficient; P, is the
matrix fluid pressure; Q;, is the source or sink; Sy is the
equivalent water storage rate; p is the fluid density within the
matrix; g is gravity; £ is time.

In isotropic media, the equivalent permeability coefficient ky,
defined as the unit flow rate per unit hydraulic gradient,
characterizes the ease with which a fluid can pass through an
imaginary internal bond and is expressed as

_ K,(vo)'?

k
b 40

©)

where K, is the matrix permeability; V is the bond cell volume,
which is equivalent to the bond cell area in two-dimensional
conditions; u is the fluid viscosity; € is the total number of
imaginary internal bonds in the bond cell. The equivalent water
storage rate is given by S

S.V
- Q
)y’ 3)

where S, is the water storage rate of the substrate and the length
of the jth imaginary internal bond.

2.2. Flow Model of Two-Phase Fracturing Fluid in
Hydraulic Fracture. Based on the N—S equations, the
interfacial tension term is introduced to study the flow velocity

Sp
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and pressure distribution of two-phase fracturing fluid in the
fracture. As shown in Figure 2, since the width of the fracture is

Fracture wall surface

Leak off

Direction of
fracturing fluid flow

Figure 2. Physical model of two-phase fracturing fluid flow in a fracture.

much smaller than the fracture length and height, it can be
approximated that two-phase fracturing fluid flows in two

dimensions within the fracture, and its continuity equation
. 2627
is

o(uw)  o(vw)

— Sy, =——
0x 0z ot (4)

where u and v are the flow rates in the x and z directions, m/s; w

is the fracture width, m; v, is the rate of leak-off.

According to the N—S equation, the rate of change of fluid
momentum in a fluid cell in a fracture with time is equal to the
combined force acting on the fluid in the cell,*® and the two-
phase fracturing fluid is considered as incompressible non-
Newtonian fluid, whose momentum equation is

o \ox 02 )T
oP, or, or,
-+ (—” + l)ﬂ)(g +f)=0
0z Ox 0z (s)
ou ou  Ov
T, T, 2o % o
where 7 = (T’Z“z T’Z)Z/,t dgx ou az@v ox ; Pf is the fluid
Z 42y
0z Ox Oz

pressure within the fracture, which denotes continuous surface
tension and reflects the effect of interfacial tension.

The continuous surface tension f can be calculated from the
interfacial tension o, and the volume fraction of PCL « is as
follows>’

f= - U{VX(EH(VO:)

IVal (6)

where o is the interfacial tension; « is the volume fraction of
NPCL.

2.3. VOF Model Theory. In the field of computational fluid
dynamics, the VOF method is used to study the interfacial
distribution of two-phase fluids in the flow process, introducing
a scalar function «a that describes the ratio of the volume of one
of the phases (PCL in this paper) in each cell to the volume of
the cell itself. The fluid volume fraction is a dimensionless scalar
function between 0 and 1. Ifits value is equal to 0, the control cell

https://doi.org/10.1021/acsomega.3c06877
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contains only NPCL; if its value is equal to 1, the control cell
contains only PCL; and if its value lies between 0 and 1, the
control cell contains both PCL and NPCL.

In the VOF method, the two-phase fluid density p, and p, and
two-phase viscosity 4, and y; within the control cell during the
two-phase flow are defined, and the density p and viscosity of the
fluid p within the cell can be calculated by weighted averaging™

p=ap, + (1 —ap,

H=apy + (1 —ay, (7)

where p, is the density of NPCL; p, is the density of PCL; y,, is
the viscosity of NPCL; y, is the viscosity of PCL.

The controlling equation for the volume fraction of fluid in
the two-phase flow is

ga +Vx(aV)=0
ot ®)

2.4. Initial and Boundary Conditions. In in situ-generated
proppant fracturing, a high-viscosity conventional fracturing
fluid is injected first to open the formation and form a hydraulic
fracture, and then the two-phase fracturing fluid is injected. The
initial moment when the two-phase fracturing fluid is injected is
the initial moment, assuming a uniform distribution of fluid
pressure within the fracture, and the initial pressure conditions
are

Plr_o =k )

Before the injection of two-phase fracturing fluid, no two-
phase fracturing fluid was present in the fracture, so the initial
volume fraction conditions were

llp_y=0 (10)

