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In the drilling and completion process of fractured formations, wellbore stability
is a key factor affecting the safety of drilling and completing engineering.
Previous studies have demonstrated that propping moderately and plugging
fractures with soluble particles can improve formation fracture pressure. When
it comes to particle transport in 3D rough propagation fractures, the
interactions between particle-fracture-fluid need to be considered.
Meanwhile, size-exclusion, particle bridging/strain effects all influence
particle transport behavior and ultimately particle plugging effectiveness.
However, adequate literature review shows that fracture plugging, and
fracture propagation have not been considered together. In this study, a
coupled CFD-DEM method was put forward to simulate the particle
plugging process of propagating fracture, and the effects of positive
pressure difference, fracture roughness, particle concentration, and particle
shape on the plugging mechanism were examined. It is concluded through the
study that: 1) Positive pressure difference too large will lead to excessive fracture
aperture, making the particles unable to form effective plugging in the middle of
the fracture; positive pressure difference too small will lead to fracture aperture
too small, making particles unable to enter into and plug the fracture. 2) No
matter how the concentration, particle size and friction coefficient change, they
mainly affect the thickness of the plugging layer, while the front end of the
particle is still dominated by single-particle bridging, and double-particles
bridging and multiple-particles bridging are hardly ever seen. For the
wellbore strengthening approaches, such as stress cages, fracture tip
sealing, etc., specific analysis should be carried out according to the
occurrence of extended fractures. For example, for fractures with low
roughness, the particles rarely form effective tight plugging in the middle of
the fracture, so it is more suitable for fracture tip sealing; For the fracture with
high roughness, if the positive pressure difference is controlled properly to
ensure reasonable fracture extension, the particle plugging effect will be good,
and the stress cage method is recommended for borehole strengthening.
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Introduction

According to statistics, about 57% of the world’s oil and gas
reserves and 60% of the world’s oil and gas production come
from carbonate reservoirs, and almost all high-production wells
are in carbonate reservoirs (Moore and Wade, 2013; Fan et al,,
2022; Li 2022). In the drilling and completion process of natural
fractured formations in extensive and complex distribution, the
safe density range of drilling fluid is narrow; if the drilling fluid
density is too high, the naturally closed fractures may be opened
to expand, bringing about loss of drilling fluid at various degrees
in the drilling and completion process (Li et al., 2014; Li et al.,
2018). Once happening, the drilling fluid leakage may cause not
only drilling fluid loss, consumption of loss control materials, but
also reservoir damage, in serious cases, even well collapse and
blowout, which threatens safe and efficient drilling and makes
non-productive time and operating costs increase significantly
(Civan, 2015; Li J. et al., 2022). But the opening of fracture is not
entirely a bad thing, as previous studies have demonstrated that
propping moderately and plugging fractures with soluble
particles can help stop fracture extension and improve
wellbore stability (Feng and Gray, 2015; Feng et al, 2016; Li
et al., 2019; Figure 1).

Figuring out the particle plugging mechanisms of
propagation fracture is the basis of effective plugging. In
terms of plugging mechanisms of fractured strata, a lot of
research has been carried out mainly by means of core
experiment, physical simulation experiment and numerical
simulation. Some researchers have evaluated the coupling
relationship between fracture width, fracture roughness,
particle properties and pressure-bearing capacity of plugging
layer through core and steel plate seam experiments, and
obtained laws such as 1/3 bridging, ideal filling bridging, and
1/2 bridging (Kuzmina et al., 2018; Feng et al., 2020; Li H. et al,,
2022). However, the vast majority of experiments have high
occasionality, long experimental cycle, and high time and
economic costs, and cannot explain the bridging and plugging
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mechanism of plugging particles visually from a microscopic
perspective. Numerical simulation method can simulate
restricted ~experiments and facilitate the analysis of
microscopic mechanisms. In recent years, CFD-DEM
numerical simulation methods (including LBM-DEM) have
been widely used in studying solid-phase particle invasion and
plugging in fractures. Boutt (2006) observed particle trapping
behavior of fracture roughness by LBM-DEM method. Koyama
(2008) analyzed the effects of fracture shear and fracture surface
coupling on colloidal transport with particle tracking method.
Zhang (2019a) investigated the wall effect and hydrodynamic
behavior in coupled rough fracture with CFD-DEM method. In
addition, particle bridging and size exclusion effects in regular
fractures (Pu and Wang, 2014; Dai and Grace, 2016; Zeng et al.,
2016; Huang et al.,, 2018; Jia et al., 2020; Zhu et al., 2020) and
uncoupled actual fractures (Feng et al., 2018) have also been
investigated extensively, and a large number of quantitative
relationships between the particle bridging probability and
particle concentration, particle size and fracture width have
been proposed. Zhu et al. (2020) also analyzed the particle
plugging behavior during the dynamic variation of fracture
width under positive pressure difference with a combined
CFD-DEM finite element method.

