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Abstract: In the tight sandstone oil production stage, the migration of particles will not only block
the oil path and throat, but also block the wellbore and damage the equipment. Based on the theory
of non-Newtonian fluid, hydrodynamics, the extended Derjaguin Landau Verwey Overbeek (DLVO)
theory and the JKR (the model of Johnson–Kendall–Roberts) contact theory, the mathematical model
and quantitative analysis of the critical condition of the particle separation from the surface due to
the influence of oil flow in the fracture environment are presented in this paper. A theoretical model
with pressure gradient as the core parameter and particle size, crack size and various contact forces
as variables is established. By adding the formula of non-Newtonian fluid and taking the consistency
coefficient and fluidity index as the contrast relation, the change rule of particle migration under
the influence of non-Newtonian fluid is obtained. Effective prevention and control measures for
the purpose of effectively preventing particle migration are also put forward. The results show that
with the increase in the fluidity index, the pressure gradient decreases obviously; with the increase
in the consistency coefficient, the pressure gradient increases obviously; and with the increase in
particle size, the pressure gradient first decreases and then increases, thus creating a U-shaped curve.
The lowest pressure gradient exists under the fixed condition.

Keywords: non-Newtonian fluid; hydrodynamics; extended DLVO; particle migration;
starting conditions

1. Introduction

With the large-scale commercial production of tight sandstone oil and gas in the United States,
Canada, Australia and other countries, tight sandstone oil has become a highlight and a hot field of
unconventional oil and gas exploration and development around the world. By 2020, the production
of oil sands in Canada, deep-water oil and gas under salt in Brazil, and tight oil in the United States
will probably reach 1.5 × 108 t, 2.5 × 108 t and 1.5 × 108 t respectively [1]. The unconventional pattern
of “marine facies” in North America has led to the global unconventional oil and gas exploration and
development process. The unconventional innovation of “continental facies” in China will provide a
theoretical basis for the onshore oil and gas exploration and development, especially for the construction
of the oil and gas production bases of China’s onshore (4000–5000) × 104 t level, providing an important
resource guarantee and ensuring an increase in production and stability of supply [1]. From the current
published literature, researchers have carried out extensive research on the reservoir formation state,
production mode and basic laws of tight sandstone reservoirs, and have produced a series of important
research results, which have greatly promoted the improvement, and development of unconventional
oil and gas geology.

In 1993, Miranda and Underdown carried out core displacement experiments. A new critical
velocity analysis method was used to conduct core analysis of oil and gas reservoir formation and to
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quantitatively analyze the damage of particle migration to the bottom layer [2]. In 1996, Maini et al.
studied the composition and properties of common clay minerals in a reservoir, and discussed the
formation damage caused by the decrease in permeability caused by the stress and migration of
particles in these cases [3]. In 1999, Guo and Norman studied the effect of salinity on particle migration
in oil-water multiphase flow and realized it as the change of oil recovery ratio. Due to the migration
of particles, the pores are blocked or dredged, thereby affecting oil recovery. They concluded that
particle mobility and oil recovery ratio have a certain correlation [4]. In 2000, Neaman et al. studied the
particles in the Jordan Valley, looking for the movement rule of particles in different components and of
different sizes, and concluded that calcite particles are the most likely to migrate in non-layered silicate
minerals. Among the layered silicate minerals, palygorskite is the easiest to migrate in the topsoil.
On the other hand, in the subsoil, kaolin is the easiest to migrate [5]. In 2001, Bedrikovetsky et al.
showed that the solid and liquid particles dispersed in the injected water were trapped by porous
media, which may have significantly increased the hydraulic resistance of the flow, reduced the
permeability, and caused oil well damage. A mathematical model of deep-seated filtration with
two empirical parameters of filtration coefficient and formation damage coefficient was therefore
established [6]. In 2005, Hayatdavoudi studied the critical conditions of particle migration and sand
liquefaction, and concluded that when the particle acceleration of loose sand or fine particles exceeds
the critical value of 0.19 g, the possibility of fine particle migration and sand liquefaction is greater [7].
In 2010, Civan studied the influence of temperature on the migration and deposition of particles in
porous media and the formation damage it caused, and concluded that temperature change has a
significant impact on formation damage, with more serious formation damage at high than at low
temperatures [8]. In 2015, Huang et al. studied the injection of nanoparticles in the oil extraction
process to improve particle stability, reduce pressure drop in the flow path, and increase oil recovery.
Experiments show that the flow water with nanoparticles is cleaner, and the pressure drop in the flow
passage is smaller [9]. In 2019, Kanimozhi et al. simulated particle migration in the process of fluid
phase change, and concluded that during the process of phase change, particles moved slightly due to
the change of temperature among other reasons [10].