The inflow boundary is the velocity boundary, the outflow
boundary is the pressure boundary, and the fracture length is
noted as L. The fracturing fluid has only velocity u, along the x-
direction at the fracture mouth, the velocity v at the longitudinal
upper boundary is 0, the distal end of the fracture is kept at the
initial pressure Py, and the PCL volume fraction at the injection
end is a constant value ;. Therefore, the boundary conditions
can be written as

ule—o = g

1/|x=0=

Plx:L - PO

al—g = (11)

3. SOLUTION AND VALIDITY OF THE MODEL

3.1. Model Solution. For the two-phase fracturing fluid flow
equation for the leak-off into the formation, the DVIB method is
used to solve the equation. Treating each bond as a unit, the
discrete form of eq 1 is

H'P® + §'P" = @’ (12)
where
HY = ky {1 - 1]
Il-11 (13)
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11
b sl|3 6
Copgll 1
6 3 (14)
0]
Q=
,qk (15)
P’ = g
_}%_ (16)
.
o
e
|5 (17)

The percolation equation can be assembled by using the
matrix form of each bond cell and then further assembled to

obtain the flow equations for the entire discrete domain
HP + SP=Q (18)

For the two-phase fracturing fluid flow equation within the
fracture shown in eq 5, the x-direction control equation within
each integral grid cell Q° can be written as

[ / e f/ IP 90 dxdy}u;

o oD
dxdy|v¢ — f/—CDTdd]e
. xy}vl [ o Pdxdylpy

20

// oD
+ /fg pfdxdy

T e
- fr DD p,“cost).dl’

(19)

where @ is the interpolation function; v{ represents the velocity
of each node in the cell; pf is the pressure of each node in the cell;
I' is the boundary; and 8, is the angle of the direction normal to
the boundary outside. Equation 19 can be written in matrix form
as

Dyy‘uy° + D,y = CLPIe + E'=-F° (20)
Similarly, the momentum equation in the y-direction can be

converted into matrix form

Dy ‘u + Dy v — CzPIe + E,’=—E°

(21)
The expressions for the coeflicients in eqs 20 and 21 can be
calculated by Gaussian integration.*
The equation for controlling the volume fraction of the fluid
shown in eq 8 can be written as

a&“ = — —Z a'VIAAt
(22)
where ay! denotes the volume fraction within the cell at the

moment 7 + 1; a. denotes the volume fraction Q. within the
cell Q, at the moment n; a; denotes the volume fraction of fluid
at the surface s within the cell Q, at the moment n; V! denotes
the velocity vector at the surface s of the control body; A
denotes the outer normal vector at the surface s of the control

body.
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Figure 3. Liquid—liquid two-phase flow pattern distribution experimental setup.

Table 1. Main Experimental Parameters for Physical Experiments

experiment interfacial tension, viscosity, injected displacement, injection proportion, volume of NPCL VS volume of
no density, kg/ m? mN/m mPa-s L/min PCL
1 NPCL 1000 15 NPCL 10 4.73 3:1
2 PCL 1050 PCL 40 2:1
3 1:1

(a) 3:1

(3) 1:1

0.8

0.6

04

02

Figure S. Numerical simulation results of flow patterns for different NPCL and PCL ratios.

3.2. Validity of the Model. The flow pattern distribution of
PCL and NPCL under different experimental parameters was
carried out by using the visualized liquid—liquid two-phase flow
pattern distribution experimental apparatus, as shown in Figure
3, and the experimental results were used to verify the
mathematical model established in this paper. The experimental
parameters are shown in Table 1, and the experimental results
under different PCL and NPCL ratio conditions are shown in
Figure 4, where the light yellow liquid is PCL and the blue liquid
is NPCL.

From the physical simulation experiments, the PCL is
distributed in the form of a dispersed phase, showing droplet
shape and striped shape distribution. When the ratio of NPCL to
PCL is 3:1, it tends to form a round spherical distribution, and
when the ratio of NPCL to PCL is 1:1, it tends to form a striped
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shape distribution. Based on the experimental data shown in
Table 1, the flow distribution under different injection ratios was
simulated using the established mathematical model, and the
simulation results are shown in Figure 8.