Fracture extension, which is essentially a problem of the
weakening of fracture closure under different normal effective
stresses, belongs to the domain of fracture stress sensitivity study.
To date, a large number of experimental and numerical
simulation studies have been carried out and a large number
of theoretical equations have been obtained in this aspect. Lab
experiments on rough rock fractures focused more on the study
of the effect of normal stress on fluid flow in rock fracture, that is
known as stress sensitivity test (Cao and Lei, 2018; Zhang J. et al.,
2019; Yang et al,, 2020). When it comes to particle transport in
three-dimensional rough propagation fractures, it is necessary to
consider not only the effect of fracture extension on fluid flow,
but also the interaction between particle-fracture-fluid. Size

exclusion, particle bridging/strain effect of particles all

FIGURE 1

Plugging process of propagation fracture. (A) Before fracture extension; (B) Fracture extension due to positive pressure difference; (C) Re-

closed fracture after plugging.
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influence transport behavior and ultimately plugging effect of the
particles (Ahfir et al., 2017; Khan et al., 2017; Wu et al., 2018; Xu
et al,, 2018). Although a lot of research on the static fracture
plugging and stress sensitivity has been done and a large number
of research results have been obtained, fracture plugging and
fracture extension have not been considered together. The
purpose of this study is to find out the transport and plugging
mechanism of plugging particles under the action of macroscopic
pressure gradient and fracture expansion. To this end, firstly,
synthetic fractures with different roughnesses were generated
using a self-profiling fractal model based on geological features.
Then, the behavior and mechanisms of transport, plugging and
permeability variation of plugging particles in propagation
fractures with different roughnesses and positive pressure
differences were examined by CFD-DEM method.

Methodology and theoretical
background

Plugging particles in drilling fluid will enter into the reservoir
with drilling fluid under positive pressure difference, and the
dynamic behavior between plugging particles, drilling fluid and
fracture in this process belongs to the domain of coupling of
liquid and solid phases. The CFD-DEM coupling algorithm
considers the couplings between plugging particles, plugging
particles and drilling fluid, plugging particles and fracture
medium, and drilling fluid and fracture medium, and is able
to capture the micro-mechanisms of particle transport,
precipitation, capture, and plugging.

Generation of propagation fractures

Current methods obtaining fracture morphology include
contact or non-contact quantitative scanning methods, and
numerical synthesis method. But due to the uncertainty of
fracture formation, the cost of obtaining a large number of
fractures with different geometric information is huge.
Therefore, in this study, the software Synfrac designed by the
University of Leeds was used to generate synthetic fractures
(Ogilvie et al., 2006). Synthetic fractures not only have almost
the same geometric characteristics as natural fractures, but also
can have specific parameter values and be generated
independently to test the effect of specific parameter variables
of fracture propagation and particle flow. The mathematical
model proposed by Brown (1995) was used to generate
In this method,

complex amplitude spectrum with random phase component

synthetic fractures. a two-dimensional
obeying a decaying power law was constructed, and Fourier
inverse transformation was done to the amplitude spectrum to
obtain a self-affine curved surface. To ensure that all samples had
the same dimensions and the same vertical scale, the initial
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sample of 50 mm x 50 mm was corrected to a resolution of
512 x 512, which was configured with a standard deviation of
1 mm for the height of the irregular rough surface to obtain a
geometrically isotropic fracture surface (Figure 2). According to
previous studies, fracture samples of similar roughness generated
by different random numbers have similarity in hydraulic laws,
so the simulation results of one random number are given in this
paper.