In recent years, due to the shortage of petroleum resources, research on tight oil reservoirs has
received more extensive attention from all walks of life, and a large number of research results have
been produced. Xiao et al. studied the influence of temperature and pressure on the carbon dioxide
adsorption and storage capacity in tight oil reservoirs [11]. Yi and Afshin studied the recovery and
utilization of water in shale oil reservoir mining [12]. Xiaoyong et al. studied the methods of enhancing
oil recovery in tight oil reservoirs, and compared the oil recovery with different injection methods [13].
Afshin and Behnam studied a special oil reservoir and simulated six injection methods to compare their
recovery factors [14]. Afshin studied the addition of polymers in water to increase oil displacement
efficiency, and compared the effects of polymer concentration and formation failure coefficient on oil
recovery [15].

Particle movement has numerous adverse effects on the production of tight sandstone oil, which not
only leads to a sharp decline in permeability, but also to excessive wear of equipment. The purpose of
this study is therefore to study the critical starting conditions of large-scale particle separation in the
oil displacement stage, so as to better understand the mechanism of particle separation and its effective
control in production.

Many experiments and field studies have shown that the permeability of tight sandstone oil in
the process of water flooding is seriously reduced, because the large-scale migration of particles leads
to the plugging of narrow holes in porous media [4–6]. Particles in the fluid will also lead to wear
and premature failure of downhole and surface equipment. Production interruption and equipment
replacement greatly increase the production cost. For these reasons, the study of the relevant laws of
particle movement infers that the coping methods and control measures in actual production are key
to ensuring the high and stable production of oil wells.
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We found that previous studies focused on Newtonian fluid media. However, the actual fluid in
which the particles are located is non-Newtonian fluid-petroleum. To date, there has been little research
on the law of particle migration in non-Newtonian fluid media. Theoretically, we use non-Newtonian
fluid, the Derjaguin Landau Verwey Overbeek (DLVO) theory and the coupling effect of extended
DLVO and hydrodynamic force to quantitatively explain the chemical and physical critical starting
conditions of particle separation [16]. Specifically, if the adhesion force times force arm applied to the
fine particles is greater than the splitting power times force arm, it will remain in the adhesion state;
otherwise, the particles will fall off the surface. The modeling results are more in line with the actual
situation. This paper mainly studies the problems listed below.

There are few reports of oil as the medium in the previous studies. Because the oil medium is a
non-Newtonian fluid, the experimental model will be more suitable for the actual production situation
by adding relevant equations and variables. From the change of the main variables of non-Newtonian
fluid, we aim to find the migration law of particles when these variables change.

2. Motion Conditions of Particles in Non-Newtonian Fluid

The pore and fracture are the main storage space and migration channel of particles, and particles
adhere to the fracture surface under the action of adhesive force. In the process of oil displacement in
oil field production, the particles adhering to the fracture surface will be affected by oil flow. When the
external conditions meet a certain critical value, the particles will move. The corresponding mechanical
model has the following assumptions: (1) the fracture surface is a smooth plane; (2) the fluid obeys the
Poiseuille theorem (viscous fluid is incompressible, the Reynolds number is not large, and the flow
pattern is laminar flow) [17]; and (3) the particle shape is a circular sphere.