The results of the numerical simulation of the flow pattern
under different NPCL and PCL ratios are shown in Figure S,
where the color indicates the volume fraction of the PCL on the
grid. The numerical simulation results shown in Figure 5 are
close to the physical experimental results shown in Figure 4,
where PCL is distributed in the form of dispersed phases,
showing a droplet, striped distribution. When the ratio of NPCL
to NPCL is 3:1, the volume of NPCL is high, and PCL is mainly
distributed in the flow region in the form of droplet spheres. As
the volume fraction of PCL increases, PCL tends to cluster
together, resulting in a significant increase in PCL size. In the

https://doi.org/10.1021/acsomega.3c06877
ACS Omega 2024, 9, 2432—-2442


https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06877?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

physical experiment, there are several small orifices at the left
inlet end, and the liquid enters through the small orifices into the
visible range of the observation window; therefore, the PCL
droplet size is smaller at the inlet end and gradually increases in
size during the flow process, and a similar phenomenon can be
observed in the results of the numerical simulation experiment
shown in Figure 5.

4. CASE STUDY

The flow pattern of the two-phase fracturing fluid is greatly
influenced by the injection displacement, interfacial tension, and
the volume ratio of PCL and NPCL.

4.1. Influence of Injection Displacement on the Flow
Pattern. PCL morphology and size were found to be strongly
influenced by the shear rate in previous indoor experimental
studies.”””* During Fracking field construction, the shear speed
of the two-phase fracturing fluid in the fracture is different under
different injection displacements, resulting in different PCL
discrete phases and sizes. To investigate the effect of
displacement on the morphology and size of PCL aggregates,
the flow distribution patterns were calculated for different
displacement rates of 3, 4, 5, and 6 m?/min based on the
calculated parameters shown in Table 2. The flow pattern
distribution of PCL in the fracture at the end of the injection at
different displacement volumes is shown in Figure 6.

Table 2. Main Parameters Used in Numerical Simulations

parameters values parameters values

injected displacement, S injection time, min 40
m3/min
bottom hole pressure, MPa 43 reservoir pore pressure 40
MPa

fracture length, m 100 fracture height, m 30
PCL density, kg/m? 1050  NPCL density, kg/m’ 1000
interfacial tension, mN/m 25 PCL volume fraction 30%
PCL viscosity, mPa-s 40  NPCL viscosity, mPa-s 10

The higher the injection displacement, the higher the shear
rate to which the two-phase fracturing fluid is subjected, and the
more likely the PCL forms a droplet shape, while at lower
injection displacement, the shear rate is lower, and the PCL is

more likely to form a striped shape distribution. When the
injection displacement is 3 and 4 m®/min, the PCL in the whole
fracture shows a striped shape distribution with a larger size, and
the long axis of the striped shape PCL tends to face the direction
of fluid flow. As the injection displacement rises to S m*/min, the
shear time is shorter near the injection end, again forming a
striped PCL, and at approximately 60 m from the seam mouth,
the shear time is longer, and the shear rate is sufficiently large to
cause the PCL to form a distribution pattern close to that of a
sphere. As the displacement continues to increase to 6 m®/min, a
rounded spherical flow pattern begins to form at approximately
50 m from the slit opening.

As shown in Figure 7, the PCL volume fraction values on six
uniformly distributed cross sections were intercepted in the
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Figure 7. Schematic diagram of the position of the cutoff line.

fracture length direction, with the x-coordinates of the cross-
section locations being 0, 20, 40, 60, 80, and 100 m. The PCL
volume fraction values on the cross sections at different
displacements are listed in Figure 8. Clearly, the number of
wave peaks in each curve in the figure represents the number of
PCL aggregates in the corresponding cross-section, and the peak
of the wave represents the PCL volume fraction in the PCL
aggregates. As the boundary condition given on the entrance
boundary is the volume fraction of PCL, the shear time at the
seam mouth is short, PCL has not yet aggregated under the
action of interfacial tension, and PCL and NPCL are in a mixed-
phase, intercalated state, so the volume fraction at the seam
mouth position (i.e., at 0 m) is generally less than 1, and the
number of wave peaks is high. In the direction away from the
seam mouth, the number of wave peaks gradually decreases,
while the peak value of the wave gradually approaches 1,
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Figure 6. Flow pattern of two-phase fracturing fluid at different injection displacements.
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Figure 8. PCL volume fraction for different displacements and different cutoff positions.
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Figure 9. Flow pattern of the two-phase fracturing fluid at different interfacial tensions.

indicating that the number of PCL aggregates gradually gravity, the number of PCL aggregates decreases significantly in
the cross sections at 80 and 100 m.

