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Abstract: The method of plugging while drilling has been one of the commonly used methods to
control formation loss during drilling. The damage to materials for plugging while drilling to MWD
has become a complex problem. For many years, field engineers had insufficient knowledge of the
passing performance of materials for plugging while drilling in measurement while drilling (MWD).
In the existing research, the blocking mechanism of materials for plugging while drilling to mud
screen during the flow process is still unclear. In this study, we use computational fluid dynamics
coupled with discrete element method (CFD-DEM) to investigate materials” plugging mechanism
while drilling. The results show that the migration process of lost circulation materials (LCMs) in the
mud screen can be divided into three stages, displacement, retention, and accumulation of LCMs. The
blocking mechanism of LCMs on the mud screen comes from two aspects. One is from the bridging
of LCMs with larger particle size in the holes of the mud screen. Another source is the difference
between the entry speed and the overflow speed of LCMs. The particle size and mass fraction of
LCMs and the viscosity and displacement of the fluid affect the flow properties of LCMs from these
two factors, respectively.

Keywords: mud screen; materials for plugging while drilling; numerical simulation; CFD-DEM,;
plugging

1. Introduction

As the oil and gas industry gradually develops into more challenging and deeper
formations, this presents more significant challenges for drilling operations [1,2]. Deep
formations are prone to feature narrow pressure windows and significant pressure gradient
changes, and these unstable factors often lead to the loss of drilling fluids [3-5]. In order to
deal with the formation leakage problem quickly and effectively, the MWD technology
is widely used. Loss-while-drilling refers to the addition of circulating lost circulation
materials (LCMs) to the drilling fluid. It can plug the entire well section while drilling and
is a practical section to prevent complex bottom hole conditions [6]. It is especially effective
in controlling the leakage of the formation with more and less clear leakage. Compared
with the traditional plugging method, the measurement while drilling (MWD) method
does not require lifting and unloading the MWD, significantly reducing the field operation
time [7].

Measurement while drilling (MWD) is a while drilling tool included in most oil wells
drilled today [8]. It is a system developed to take drilling-related measurements downhole
and transmit the information to the surface while drilling. The channels they provide for
drilling fluids are limited and much smaller than the inner diameter of the drill pipe [9].
Periodic movement of the valve within the tool restricts the flow of drilling fluid through the
inner diameter of the tool. Debris in the drilling fluid can cause damage to the tools inside
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the tool, such as the pulse generator, because of the narrow flow paths [10]. Materials for
plugging while drilling pose challenges to today’s measurement while drilling (MWD) [11].
Improper selection of materials for plugging while drilling can bring the risk of plugging
in MWD [12]. Therefore, to prevent this kind of damage, a mud screen is installed on the
top of the MWD tool and connected to the drill pipe, as shown in Figure 1. This method
filters out large particles in the mud that could harm the tool. A mud screen should be used
whenever the circulation of the drilling fluid begins to prevent debris in the drilling fluid
from flowing from the drill pipe into the tool, blocking the mud pulse generator or the drill
bit jet [13].

Stabilizer —__

Drillingpipe —» Mud screen

Bent-housing motor )
o I

Drilling bit ——»
Figure 1. The mud screen placed in the MWD tool.

At present, there are few studies on the circulation of materials for plugging while
drilling in MWD tools. Only a few conference papers have suggested that using LCMs
for MWD poses certain risks. Hussain S et al. (2014) proposed that the concentration of
LCMs is harmful to MWD [14]. Attong D J et al. (1995) suggested that MWD is highly
sensitive to LCMs, especially for high concentrations of LCMs [15]. Valerio A et al. (2020)
argue that the inability to know the flow-through properties of LCMs from MWD makes
operators less confident in pumping large particle size or high concentrations of LCMs [10].
Klotz C et al. (2008) proposed that in a mud pulsator, adjusting the angle of the rotor
entering the flow region can help LCMs to obtain larger flow channels [16]. However, such
measures are still limited. At present, the operators of drilling rigs are not aware of the
logic of LCMs blocking MWD, especially the mud screen. Regarding the optimal injection
rate of LCM, the choice of the critical concentration of LCMs and the maximum particle
size of the material is ambiguous [17]. Drilling engineers have eagerly raised this demand
in the South China Sea, where leakage accidents are frequent [18].