The fracture roughness coefficient (JRC) proposed by Barton
and Choubey (1977) can be calculated using the following
equation (Tse and Cruden, 1979):

JRC = 32.2 + 32.47 log Z,, (1)

Where: Z, is the root mean square of the first order derivative of
the fracture surface, which can be expressed in discrete form as:

1« (ho -\ 1"
7, = |— i N ,
: |:Ntz<xi—l _xi> ]

Where x; and h; denote coordinates of the fracture surface profile

2

and N; is the number of sampling points along the fracture
length. In this study, fractures of the following three roughnesses
as shown in Figure 2 were generated, and their JRC coefficients
are shown in Table 1.

Generation of propagation fracture

For rough fractures, the fracture deformation is governed by
the following equation:

Ab = by (1 - e /%), ®3)

Where,byis the mechanical aperture of compression fracture;K,,is
the equivalent closure stiffness of structural surface;Abis the
fracture closure deformation;o,is the normal stress. When
fluid fills the fracture, according to the effective stress
equation, the following equation is obtained:

_awp
b= boexp< ’ > , (4)

Where:ais the Biot coefficient;pis the formation fluid pressure.
The expression derived by Walsh (1981) for the permeability of
the plate-like fracture model based on the Poiseuille flow

k)7 _ | V2RMS, (0~ ap
ko b() 0 ’

Where:RMSis the root mean square of the fracture surface height

equation is:

®)

distribution, which characterizes the roughness of the fracture
surface. According to Darcy’s law and the Poiseuille equation, the
relationship between permeability and fracture hydraulic
aperture is as follows:
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FIGURE 2
Features of generated fracture surfaces.

TABLE 1 Geometric characteristics of propagating fractures.

Fracture roughness Positive pressure

difference, MPa

JRC=5 2 2.01
5 230
10 292
JRC=10 2 1.56
5 1.76
10 2.08
JRC=15 2 3.87
5 4.09
10 4.49

b,
k= B (6)
It can be obtained that
23
(ﬂ> _ - V2RMS 1n<"1 - "‘P>. )
bio bo (21

For natural rough fractures, the fracture roughness influences
the degree of fracture closure, and the variation of the fracture
mechanical aperture is obtained by correcting the following
relationship.

b = b, JRC?.

An initial fracture often has a high degree of closure and a

®)

large contact area. When its two opposing surfaces just touch
or penetrate each other, the contact distance is negative,
representing a contact area with zero pore size. The
numerical generation of the propagation fracture was
simulated by assigning rising expansion increments to the
upper surface of the fracture under different positive pressure

Frontiers in Earth Science
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Standard deviation

Root mean Pore volume,

3

square, mm mm
2.16 0.78 3,155

2.44 0.80 3,276

3.01 0.82 3,563

1.65 0.54 2,130

1.84 0.57 2,281

2.16 0.62 2,432

4.04 1.01 19,811
423 1.04 22,183

4.61 1.06 23,401

differences, and after gradual lifting of the upper surface of the
fracture, part of the contact was released and some new voids
were created at the same time. In this study, the evolution of
geometric characteristics of initial fractures with JRC of 5,
10 and 15 at the positive pressure differences of 0-10 MPa
were simulated (Figure 3; Table 1).

Governing equations for particle-
laden flow in fractures

Governing equation of particle transport

In the computational study, the plugging particle
transport was solved by the discrete element method in the
Lagrangian framework, and the plugging particles followed
the second law. When the plugging particles transport in the
fracture with drilling fluid, each plugging particle is subjected
to the actions of surrounding drilling fluid, adjacent particles
and adjacent fracture surface, so the external forces on the
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FIGURE 3
Characteristics of propagating fractures.