As shown in Figure 1, the fluid flows horizontally in it. The forces acting on the particles on the
contact surface under the action of fluid include the resistance Fd in the horizontal direction, the lift
Fl, the contact force Fa and the friction Ff as well as the gravity Fg. Because the particle size is small
(less than 40 nm) and the gravity effect is weak, the gravity effect is ignored for the convenience
of calculation.
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2.1. Drag Force and Lift Force

2.1.1. Drag Force

In the article by O’Neil [18], the sphere moves or rotates at a uniform speed in a linear shear
fluid, in the case of contact between the sphere and the plane, for the coupling of the forces exerted on
the sphere and the wall by the shear motion of the fluid, a simple expression is obtained. It can be
concluded that in the laminar flow state, the expression Fd of the resistance of fine particles adhering
to the crack surface can be calculated (1) [18–20] as:

Fd = 1.7009× 6πµr2(∂u/∂z), (1)

The first coefficient (1.7009) is determined by the width of the fracture, µ is the apparent viscosity
of the fluid, r is the particle radius, and u is the fluid velocity in the y direction.

2.1.2. Lift Force

According to Saffman [20], the sphere makes a uniform shear motion in a very viscous uniform
liquid, its velocity is measured parallel to the flow line and relative to the flow line through the center.
It is found that there is a lifting force in the z direction. From this, we can get the expression of the
lift force Fl on the fine particles adhering to the crack surface in the laminar flow state (2) [18–20]
as follows:

Fl = 81.2
√
ρ1µr3(∂u/∂z)1.5, (2)

The Equations (1) and (2) are calculated by the theoretical model proposed by Goldman, O’Neill
and Saffman [16–18], where ρ1 is the density of the fluid, and ∂u/∂z is the shear rate of the fluid at the
center of the fine particle, which comes from the Poiseuille Law [17]:

∂u
∂z

=
∆p
2µL

(H− 2r), (3)

where ∆p is the pressure difference at both ends of the crack; L is the crack length; and H is the
crack width.

2.2. Non-Newtonian Fluid

Since oil is a non-Newtonian fluid, the formula is given according to the power-law fluid
model [21]:

µ = K1

(
∂u
∂z

)n−1

, (4)

where K1 is the consistency coefficient and n is the fluidity index. We substitute Equation (4) into
Equations (1)–(3) to obtain:

Fd = 1.7009× 6πr2K1(∂u/∂z)n, (5)

Fl = 81.2
√
ρ1K1r3(∂u/∂z)

n+2
2 , (6)

∂u
∂z

=

(
∆p

2K1L
(H− 2r)

) 1
n

. (7)

2.3. Contact Force

In the past, the traditional DLVO theory was often used to calculate the interaction force of the
spherical plane model, that is, only the double electric layer repulsion and the van der Waals force were
considered. However, the non DLVO forces, such as the hydrophobic force, the water resultant force
and the Bron repulsion force, are also included in the fluid of the spherical plane model. Bron repulsion
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force is usually caused by the overlap of electron clouds. In the hydrophobic and hydrophilic forces,
Lewis acid-base force is the main force, which is formed by the interaction of the electron donor and
the acceptor in the medium [16]. At present, the understanding of non-DLVO force is far less than
that of DLVO force. However, it has a great influence on the starting conditions of particle migration,
and therefore has practical significance.