The flow and particle properties of the drilling fluid impact the passage performance
of the plugging slurry from the MWD. The flow of LCMs mixed with drilling fluid in the
tool can be considered particle flow [19-21]. At present, particle flow is mainly studied by
numerical simulation, most of which are coupled by the computational fluid dynamics—
discrete element method (CFD-DEM). It is an Eulerian-Lagrangian method that analyzes
complex problems in fluid mechanics and structural mechanics of continuum (fluids)
and discontinuous media (particles) and fields. By tracking and calculating the micro-
scopic motion between fluid, particle, and boundary in each unit, the overall flow law
of LCMs in MWD is obtained. Casas G et al. (2022) discussed the flow properties of
particles and fluids within the drill bit using numerical techniques of the CFD-DEM
method [22]. Feng C et al. (2022) investigated the process of particles and fluids expelled
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from the bottom of the bit and impacted the bit body through numerical simulations and
field experiments [23]. They also studied the key factors in the erosion of polycrystalline
diamond compact (PDC) bits. The transport of drill cuttings in drilling operations is also
a typical particle flow. Especially in horizontal wells and deviated wells, Zakerian A et al.
(2018) studied cuttings migration parameters by establishing a CFD-DEM model [24].
Lin C et al. (2022) tracked the migration behavior of each particle in the fracture using
numerical simulation, analyzed the sealing of the fracture by the particles in stages, and
explained the evolution process of the sealing layer in the fracture [25]. The method of
numerical simulation is beneficial to the understanding of the flow law between particles
and fluid.

In fact, in order to ensure the safety of MWD, the selection of materials for plugging
while drilling by on-site drilling engineers is often conservative. This stems from the
ambiguity about the flow properties of LCMs in MWD tools. In this paper, combining
the computational dynamics model with the discrete element method, the downhole mud
screen tool is used as the object, and the CFD-DEM model is established simultaneously.
This model simulates the entire process of the Materials for plugging while drilling from the
drill string to the mud screen tool. The parameters such as the appropriate viscosity of the
fluid, the injection speed of LCMs, the critical concentration of LCMs, and the maximum
particle size of LCMs are further clarified. The boundary condition of materials for plugging
while drilling on mud screen tool plugging is helpful for drilling engineers to expand the
choice of MWD system. This facilitates dealing with a broader range of missed incidents.

2. Methods

Based on the coupling of computational fluid dynamics and discrete elements, a 3D
model identical to the actual tool was established to study the flow properties of LCMs in
the mud screen, in which the shape of the LCMs was set as spherical. The drilling fluid
(continuous phase) is considered incompressible based on the Lagrangian method. While
LCMs are considered to be the dispersed phase. The solution for the continuous phase is
determined by using the Navier-Stokes (RANS) equations. The dispersed phase is solved
by tracking the particles through the flow field, and each particle is numerically integrated
through Newton’s equations governing the translation and rotation of the particle and is
individually tracked along the continuous phase by the forces acting on the particle [26].

2.1. Governing Equations of the Particle Model
2.1.1. Particle Motion

The particle is tracked based on the DEM method in Lagrangian coordinates, the
velocity and acceleration of the particle are calculated based on Newton's second law, and
the translation and rotation of the particle are controlled [27,28]. The governing equations
are as follows:

do
mpditp:FC‘i‘Ffep‘i‘mpg 1
dw
de—tp =Tc+Tryp 2)

where my, is the particle mass (kg), g is the gravitational acceleration (m/s?), v, is the particle
translation velocity (m/s), and Fc is the particle-particle and particle-wall interaction force
(N). F—p is the interaction force between the fluid surrounding the particle and the particle.
H, is the moment of inertia (kg-m?), and wy, is the angular velocity of the particle (rad/s).
Tc is the particle—particle and particle-wall tangential force (N) that causes particle rotation.
Ts—p is the additional torque (kg-m?-5~2) due to the velocity gradient of the fluid.

2.1.2. Contact Force Models

In the dispersed phase, the force is mainly generated by the contact between the solid
phase and the solid phase, including two particles or a particle and a wall.
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Normal Force

The contact force between particle—particle and particle-wall consists of stress in the
normal and tangential directions. The normal contact force model is specified by the
Hertzian spring-dashpot model [29]. The Hertzian spring-dashpot model used can be
written as:

3 1
Pn = KHS% +‘:Hsf4lsn (3)
Ky = %E*\/R* (4)
1 1—0% 1—7)%
- B b ®)

1 _ {Lll + le for particle — particle collision ©)

R* % for particle — boundary collision
Following the idea proposed by Tsuji Y et al. [30], the definition of the damping
coefficient for the Hertz model is similar to that of the linear spring—damper model:

Gy = 2ng/m*Ky )