Fracture aperture. mm

plugging particle during transport include its own gravity,
traction, buoyancy and contact force efc. Its motion mainly
includes translation and rotation, and the governing equations
are as follows:

du,
mPW =F,ut+F, +F . +Fy,

do
d_tp = I'P,c X Fp,t + Tp,r)

)]
I

Where F;, and F,; are normal and tangential contact forces,
respectively,F,is the gravitational force,F,.is the force
exerted on the particle by the fluid surrounding the
particle, such as traction, pressure gradient force and
buoyancy,r, andT ) rare the particle vector radius and the
additional torque of the particle, respectively,u,andw,are
the translational and rotational velocities, respectively, and
my and I, are the mass and inertia moment of the particle,
respectively.
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CFD-DEM coupling method

Besides the interactions between particles and between
particle and fracture surface, the interaction between drilling
fluid and plugging particle also need to be considered. The
drilling fluid flow is often solved by the finite volume method,
but the coupling interaction between plugging particle and
drilling fluid are often solved in two ways, particle unresolved
(Unresolved) and particle-resolved (Resolved) CFD-DEM
methods, their main difference is the ratio of particle diameter
to fluid grid size. The choice of the specific method depends on
the scale of the engineering issue: size of particles, and flow field
resolution efc. The particle non-resolved CFD-DEM is suitable
for large-scale calculations, which require particle diameter
smaller than the CFD grid size. It uses an empirical model to
calculate the force of the fluid on the particle and will calculate
the reaction force of the particle on the fluid based on Newton’s
third law, which is expressed as a source term in the N-S
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Outlet
(constant pressure boundary)

FIGURE 4
Schematic illustration and CFD mesh of the fracture.

Inserted varticles

Simulated wellbore

Inlet
(constant pressure boundary)

equation, while the occupation of the flow field space by the
particle is reflected in the volume fraction calculation. The
method uses an empirical model and a relatively coarse flow
field, so it is able to calculate industrial-level particle flow issues.

In this study, the fluid had a Reynolds number of less than 200,
the flow regime of drilling fluid was laminar flow, and the
requirement of flow field resolution in a single fracture was not
high, so the CFD-DEM method with non-resolved particles was
used for the evaluation of plugging particle intrusion damage and
temporary plugging in fracture-type reservoirs; while fracture-pore
type reservoir has complex pore structure and flow field, and small
vortices which would have serious influence on plugging particle
retention, so the flow field must be resolved in detail, therefore, solid-
phase intrusion damage in fracture-pore reservoirs was simulated by
the particle-resolved CFD-DEM method.

In the particle unresolved CFD-DEM method, the fluid was
assumed to be continuous and incompressible and can be
described by the locally averaged N-S equation.

Oasp
gtf+V~(o¢fpfuf) =0, (10)
Jlaru V
%ﬂ+v.(afufuf):_(xf_pf_s+v"[', (11)

Where: afis the volume fraction of drilling fluid,p ;s the drilling fluid
density,uyis the drilling fluid velocity,Vpis the pressure gradient
during drilling,tis the drilling fluid stress tensortis the time step,S is
the momentum exchange source term, Fis the drag force. There are
many classical models for drag calculation, and the Di Felice drag
model was used in this study, which can be expressed as:
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1 D% (5
Fq = Epf(uf - up)|uf - u},|CdT‘°otf2 0

4.8

2
Cy= (0.63 —) s
d * Re (12)

_ (1.5-log,, Rep)’

X= 3.7—0.65exp[ 2

Where:Cyis the coefficient of drag force, which is a function of
the particle Reynolds numberRep.

As a simplification, the DEM calculation at the coupling step
time was required to ensure that the fluid forces on the particle
remained constant, while the coupling was performed after about
50-100 DEM steps.

Boundary conditions

Continuous particles of the desired concentration were
created in the simulated borehole to simulate steady particle
inflow. Constant pressure boundary conditions were applied
at the inlet (top of the borehole) and outlet (end of the
fracture), and anti-slip wall conditions were applied at the
fracture surface (Figure 4). In this study, the fluid was assumed
to be a Newtonian fluid in laminar flow regime, and the
specific fluid parameters are shown in Table 1. The
plugging particles were assumed to be calcium carbonate
particles most commonly used in drilling operations
(Table 2). The selection of CFD grid size depends on the
balance between the fracture surface details, fluid details and
the computational stability of the fluid volume fraction.
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TABLE 2 Parameters used in the simulation.