Using the extended DLVO theory, the total interaction energy between particles and the crack
surface is a combination of electrostatic (EDL) force, Lifshitz van der Waals (LW) force, Lewis acid
base (AB) force and Born force. The adhesion Fa is determined by the interaction energy and distance
between the fine particles and the contact surface [22]:

Fa =
∂φa

∂h
=
∂(φEDL + φLW + φAB + φBR)

∂h
, (8)

Among them, Fa is the total interaction energy between the fine particles and the contact surface;
φEDL, φLW, φAB andφBR are the interaction of EDL force, LW force, AB force and Born force respectively;
and H is the distance between the fine particles and the contact surface. Assuming that the surface
potential is constant, the φEDL between the fine particles and the fracture surface can be approximated
by using the equation of Hogg et al. [23] For ball plane systems:

φEDL = πεrε0r
{

2ψ1ψ2 ln
[

1 + exp(−κh)
1− exp(−κh)

]
+

(
ψ2

1 +ψ2
2

)
ln[1− exp(−2κh)]

}
, (9)

where εr is the relative permittivity of the solution (for 298 K crude oil, εr = 2.48); ε0 is the permittivity
of the free space (8.854 × 10−12 CV−1m−1); ψ1 and ψ2 are the surface potentials of fine particles and
fracture surfaces respectively; and κ is the reciprocal of the Debye length, which can be given as [22]:

κ =

√
e2∑ njz2

j

εrε0kbT
=

√
2e2NAI
εrε0kbT

, (10)

Among them, e, kb and NA are the basic charge (1.602 × 10−19 C), Boltzmann constant
(1.38 × 10−23 J/K) and Avogadro number (6.02 × 1023 mol−1), nj and zj are the quantity concentration
and electrovalence of the j-th ion in the solution, I is the ion strength, and T is the temperature in Kelvin
(298 K).

For the interaction between the ball and the contact surface, the following equation [23] can be
used to estimate φLW:

φLW = −
A132

6

[
2r(h + r)
h(h+2r)

− ln
(h+2r

h

)]
, (11)

A132 = 24πh2
0

(√
γLW

1 −

√
γLW

3

)(√
γLW

2 −

√
γLW

3

)
, (12)

Among them, A132 is the effective Hamaker constant of (1-article)-(3-liquid medium)-(2-fracture)
system; h0 is the particle separation distance, which is estimated to be (0.15) nm [23]; γLW is the
Lifshitz-van der Waals (non-polarity) part of the surface tension.

φAB of the spherical plane system can be calculated by the following relation [23]:

φAB = 2πrλABφAB(h=h0) exp
(

h0 − h
λAB

)
, (13)
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where λAB is the correlation length of the petroleum molecules, which is generally considered to
be between 1 and 2 nm [22]; φAB(h = h0) is the interaction energy of the Lewis acid-base (AB) at h0,
calculated by [23]:

φAB(h=h0) = 2
[√

γ+3

(√
γ−1 +

√
γ−2 −

√
γ−3

)
+

√
γ−3

(√
γ+1 +

√
γ+2 −

√
γ+3

)
−

√
γ+1 γ

−

2 −

√
γ−1 γ

+
2

]
, (14)

Among them, γ+ and γ− are the surface tension components of the electron acceptor (polarity)
and electron donor (polarity), respectively. The surface tension parameters (γLW, γ+ and γ−) can be
calculated from the contact angle (42.5◦) [22,24].

Finally, the φBR in the spherical plane system is determined by the following equation [25]:

φBR =
A132δ6

7560

 8r + h

(2r + h)7 +
6r− h

h7

, (15)

where δ is the Born collision parameter, usually specified as 0.5 nm [16].

2.4. Particle Separation Conditions

Under the action of oil flow, particles move from the surface in three ways: horizontal movement,
vertical movement and rolling. The critical condition of horizontal movement and vertical movement
is force balance in the horizontal and vertical directions, and the critical condition of rolling is moment
balance. It is found that in laminar flow, the main moving mode is rolling [26], and the moment balance
expression is as follows:

FdLn= Fna, (16)

Fn= Fa − FL, (17)

where Ln is the lever arm of the horizontal force, Fn is the total force in the vertical direction, Fa is
the interaction force between the particles and the contact surface, and a is the area radius of the
deformation of the contact circle between the particles and the plane. According to the previous
theoretical model, the following formula can be used:

Ln= 0.4r+
√

r2 − a2, (18)

The area radius can be estimated by the JKR theory, and the formula is as follows [27]:

a = 0.63×
(4Fnr

K2

) 1
3
, (19)

K2 =
4

3
(

1−ν2
1

E1
+

1−ν2
2

E2

) , (20)

where K2 is the contact elastic modulus, E1 and E2 are the Young’s modulus of particles and surfaces
respectively, and ν1 and ν2 are the Poisson’s ratio of particles and surfaces respectively.