4.2. Influence of Interfacial Tension on the Flow
Pattern. Two-phase fracturing fluid is a liquid—liquid two-
the denser PCL tends to sink to the bottom under the action of phase system. Under the action of interfacial tension, the

decreases, and they gradually show a nonmiscible, nonmixed-

phase state with NPCL under the action of interfacial tension. As
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Figure 10. Volume fraction of PCL for different interfacial tensions and different truncation positions.

molecules on the surface layer of the two-phase fluid are
subjected to the gravitational force of the internal molecules and
tend to move toward the interior, ie., there is a tendency to
reduce the surface area of the fluid. The interfacial tension is
perpendicular to the boundary of the surface and points to the
interior of the fluid. Therefore, it is necessary to study the flow
distribution morphology of the phase change in the fracturing
fluid system under different interfacial tensions and analyze the
mechanism of different flow pattern formations under the action
of interfacial tensions. Based on the calculation parameters
shown in Table 2, the flow distribution patterns were calculated
for interfacial tensions of 15, 25, 35, and 45 mN/m, respectively,
and the results are shown in Figure 9.

From the energy point of view, surface tension drives the
surface of the liquid, which tends to be the lowest energy state; in
the liquid surface layer of molecules, the thin, interfacial tension
perpendicular to the surface boundary, pointing to the liquid
inside, tends to contract so that the liquid as much as possible
reduces its surface area; therefore, the smaller the size of PCL
aggregates, its specific surface, that is, the total area per unit mass
of liquid, the larger it is, the higher the energy. When the
interfacial tension is small, the ability of PCL to contract is weak,
forming a larger specific surface and a smaller liquid pearl size.
When the interfacial tension is as low as 15 mN/m, it is difficult
for PCL to contract under the impact of NPCL, showing a
striped shape distribution instead of a droplet shape distribution.
As the interfacial tension increases, the contraction ability of
PCL increases, the size of the beads formed increases, and the
specific surface area decreases. When the interfacial tension
increases to 25 mN/m, it can form a droplet shape distribution at
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the distal end of the fracture, and when the interfacial tension
increases to 35 and 45 mN/m, the contraction ability of PCL is
further enhanced; PCL mainly exists in the form of droplets, and
its size is larger than that at 25 mN/m.

The PCL volume fractions for different interfacial tensions
and different truncation positions are shown in Figure 10.
Similar to the results of PCL volume fraction under different
displacements, the boundary condition given on the inlet
boundary is the volume fraction of PCL, the shearing time at the
seam mouth is short, PCL has not yet been aggregated under the
action of interfacial tension, PCL and NPCL are in an
immiscible state, the number of waves of PCL volume fraction
curves under different truncation position conditions is high,
and the PCL volume fraction at the seam mouth under different
interfacial tensions is similar. After the distance in the fracture
length direction exceeded 40 m, the PCL volume fraction at
different interfacial tensions varied greatly, and the number of
wave peaks at the same truncation positions and different
interfacial tensions tended to decrease with increasing interfacial
tensions.

4.3. Influence of PCL Volume Fraction on the Flow
Pattern. The larger the PCL volume fraction, the more space it
occupies, and different fluid distribution patterns will occur
under different PCL volume fraction conditions. To investigate
the formation mechanism of flow distribution patterns at
different PCL volume fractions, the two-phase fracturing fluid
flow distribution patterns were calculated at 10, 20, 30, and 40%
PCL volume fractions on the injection boundary. The
distribution pattern of two-phase fracturing fluid in the fracture
zone at different volume fractions is shown in Figure 11.
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Figure 11. Flow pattern of two-phase fracturing fluid at different PCL volume fractions.
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Figure 12. PCL volume fraction for different PCL ratios and different truncation positions.

At different volume fractions, the two-phase fracturing fluid
shows different flow patterns. When the volume fraction of PCL
is low (10%), PCL is distributed in a dispersed droplet shape
within the fracture and tends to shrink together, but due to the
low volume fraction of PCL, the droplets are relatively dispersed
and occupy a small total area within the fracture, making it
difficult to adequately support the artificial fracture. When the
volume fraction of PCL is increased to 20%, when the volume
fraction increases to 30 and 40%, the droplets of PCL tend to
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join together in the direction of the fracture length and show a
striped shape distribution.