Tangential Force

The model of the tangential force of the contact force uses the Mindlin—Deresiewicz
model, which is called the linear friction damper model, which includes springs, dampers,
and friction blocks, as shown in Figure 2. The model combines Hertz’s theory to describe
normal stress and Mindlin and Deresiewicz’s theory [31]. The expression for the tangential
force is given by:

Cise @®)

3\ S 6um*Fy,
Fr = —uF (1— z)—f
’ WEn ¢ |sz] e S, max
 min([s¢|, max)
St, Max

¢=1 ©)
where p is the friction coefficient; F, is the normal stress; and s is the tangential displace-
ment at the contact point. s/; is the tangential component of the relative velocity at the
contact point; s, max is the maximum displacement of the particle slipping at the contact
point. m* is the effective mass; #; is the damping ratio, which is related to the restitution
coefficient of the material.

Particle stiffness(sprin E——
(spring) H ¥, <«—1—— Damping(dashpot)

T _§ g B
Y]J \

Friction(slider)
Figure 2. Spring-slider-dashpot model for Hertzian contact model [32].
2.2. Governing Equations of the Fluid Model

In the CFD-DEM coupled simulation, using the Multiphase Model, when using the
Eulerian method, the fluid phase is regarded as a continuous phase, and the fluid phase is
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an incompressible fluid, which is described by the volume-averaged classical Navier-Stokes
equation [33]. Its mean mass conservation equation and mean momentum conservation
equation are given by Equations (10) and (11), respectively:

%((xfpf> + V~(1xfpfu) =0 (10)

%(“fpf> + V-(ocfpfu) =—ayVp+ V-(zxfo> +arprg+Fyy (11)
Tp = puf (Vu+ V") + (Af - ;;J) Veul (12)

Fpop = —ZII’V—;CFW (13)

where a ¢ represents the fluid volume fraction, p is the pressure, p is the fluid density, u is
the fluid phase velocity, and Ty is the stress tensor of the fluid phase; the stress tensor of T
in Equation (11) is defined by Equation (12);

In Equation (11), Fp_, s represents the momentum source term of the interaction be-
tween particles and the fluid, which is defined according to Equation (13), where V is the
calculation unit volume, and # is the particle in the calculation unit volume. The number,
Fp_, s describes the force the fluid exerts on the particles.

2.3. Particle-Fluid Interaction Forces

The interaction force Fy_,, between the fluid and the particle is usually divided into
two terms: the drag force Fp and the second term consisting of the residual (nonresistance)
force Fn_p, in the following way [34]:

Frpy=Fp+Fn-D (14)

The most common non-drag forces are the pressure gradient force Fy,, the additional
(virtual) mass force Fy,, and the lift force Fr, so we can also write:

Ff%p:FD+FVp+(FL+FVM+Fothers) (15)

In fact, depending on the flow conditions, most of these forces are negligible, and only
drag and pressure gradient forces need to be considered since, in most cases, the density
of particles is much greater than that of the fluid, where the drag force Fp is expressed
according to Equation (16),

1
Fp = ECDpfA’u—vp|(u—vp) (16)

In Formula (16), A is the projected area of the particle in the direction of the fluid;
u — vy is the velocity difference between the fluid and the particle. Where the pressure
gradient force Fy, is calculated according to Equation (13):

Fgp=-V,V, (17)
where V), is the volume of the particle and V), is the local pressure.

2.4. Coupling Algorithm

Based on the Euler-Lagrangian framework, Figure 3 shows a diagram of the two-way
coupling of CFD-DEM. It allows CFD and DEM to exchange information for the transfer
of momentum and energy. First, determine the time step in the DEM solver. On the
CFD solver, the flow velocity, pressure, density, and viscosity data of each grid in the
computational domain are transferred to the DEM solver, and the interaction between the



Processes 2022, 10, 1955

6 of 20
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discrete phase and the continuous phase is calculated on the DEM solver, and the discrete
phase is obtained. The speed of translation and rotation and the data are transferred to CFD
for a solution again. CFD determines that the time step is an integer multiple of the DEM
time step, and the initial discrete phase field in CFD is updated. The schematic diagram of
CFD-DEM coupling technology is shown in Figure 3.

Initializes CFD Initializes DEM
simulation simulation

|

l

CFD Initial Value: Calculate the initial cell
Physical Properties. N / mean and the time step
Velocity, Pressure for the associated DEM
Multiple data
exchanges

time step

Figure 3. Schematic diagram of CFD-DEM coupling technique.