When the fluidity index n = 4/7, substituting Equations (5)–(7) and (17)–(20) into Equation (16)
can obtain the initial moving pressure gradient of particles:

∆p
L =



Faρ
−

1
2

1 K
−

1
2

1 r−3/162.4 +
[(

Faρ
−

1
2

1 K
−

1
2

1 r−3/162.4
)2
+

(
0.07117K

1
4
1 K

1
4
2 ρ
−

1
2

1 r−1
)3] 1

2


1
3

+

Faρ
−

1
2

1 K
−

1
2

1 r−3/162.4−
[(

Faρ
−

1
2

1 K
−

1
2

1 r−3/162.4
)2
+

(
0.07117K

1
4
1 K

1
4
2 ρ
−

1
2

1 r−1
)3] 1

2


1
3



4
3

/[2K1(H− 2r)−1]. (21)
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3. Particle Transport Caused by Non-Newtonian Fluid

(1) The main forces of particles in the fluid are drag and lift. Their strength and change trend
determine the difficulty of particles moving in the fluid to a certain extent. When K1 = 1.2, n = 0.57
and H = 40 µm, the drag and lift increase with the increase in particle size. The difference is that
the curve of drag is closer to the first-order relationship, while the curve of lift is closer to the
second-order relationship, as shown in Figure 2.

Figure 2. Drag force and lift force.

(2) In the process of oil production, the pressure is usually fixed, while the output is uncertain.
Therefore, this paper considers that using the flow rate as the standard prediction method has
little effect on the actual production, so it is better to use the pressure gradient as the variable
to predict the oil production and formation damage. Secondly, in the process of oil production,
the width of the passage through which the fluid passes is very different, and the fracture is very
heterogeneous. Because the width of each fracture is not uniform and the velocity differs, it is
difficult to make statistical comparisons for alignment, but the pressure gradient in each fracture
is similar in theory and close to the overall pressure gradient. Considering the above reasons,
it is more suitable to use the pressure gradient as the starting condition of particle migration,
and to reasonably predict the formation damage caused by particle migration. When K1 = 1.2,
n = 0.57 and r = 1 µm, the change of crack width will affect the starting conditions of particles,
according to Figure 3, it is found that with the increase in the crack width, the pressure gradient
decreases continuously. This indicates that in a wider environment, the particles will become
easier to move, as shown in Figure 3.
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Figure 3. Pressure gradient changes with crack width.

(3) When K1 = 1.2, n = 0.57 and H = 40 µm, as the particle size changes, the starting conditions of the
particles will first increase and then decrease. The curve is U-shaped, and there are boundary
conditions for particle activation. Based on the results, we can predict the minimum pressure
gradient at which particles of various sizes start to migrate, as shown in Figure 4.

Figure 4. Pressure gradient critical changes with particle size.
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4. Effect of Non-Newtonian Fluid with Different Parameters on Particle Migration

In the process of oil production, the fluid in the flow channel is non-Newtonian fluid. The study of
the change of non-Newtonian fluid parameters will play a guiding role in high and stable oil production.

(1) When n = 0.57 and H = 40 µm, the increase in the consistency coefficient will accelerate the
growth of resistance and lift. It can be seen that a larger consistency coefficient will lead to
greater resistance and lift. When the consistency coefficient increases, the curve of the pressure
gradient decreasing with the increase in particle size obviously moves up, as shown in Figure 5.
When K1 is increased from 0.8 to 1.2, the drag force and lift force are almost equal from the
original, and finally the drag force increases by 65% and the lift by force 39%.

Figure 5. Variation of different consistency coefficients.