Fluid parameter Value Particle parameter Value
Fluid density, p ¢ 2.16 g/em’ Density, p ,, 2.3 g/em’
Fluid plastic viscosity, y ¢ 17 ma.s Young’s modulus 40 GPa
Positive pressure difference 2-10 MPa Poisson’s ratio 0.25

Diameter, Dp A (0.2 mm), B (0.15 mm), C (0.1 mm)
Sliding friction coefficient 0.4-1.2

Rolling friction coefficient 0.4-1.2

Pressure difference=5MPa

Pressure difference=2MPa

Pressure difference=10MPa

0 2.0 4.0 6.0 8.0 10.0

Pressure, MPa

Pressure, MPa

Pressure, MPa

FIGURE 5
Variation of fracture plugging law under different positive pressure differences in JRC15 (at the particle concentration of 10%, friction coefficient
of 0.9, particle size of 100% A).

Resluts and discussion
100 s ; e T 100
Evolution of fracture plugging law under — —
different positive pressure differences M / JRC1S | =P | [
° —&— P=2MPa e
5 —e— P=5MPa L%
2 ol —=— P=10MPa sy 8
With the increase of positive pressure difference, the fracture 5 \ e s,
gradually opened, extended, and increased in average width, at 3 g e §
which time it becomes difficult for the particles to bridge and Sy ] i b
plug. The white particles in all plugging results figures represent ’g = s — ——— ) E
the particles in a static state (velocity less than 0.01 m/s) after G 7
plugging (Figure 5), and the white particles in the following
figures have the same meaning. It can be seen from Figure 5 that o T 0?1 2 0?2 ' 0?3 : 0?4 ' o; B
when the positive pressure difference was less than 5 MPa, the Time.s
particles formed a large area of stable bridging and plugging, but
. . FIGURE 6
when the positive pressure difference was greater than 5 MPa, the Variations of fracture permeability retention rate and particle
particle bridging was difficult, and only slight bridging was discharge rate of JRC15 with time at different positive pressure
formed in a small part of the area, and the fracture was not differences.

plugged on the whole. In terms of the shape of plugging layer,
when the positive pressure difference was 2 MPa, the plugging

layer was thicker, and effective plugging was formed in a large
part of the fracture, and only a few grooves were left for drilling
fluid and plugging particles to move; when the positive pressure
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difference was 5 MPa, although particle bridging plugging was
also formed, the plugging layer was thinner, and the number of
grooves for fluid movement after plugging increased; when the
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Size ratio=0.56

Normal Force, N

Force chain structure of plugging formed by different sizes of particles in JRC15.

positive pressure difference was 10 MPa, the plugging layer was
sporadically distributed, each plugging position had less plugging
particles, most of the grooves still provided a large amount of
flow space. From the perspective of fluid pressure gradient
distribution, we can see that when the positive pressure
difference was less than 5MPa, a stable pressure plugging
zone was formed at the front of the plugging layer, but the
pressure plugging was more serious when the positive pressure
difference was 2 MPa; but when the positive pressure difference
was 10 MPa, the pressure gradient was basically linearly
distributed, which means that the plugging completely failed
at this point. In actual drilling operation, this situation will not
only lead to the failure of borehole reinforcement, but also lead to
man-made well leakage, and must be avoided.

Figure 6 shows the variations of permeability retention rate
and particle discharge rate in the plugging process, where
permeability retention rate is defined as the ratio of fracture
permeability after particle injection k to fracture permeability
before particle injection k.

k
— x 100%.

Permibility retention rate = P
0

(13)

Particle discharge efficiency is defined as the ratio of the total
number of particles discharged from the end of the fracture N to
the total cumulative number of particles injected Ng,n,.

x 100%.

Particle discharge rate = (14)

It can be seen from Figure 6 that when the positive pressure
difference was less than 5MPa, a stable plugging layer was
formed gradually within 0.1's, and the permeability retention
rate was less than 30% at this point; when the positive pressure
difference was 10 MPa, the permeability of the fracture after
particle injection decreased to some extent, but finally stabilized
at about 50%. From the particle discharge rate, we can see that
when the positive pressure difference was 2 MPa, basically no
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particles were discharged and all particles were involved in
bridging; when the positive pressure difference was 5 MPa, the
particle discharge rate increased to 60%, which means that
although effective plugging was formed at this point, there
were still a large number of particles continuously invading
into the deep part of the fracture, and the pressure and fluid
were not completely isolated in this case, which is not conducive
to well wall stability and reservoir protection; when the positive
pressure difference was 10 MPa, the particle discharge rate
gradually approached 100% over time, that is, all injected
particles invaded to the deep part of the reservoir and no
stable bridging was formed, which was a complete failure.