Figure 12 shows the PCL volume fractions for different PCL
ratios and different truncation positions. When the PCL volume
fraction is low (10%), the PCL is distributed in a sparse bead
form within the fracture; therefore, the PCL volume fraction
curve peaks at different truncation positions are less, and most of
the peak values are less than 1, indicating that the PCL volume
fraction is small and the PCL and NPCL may show mutual
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solubility. The number gradually increases, and the peak value of
the volume fraction curve at 60 and 80 m within the seam can
reach 1, indicating that only PCL exists within the calculated
grid. After the volume fraction of PCL increases to 30% and 40%,
the number of curve peaks further increases and the width of the
peaks increases, indicating that the size of the PCL aggregates
formed is larger.

5. RESULTS AND DISCUSSION

5.1. Shape of the PCL. In a two-phase fluid system, the
dispersed phase always tends to reach the lowest energy state
under the action of interfacial tension, the surface area has a
tendency to contract, thus making the liquid reduce its surface
area as much as possible, and the sphere (round in two-
dimensional conditions) is the geometry with the smallest
surface area under a certain volume; therefore, under the
combined action of interfacial tension and shear, the PCL
aggregates always tend to be round.

5.2. Injection Parameter Optimization Design. The
higher the injection displacement, the higher the shear rate to
which the two-phase fracturing fluid is subjected, and the more
likely the PCL forms a droplet shape, while at lower injection
displacement, the shear rate is lower and the PCL is more likely
to form a striped shape distribution. Therefore, to achieve a
better prop effect, the displacement should be appropriately
increased.

When the interfacial tension is small, it tends to form a larger
specific surface and a smaller liquid pearl size. As the interfacial
tension increases, the size of the beads formed increases, and the
specific surface area decreases. Therefore, to increase the size of
the IGP and the conductivity of the hydraulic fracture, the
interfacial tension should be appropriately increased.

When the volume fraction of PCL is low, the PCL droplets are
relatively dispersed and occupy a small total area within the
fracture, making it difficult to adequately support the artificial
fracture. However, the PCL may take up too much fracture space
under a high volume fraction. When fracturing, the PCL ratio
needs to be optimized to strike a balance between a good prop
effect and high conductivity.

6. CONCLUSIONS

This paper, based on the physical properties of two-phase
fracturing fluid and in situ-generated proppant fracturing
technology, establishes a mathematical model of two-phase
fracturing fluid flow distribution, using numerical experiments to
analyze the two-phase flow pattern under different injection
displacements, interfacial tensions, and PCL ratios, mainly
obtaining the following conclusions:

(1) At lower injection displacement (3 or 4 m?/min), it is
easier to form a striped shape distribution, and at higher
injection displacement (S or 6 m*/min), it is easier to
form a droplet shape distribution. Therefore, when
constructing on site, appropriately increasing the
discharge volume helps to shorten the construction
time, reduce the amount of leak-off, increase the shear
rate, make the phase change fluid show liquid droplet
shape distribution, and improve the injection capacity and
support effect.

(2) Interfacial tension has a strong influence on the flow

pattern, and its mechanism of action on the flow pattern is

to control the degree of dispersion of the two-phase fluid.

When the interfacial tension is small (15 mN/m), the
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contraction capacity of PCL is weak and distributed in
strips; when the interfacial tension is large (23, 35, 45
mN/m), the contraction capacity of PCL increases and is
mainly distributed in the form of droplets in the fracture.

(3) At lower volume fractions (10 and 20%), PCL tends to
form discrete droplet shape distributions with poor
support and possible fracture closure; at moderate volume
fractions (30%), striped shape distributions begin to
form; at higher volume fractions (40%), droplets of PCL
come into contact with each other and occupy a large
amount of space within the fracture, forming striped shape
distribution patterns of larger size, resulting in oil and gas
The flow channels are reduced. To achieve a better
support effect and flow capacity, the volume fraction of
PCL needs to be optimized to find a balance between
effective support and high flow capacity channel
construction

In summary, this paper focuses on the in situ-generated
proppant fracturing technology that is solid-proppant-free to
investigate the formation mechanisms of different flow patterns
in a two-phase fracturing fluid, revealing flow pattern differences
under different injection displacements, interfacial tensions, and
PCL volume fractions, which enrich the theoretical system of in
situ-generated proppant fracturing technology and can provide
theoretical support for the on-site implementation of this
technology.
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