(2) Under the condition that the r = 1 µm. When the fluidity index increases, the curve of the pressure
gradient decreasing with the increase of crack width obviously moves down, and it increases the
trend of bending and the speed of decline, which is closer to Type C. As the consistency coefficient
increases, the curve moves up obviously, but the starting conditions of particles decrease with the
increase of cracks. As shown in Figure 6. When k1 increases from 0.8 to 1.2, the final pressure
gradient of the curve increases by 65%. When n increases from 0.57 to 0.8, the curve eventually
drops to 9% of the original.
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Figure 6. Change in the pressure gradient with crack width for different fluidity indexes.

(3) When K1 = 1.2 and H = 40 µm, according to the figure below, with the increase in the fluidity
index, the curve of the pressure gradient changing with particle size moves down obviously,
the lowest point of the curve decreases obviously, and particle migration becomes easier, as shown
in Figure 7. When n is increased from 0.57 to 0.8, the pressure gradient at the lowest point of the
curve is reduced to 49% of the original.

Figure 7. Pressure gradient change under different fluidity indexes.
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(4) When n = 0.57 and H = 40 µm, with the increase in the consistency coefficient, the curve of the
pressure gradient with the change in particle size obviously moves up, and the lowest point of
the curve rises. It can be seen that with the increase in the consistency coefficient, the migration
of particles becomes easier, as shown in Figure 8. When K1increases from 0.8 to 1.2, the pressure
gradient at the lowest point of the curve increases by 66%.

Figure 8. Pressure gradient changes under different consistency coefficients.

5. Experimental Demonstration

Samples of particles were collected near the wellbore of Jiangsu Oilfield, and particles with a
diameter of less than 40 µm were screened out using a mesh screen. After the particles were placed in
an oven at 60 ◦C for 48 h, the particles were stored in a dry and clean plastic bag.

The experimental research background is the crude oil used, but due to the complexity of the crude
oil composition, the consistency coefficient and fluidity index are difficult to control, this experiment
uses a polymer solution to simulate the crude oil environment. This experiment uses a common
industrial fluid, polyacrylamide (HPAM) solution, with different concentrations to meet the required
consistency coefficient and fluidity index. The solution was degassed before use and filtered through a
0.5 µm membrane to remove any entrained particles >0.5 µm in size.

The schematic diagram of the device used in the particle migration experiment is shown in
Figure 9. The experimental equipment mainly consists of two reservoirs, a syringe pump, a pressure
sensor, a shale simulation device, a temperature controller, a camera, a microscope and it consists
of a data acquisition system. A syringe pump is used to inject fluid through the shale simulation
device at a constant pressure, and the reservoir on the right continuously collects the effluent fluid.
Pressure sensors respectively monitor the pressure at the inlet of the fluid sample. The outlet pressure
is maintained at atmospheric pressure. The pressure is digitized and transmitted to the data analysis
department and the data is recorded in real time.
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The shale simulation device is mainly composed of two parallel pieces of quartz glass, and the
distance between the parallel pieces is determined by the metal flakes between the quartz glass, that is,
the simulated crack distance. Place experimental particles between the quartz glass and observe with a
microscope. We use a video recorder to simultaneously record the time when the particles disappear
and the pressure difference between the two sides of the device.

Due to the complex existence of particles, they sometimes overlap or form agglomerates.
Sometimes new observation methods and calculation methods are needed. For example, the observation
of shadows during imaging [28].

In order to prevent the particles from swelling and dissolving during the experiment, the following
preparations should be made before the experiment. Use the filtered and degassed test solution to soak
the particles under vacuum for 48 h and place them in a 3 MPa container. Before the experiment, put the
test particles into the shale fracture simulation device, and inject the test device with a low-pressure
solution for 3 h to ensure stable conditions.