3. Numerical Model

Since the mud screen is a cone, the drilling fluid carrying LCMs flows out of the tip
first, and when the particles carried by the drilling fluid are blocked at the tip, they begin to
flow out from the holes on both sides. Under the action of a fluid with a specific flow rate
and viscosity, the particles are not enough to block the tool, which means that the plugging
slurry can safely pass through the tool. If the LCMs are trapped in the screen, the amount of
LCMs coming out of the holes is less than the amount of LCMs entering the screen, and the
LCMs will gradually fill the entire screen. This will cause the entire steering-while-drilling
tool to be blocked, which will bring safety risks to on-site drilling construction.

3.1. Architecture of the Model

Drilling fluid enters the tool from the inlet and flows out at the screen. The particles
and fluid are in the cylinder part, forming a steady flow of particles. Figure 4a depicts the
process of simulating materials for plugging while drilling from the drill pipe into the mud
screen tool at a steady flow rate. The geometric model established in this study consists of
two parts, the stable flow area of the plugging slurry and the screen structure. The boundary
conditions of the entire geometric model are shown in Figure 4b. The stable flow area of
the plugging slurry is a cylindrical structure with a cross-section of 20 mm in diameter
and a length of 100 mm, providing a stable flow area for the plugging slurry, simulating
the upper half of the steering-while-drilling tool. Particles are randomly generated on
the cylindrical structure’s top face and carried into the cylindrical structure by the fluid.
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The particle concentration was adjusted by the particle formation rate, and the volume
fraction ranged from 7.5% to 20%. The fluid inlet also sets the top of the circular structure.
The fluid velocity at the inlet is set in the range of 6.6 m/s~10 m/s to simulate the actual
displacement of drilling fluid during drilling, ranging from 30 m3/h to 50 m?/h.
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Figure 4. (a): Slurry migration from the mud screen tool. (b): Mud screen tool size and grid.

The diameter of the circle at the upper end of the mud screen tool is 20 mm, which is
consistent with the cross-sectional diameter of the cylindrical structure. The diameter of the
circle at the lower end is 26 mm. The overall height is 80 mm, and the cone angle is —8.58°.
The conical part contains 144 holes with a diameter of 4.8 mm. The scale of the model is
1:1 with the size of the actual tool. The dimension of the entire computational domain is
0.0446 m x 0.1805 m x 0.0446 m, with a total of 54,891 boundary faces and 61,478 boundary
nodes. Based on issues such as the computational stability of the solver, the accuracy of
the drag force calculations, etc., the size of the mesh is kept at more than three times the
diameter of the largest particle being simulated. Therefore, the maximum size of the unit
is 6 x 1073 m, and the minimum size is set to 3 x 1073 m. The walls are set as no-slip
boundary conditions.

3.2. Setting of Boundary Conditions

The inlet boundary condition of the fluid field is set to a specific velocity inlet, the
outlet boundary condition is set to the pressure outlet, and the outlet pressure is standard
atmospheric pressure to simulate the actual situation of drilling tools in the formation.
Select the standard k-epsilon(2eqn) for the turbulence model of the fluid. For the wall
function of the fluid field, select the near-wall treatment of the scalable wall function.
Based on the collection and calculation of fluid parameters in the plugging operation at
the drilling site, the drilling fluid in the drilling tool mostly flows in the form of laminar
flow. Therefore, according to the calculated value, the turbulence intensity of the fluid is
set to 1%. When leakage occurs in the formation, the leakage rate is lower than 10 m?/h,
and the method of plugging while drilling is adopted. The concentration of the MWD
agent is generally controlled at 5% to 25%, and the particle size is less than 2 mm. During
the drilling process, the displacement of drilling fluid is different under different working
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conditions. This study divides it into three types: low (55 m?/h), medium (90 m3/h), and
high (125 m3/h), type of displacement. Other parameter settings are the same as the actual
field parameters, see Table 1 for details.

Table 1. Input parameters of DEM-CFD numerical simulation.

DEM Parameters Values CFD Parameters Values
Particle Size, d (m) [1.1 x 1073,2.2 x 1073] The density of the fluid, py (g/cm®) 13
Particle Density, ps (g/ cm®) 2.6 The viscosity of the fluid, Hr (kg/m-s) [0.01, 0.07]
Particle Young’s Modulus, E (MPa) 1.0 x 10° Displacement of fluid, m3/h [55, 125]
Poisson’s ratio of particles 0.3 Turbulence intensity k-epsilon(2eqn)
Static Friction of Particle to particle, 0.8 Wall roughness constant 1%
Dynamic Friction of Particle to particle, j, 0.5 Wall roughness height, 1 (mm) 0.5
Restitution Coefficient of Particle to particle 0.3 CFD time step, Ats (s) 0.2
Static Friction of Particle to boundary, s 0.9 Acceleration of gravity, g (m/s?) 10-3
Dynamic Friction of Particle to boundary, y, 0.5
Restitution Coefficient of Particle to the boundary 0.2
Tangential Stiffness Ratio 1
DEM time step, Ats (s) 5x 1073