Figure 7 shows force chain structures of the plugging layers
formed by different sizes of particles under the positive pressure
difference of 10 MPa. It can be seen from the figure that when the
particle size/average fracture width ratio was 1.03, the particles
formed a stable plugging layer near the entrance, and the force
chain strength of the plugging layer was high overall; when the
particle size/average fracture width ratio was 0.92, the particles
formed a plugging layer at local parts of the fracture, and the
force chain strength of plugging layer was weaker; when the
particle size/average fracture width ratio was 0.56, no strong force
chain formed inside the whole fracture.

Evolution of fracture plugging law under
different fracture roughnesses

The different roughness of the fracture surface affects the
geometric structure of flow space in the fracture, which in turn
affects the transport pattern of fluid and particles in it. In this
study, the transport and plugging of particles in fractures with
different roughnesses at different positive pressure differences
were simulated, as shown in Figure 8. The particle size/initial
average fracture width ratio in the figure was 0.9. It can be seen
that when the positive pressure difference was 2MPa,
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FIGURE 8

Particle plugging results of fractures with different roughnesses at different positive pressure differences (particle concentration of 10%, friction

coefficient of 0.9, particle size/fracture width of 0.9).
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Variations of permeability retention rate and particle discharge rate of fractures with different roughnesses at different positive pressure
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JRC5 and JRC10 only had a plugging layer near the fracture
entrance, while the particles could not make into the lower
half of the fracture; and in the fracture JRCI15, the particles
filled the whole fracture to form tight plugging, resulting in
obvious pressure seal. When the positive pressure difference
was 5 MPa, both fractures JRC5 and JRC10 had plugging only
in the local parts but several grooves remained for fluid flow,
and the pressure and fluid isolation were poor; in contrast, in
fracture JRC15, although the plugging layer was thin, a long
continuous plugging zone formed in the middle of the
fracture, and a tight plugging layer was likely to form with
subsequent injection of fine particles. When the positive
pressure difference was 10MPa, all the fractures were not
effectively plugged.

Figure 9 shows the variations of permeability retention rate
and particle discharge rate with time in fractures JRC5 and
JRC10. In combination with Figure 6, it can be seen that with
the increase of fracture roughness, permeability retention rate
shows a trend of gradual decrease. When the positive pressure
difference was 2-5 MPa, the permeability retention rates of
JRCS5, JRC10 and JRC 15 were 40-50%; 40-60%, and 20-30%
respectively. When the positive pressure difference was
10 MPa, all the three fractures had higher permeability
retained after particle injection regardless of the roughness,
indicating the plugging effect was poor. In terms of the
particle discharge rate, it can be found that when the
positive pressure difference was 2MPa, all the three
fractures had a particle discharge rate close to 0%. But
combined with the graph of plugging effect, it can be seen
that JRC5 and JRC10 had plugging layer at their entrances and
a large amount of grooves retained for fluid flow, so the
plugging layers in them were poor in stability and
tightness. When the positive pressure difference was 5 MPa,
the particle discharge rates in JRC5 gradually approached
100%, while that in JRC15 was stable at about 60%. In
other words, the grooves in JRC5 were not plugged finally,
while in JRC15, a better plugging layer formed with the
injection of particles. When the positive pressure difference
was 10 MPa, all the fractures had a particle discharge rate close
to 100%, indicating no effective plugging was formed.

From the above discussion, it can be seen that for the
fracture with low fracture roughness, the particles injected
either form a plugging layer at the entrance or plug local parts
of the fracture, and are hard to form effective tight plugging in
the middle of the fracture. Therefore, for this kind of fracture,
strengthening well wall by the stress cage way may not be
effective, and the fracture tip plugging is recommended to
prevent further expansion of the fracture. Whereas for
fractures with high roughness, as long as the positive
pressure difference is controlled properly to ensure a
reasonable fracture expansion, the particle plugging effect is
good, and the stress cage way is recommended for well wall
strengthening.
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Effect of particle concentration on the
plugging of propagating fractures

Traditionally, particle concentration is one of the key
factors affecting particle bridging. Zhu (2022) showed that
particle concentration and particle size were in exponential
relation with bridging probability, and when the fracture
than 1.5,
concentration had little influence on bridging probability;

width/grain size ratio was less particle

when the fracture width/grain size ratio was larger than
1.5, the
concentration. In this study, the particle bridging modes at

particle bridging requires higher particle
particle concentrations of 5%, 10%, 20%, and 30% were
simulated (Figure 10). The results show on the whole, the
particle bridging was basically not affected by particle
concentration, and in all these cases, the particles formed
scattered plugging in local parts of the fracture. This may be
because most of the particle bridging was dominated by single
particle bridging, and two-particle bridging and multiple-
particle bridging were hard to form, so the particle
concentration had little influence on particle bridging.