Before quantitatively analyzing the starting conditions of particle migration, the model parameters
were determined. Part of it is measured in the laboratory, and the rest of the data refers to the
literature [29–31]. The types of particles include organic particles and clay particles. The elastic
modulus of organic particles is 3.3~8.2 Gpa. Clay minerals are composed of kaolinite. The elastic
modulus of kaolinite is 46.2~62.6 Gpa. The Poisson’s ratio of organic matter is 0.15 to 0.49. The Poisson’s
ratio of kaolinite is 0.26~0.33. The Lifshitz-van der Waals components, electron acceptor and electron
donor components of the surface energy of organic matter are 45.6 mJ/m2, 0.1 mJ/m2 and 6.1 mJ/m2,
respectively. The Lifshitz-van der Waals components of kaolinite surface energy, electron acceptor and
electron donor components are 70.2 mJ/m2, 0 mJ/m2 and 44.7 mJ/m2, respectively. The composition
of crude oil is complex, and various parameters vary widely. The parameters are based on actual
tests. If the measurement is difficult, please refer to the information and take reasonable values.
The Lifshitz-van der Waals components, electron acceptor and electron donor components of crude
oil surface energy are 25.4 mJ/m2, 0 mJ/m2 and 0 mJ/m2, respectively. The density of crude oil is
around 0.86 g/cm3. The viscosity of crude oil varies greatly, ranging from 1 to 100 Mpa. The relative
permittivity of crude oil is 2.48. The consistency factor is 1.2. The fluidity index is 0.57. After starting
the experiment, increase the pressure by 0.1 Mpa every hour, and ensure that the pressure gradually
increases to prevent the sudden increase in pressure from changing the flow of fluid. Analyze and
record the experimental video results. Draw Figure 10.

As shown in Figure 9, the polymer solution is injected into the shale simulation equipment by a
pump at a constant pressure, and the input pressure is detected and recorded by a pressure sensor.
The video recorder records the particle position at the time. Every hour, the pressure increases by 0.1
Mpa. Find and record the moving particles by comparing the picture at that time with the picture
one hour ago. Figure 10 is drawn based on the recorded results and compared with the theoretical
curve. As shown in Figure 10, as the particle size changes, the initial conditions of the particles will
first increase and then decrease. The curve is U-shaped, and there are boundary conditions for the
initial particle, but the theoretical curve moves up slightly.

(1) There is a chart showing that the experimental results are generally consistent with the theoretical
results, and the theoretical calculations reasonably predict the actual situation.

(2) Since there are many differences between the glass plane and the actual crack plane, the actual
crack is rougher.

(3) Since the particles in theory are perfectly spherical and differ from the actual particles, the actual
particles have more tips and protrusions and are more likely to migrate due to the movement of
the fluid. The experimental curve is also clearly above the theoretical curve. On the one hand,
the error produced by the experimental design is formed.



Processes 2020, 8, 1491 13 of 17

Figure 9. Schematic diagram of the experiment.

Figure 10. Theoretical and experimental comparison of different particle sizes.

Comparing the experimental results with model predictions shows that the model prediction
results are less than the experimental results. The prediction error in using this model is due to the
simplified consideration of the actual situation. The model assumes that the particles are spherical and
have smooth surfaces. The actual particles are irregular and have very complex shapes. The surface
shape of the particle affects the contact form between the particle and the surface. Thereby changing the
adhesion. The surface shape of the particle has a certain effect on drag, lift and the complex flow field
around the particle. As a result, the pressure gradient required for the activation of irregular particles is
greater than the pressure gradient required for the activation of spherical particles. The actual surface
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roughness of the contact surface is not uniform, and the surface roughness has an influence on the force
generated by the particles and the surface. Consider the experimental results, in the case of uneven
surface roughness. The pressure gradient required for particle activation increases. Although there
are errors between experimental and theoretical predictions, the boundary conditions used to predict
particle startup meet the demand.

6. Conclusions

(1) The starting pressure gradient of particles in fractures decreases first and then increases with the
increase in particle size, and the starting pressure gradient of particles with the same particle size
in fractures with different fracture width also differs; specifically, the larger the fracture width is,
the smaller the starting pressure gradient of the particles is.