But it can be seen from the permeability retention rate and
particle discharge rate curves (Figure 11) that the particle
concentration has certain effect on the bridging process. From
the particle discharge rate, it can be seen that the particle
discharge rate rapidly reaches a stable peak with the increase
of particle concentration, indicating that the increase of
particle concentration accelerates the formation of particle
bridging and plugging to some extent. It can be seen from the
permeability retention rate curve, the smaller the particle
concentration, the higher the permeability retention rate is,
which also proves that the increase of concentration is
conducive to bridging. But from the perspective of
reservoir damage control, in the case that the fracture is
not plugged at either high or low particle concentrations,
the larger the particle concentration, the greater the number of
particles invading the reservoir is, and the greater the damage
to the reservoir is, which is not conducive to oil and gas
discovery and production.

Plugging law of propagating fracture with
compound particles

In the actual drilling and completion process, particles are
not homogeneous particles, but are combined by particles of
several different sizes. In this study, the plugging effects of
particles of three different sizes, A (0.2 mm), B (0.15 mm) and
C (0.10 mm), in different formulations were simulated. The
red (A), blue (C) and green (B) particles in Figure 12 represent
static particles of different particle sizes. It can be seen from
Figure 12 that the plugging layers formed by formulations 1#
and 3# were thicker; but the plugging layers of all the
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FIGURE 10

Plugging results at different particle concentrations in JRC15 (at the positive pressure difference of 10 MPa, friction coefficient of 0.9, and

particle size/slit width of 0.9).
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FIGURE 11

Variations of permeability retention rate and particle
discharge rate of JRC15 with time at different particle
concentrations.

formulations were similar in the front, where large particles
were at the very fore-end, and the particles injected later
unable to pass through the bridging layer formed by large
particles accumulated to make the plugging layer thicker. The
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Pressure. MPa

Concentration—30%

6.0 8.0 10.0

reason of the thicker plugging layer of formulation 1# is that it
is easier for a large number of small particles to enter the
fracture and accumulate; the reason of the thicker plugging
layer of formulation 3# may be that in the case with higher
content of large particles, if the overall concentration is
maintained at a constant level, the particles are smaller in
total number and thus likely to enter the middle-rear end of
the fracture to accumulate.

The plugging layer is a porous medium formed by the
accumulation of particles, and the relationship between the
size distribution of the plugging particles and the absolute
permeability (K) can be expressed by the Kozeny-Carman
equation (Akgiray and Saatci, 2001):

(1-9)

Where, ¢ is the porosity of plugging layer,D,is the particle size

(15)

of plugging particles, andais the proportionality and unity
factor. The smaller the particle size, the lower the permeability
of the plugging layer will be. Meanwhile, the larger the
proportion of small particles in the compound formulation,
the lower the porosity of the plugging layer will be too, and so
does the permeability of the plugging layer. The variations of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1037532

Yangian et al.

1#:20%A+40%B+40%C

L

2#:40%A+30%B+30%C

10.3389/feart.2022.1037532

1#:60%A+20%B+20%C

Pressure, MPa

FIGURE 12

Plugging results of compound particles in JRC15 (at the positive pressure difference of 10 MPa and friction coefficient of 0.9).

100 100

80+ - 80

—t—y
‘/ P
/

2 e
/:/'
A-

* i O e e
A A —a—A—A—a

60 - 60

40 40

Permibility retention rate, %
Particle discharge rate, %

20 4 - 20

0.0 0.1 0.2 0.3 0.4 0.5

Time,s

FIGURE 13
Variations of permeability retention rate and particle
discharge rate of compound particles in JRC15.

permeability retention rate and particle discharge rate of
different this
(Figure 13). It can be seen from the permeability retention

formulations were examined in study
rate curves that the higher the content of large particles, the
tighter the plugging layer formed by the compound
formulation with high content of large particles. It can be
seen from the particle discharge rate curve that the higher the
content of large particles in the compound formulation, the
lower the particle discharge rate is. Although according to Eq.
15, the higher the content of small particles, the tighter the
plugging layer is, meanwhile, more small particles may also

intrude into and cause damage to the reservoir.
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Effect of particle shape on the plugging of
propagating fracture

The particle shape affects the particle bridging mode. In
this study, the plugging results of different shaped particles
were simulated by changing the friction coefficient. It can be
seen from Figure 14 that the plugging layer became thicker
with the increase of friction coefficient. At the same time, with
the increase of friction coefficient, the particle bridging was
still dominated by single particle bridging, and the plugging
layers remained similar in the front-end morphology, but
moved forward slightly in the front-end position. In other
words, the more irregular the particle shape is, the thicker the
plugging layer is, and the more easier it is for the particles to
bridge.

Figure 15 shows the variations of permeability retention
rate and particle discharge rate when plugging with particles
of different friction coefficients. When the friction coefficient
of the particles was 0.3, the final particle discharge rate
stabilized at about 90% and the permeability retention rate
at about 40% ultimately; while when the friction coefficient of
the particles was 1.2, the particle discharge rate and
permeability retention rate stabilized at only 30% and 30%
at last. It can be seen that the larger the friction coefficient, the
more easier it is for the particles to bridge and plug, and the
tighter the plugging layer is. But the permeability retention
rate of the fracture plugged with particles of 1.2 in friction
coefficient was higher than that plugged with particles of 0.9 in
friction coefficient. The possible reason for this is that the
larger the friction coefficient, the more likely the particles
form plugging at the fracture entrance, preventing the
particles from entering deep into the fracture.
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FIGURE 14
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Plugging results of particles with different friction coefficients in JRC15.
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FIGURE 15

Variations of permeability retention rate and particle

discharge rate of JRC 15 plugged with particles of different friction
coefficients.

Conclusion

In this study, a coupled CFD-DEM method was used to
simulate the plugging processes of propagating leaky fractures
with particles, and the effects of positive pressure difference,
fracture roughness, particle concentration, compound particle
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formulation, and particle shape on plugging mechanism of

propagating fracture were analyzed based on distribution

images of plugging particles, permeability retention rate and
particle discharge rate. The following conclusions have been
reached:

(1) When the positive pressure difference is less than 5 MPa,

2

the particles can form stable bridging and plugging over a
large area, but when the positive pressure difference is
greater than 5 MPa, the particle bridging becomes
difficult, and only slight bridging is formed in small
parts of the fractures, unable to isolate the fluid and
pressure completely. In the process of strengthening
the wellbore by particle plugging, attention should be
paid to the change of positive pressure difference.
Positive pressure difference too large will lead to too
large fracture aperture, so the particles cannot form
effective plugging in the fracture; while positive
pressure difference too small will lead to too small
fracture aperture, so the particles cannot enter into the
fracture to form plugging.

In general, the particle bridging is basically not affected by
particle concentration, which may be because that particle
bridging is mostly dominated by single particle bridging and
double particle bridging and multiple particle bridging are
hard to come about.
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(3) When the compound formula of large particles and small-
medium particles is used to plug a fracture, the tighter the
plugging layer, the lower the particle discharge rate is, which
is conducive to fracture plugging and reservoir damage
control.

(4) With the increase of friction coefficient of particles, the

plugging layer becomes thicker, but the particle bridging

is still dominated by single particle bridging, and the
plugging layer remains basically the same in front-end
morphology.

(5) For the wellbore strengthening approaches, such as stress

cages, fracture tip sealing, efc., specific analysis should be

carried out according to the occurrence of extended
fractures. For example, for fractures with low roughness,
the particles rarely form effective tight plugging in the middle
of the fracture, so it is more suitable for fracture tip sealing;

For the fracture with high roughness, if the positive pressure

difference is controlled properly to ensure reasonable

fracture extension, the particle plugging effect will be
good, and the stress cage method is recommended for
borehole strengthening.
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