(2) Based on the theory of this paper, when designing a reasonable interval of oil production pressure
gradient, the principle of improving the permeability of the maximum fracture width should
be given priority, and the maximum pressure gradient should be controlled, so as to effectively
prevent the migration of particles.

(3) According to the theory of this paper, the risk of formation damage in each stage of oil well
operation can be reduced, the damage of permeability caused by fine particle migration can be
avoided, the damage of equipment caused by impurities can be effectively reduced, and stable
production can be effectively achieved.

(4) The non-Newtonian fluid coefficient has a significant effect on the particle migration curve.
With the increase in the fluidity index, particle migration becomes easier, while with the increase
in the consistency coefficient, particle migration becomes more difficult. It is thus very important
to consider the influence of the production environment on the fluidity index and the consistency
coefficient in production.

(5) The objects studied in previous articles are often the state of motion and initial conditions of
uniform particles under the influence of Newtonian fluid in the pore structure. However, for the
gap structure, different gap size, different particle size, quantitative research in non-Newtonian
fluid is insufficient. This article intends to study the starting conditions of particle migration
under the influence of non-Newtonian fluid under different gap sizes and different particle sizes.

The migration of particles will cause a series of problems such as blockage channel and equipment
damage. The production site requires certain prevention and control of particle migration. The physical
aspect is mainly to prevent and control particle migration by controlling the pressure gradient. However,
the production site is different from laboratory experiments. There is this discrete fracture network in
the reservoir. According to model prediction, the larger the fracture, the easier the particles will move.
Therefore, the largest fracture measured on site is the prevention and control target. According to
theory, we need to predict the boundary conditions of particle migration and determine the pressure
gradient. Particles smaller than this pressure gradient rarely migrate. In terms of chemistry, we can
greatly increase the difficulty of particle migration by injecting stabilizers to change the parameters
that mainly affect particle migration in the theoretical model, such as increasing surface adhesion.
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Nomenclature

Fd drag force (N)
Fl lift force (N)
µ apparent viscosity of the fluid (Pa·s)
r particle radius (m)
∂u/∂z shear rate of the fluid at the center of the fine particle (s−1)
ρl density of the fluid (kg/m3)
∆p pressure difference at both ends of the crack (pa)
L crack length (m)
H crack width (m)
K1 consistency coefficient
n fluidity index
Fa contact force (N)
φa total interaction energy (J)
h distance between the fine particles and the contact surface (m)
φEDL EDL force (J)
φLW LW force (J)
φAB AB force (J)
φBR Born force (J)
ε0 permittivity of the free space (c/(V*m))
εr relative permittivity
ψ1, ψ2 surface potentials of fine particles and fracture surfaces respectively (V)
κ reciprocal of the Debye length (m−1)
e Electronic charge (C)
Nj concentration of the J~(th) ion in solution (m−3)
Zj Valence state of the J~(th) ion in solution
N0 Avogadro constant
I ion strength (mol/L)
Kb Boltzmann constant (J/K)
T temperature (K)
A132 effective Hamaker constant of (1-particle)-(3-liquid medium)-(2-fracture) system (J)
h0 particle separation distance (m)
γLW Lifshitz-van der Waals (non-polarity) part of the surface tension (J/m2)
δ Born collision parameter (m)
λAB correlation length of the petroleum molecules (m)
φAB (H = H0) interaction energy of the Lewis acid-base (AB) at H0 (J/m2)

γ+, γ−
surface tension components of the electron acceptor (polarity) and electron donor (polarity)
(J/m2)

Fn total force in the vertical direction (N)
Ln lever arm of the horizontal force (m)
a area radius of the deformation of the contact circle between the particles and the plane (m)
K2 contact elastic modulus (Pa)
E1, E2 Young’s modulus of particles and surfaces respectively (Pa)
ν1, ν2 Poisson’s ratio of particles and surfaces respectively
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