3.3. Validation of the Model

An experimental device for testing the flow properties of Materials for plugging while
drilling in the mud screen tool was established indoors. The experimental device consists
of three parts: pump, simulated wellbore, and simulated mud screen, as shown in Figure 5.
The construction of the simulated mud screen is derived from the tip part of the actual mud
screen. Due to the natural drilling fluid circulation environment, the tip of the mud screen
is the most sensitive position for LCMs. According to feedback from field operations on
the rig, whether or not it is plugged by LCMs determines whether or not the entire tool is
plugged by LCMs. Therefore, considering the feasibility of indoor experiments, the most
easily blocked area of the mud screen is used as the experimental model. Because the mud
screen is placed inside the drill pipe close to the MWD in the design of the drilling tool,
the mud screen for indoor simulation is also placed in the cylinder, which simulates the
drill pipe.

Therefore, the dynamic viscosity of the drilling fluid in the room is 0.03 kg/m-s, and
the density is 1.3 g/cm?. The materials for plugging while drilling select regular spherical
particles, which are as consistent as possible with the shape and properties of the LCMs
used in the field. The drilling fluid is driven by a screw pump and the number of materials
for plugging while drilling is set to 5%. Due to the limited performance of the indoor
screw pump, the pumping displacement of the drilling fluid was set to 5 m®/h. Under this
condition, the flow properties test was carried out on materials for plugging while drilling
with different particle sizes, and the particle size ranged from 0.5 mm to 1.5 mm.

Figure 6 shows the simulation and laboratory results of the flowability of materials for
plugging while drilling. The simulation predictions agree well with the indoor results on
a larger scale. However, when the particle size of LCMs is 0.9 mm, there is a specific
difference between the two results. This is because the LCMs in the laboratory experiments
do not flow in a uniform state during the cycle. The internal structure of the pump
and the influence of gravity lead to the accumulation of LCMs during the circulation
process, resulting in an excessively high concentration of some structures, thus making
the experimental results more prone to tool blockage. Overall, the developed numerical
model has high accuracy and can be used to simulate the fluid-solid flow of materials for
plugging while drilling in the mud screen.
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Figure 5. The experimental device for the blocked safety test of the mud screen tool.
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Figure 6. Flow properties of materials for plugging while drilling with different particle size in
mud screen.
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Figures 7 and 8 show the different results of the flow properties of the materials for
plugging while drilling in the simulated mud screen in the laboratory experiment. It is
evident that when the LCMs fill the entire tool, drilling fluid cannot flow through it. It
is conceivable that once the LCMs clog the tool in actual drilling situations, this will be a
challenging problem. The problem can only be solved once the drilling is stopped, the drill
pipe is lifted, and the MWD is taken out, which is time-consuming.

Figure 8. LCMs pass smoothly through the mud screen tool.

4. Results and Discussion
4.1. Circulation Process of LCMs in Mud Screen

It is necessary to understand how the displacement and retention of LCMs behave
in the mud screen. The simulation results of the migration of LCMs in the mud screen
are shown in Figure 9. The results show that the LCMs migrate smoothly from the drill
pipe with a gradual increase in velocity. When the LCMs migrate into the mud screen, the
speed decreases. Part of the LCMs overflowed from the holes of the mud screen, and the
remaining part of the LCMs remained at the tip of the mud screen. As the number of LCMs
entering the mud screen from the drill pipe gradually increased, it was much larger than
the number of LCMs overflowing from the hole. At this point, the blockage develops from
the tip portion of the mud screen to the entire mud screen [35]. This clogging develops
rapidly. If you want to avoid clogging, you should try to control the particles and not stay
at the mud screen’s tip.
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Absolute Transiational Velocilty

Figure 9. Displacement and retention behavior of LCMs in mud screen, (a—e): behavior changes with
mud injection time.

Accordingly, the whole process can be divided into three stages, as shown in Figure 10.
I, Migration of LCMS, referring to Figure 9a,b. II, LCMS retention, refer to Figure 9¢,d.
III, LCMS stacking, refers to Figure 9e. In the first stage, LCMS is carried by the fluid
from the drill pipe to the mud screen. At this time, the entering particles are the same as
the overflowing particles, and no particles block the opening of the mud screen, so the
pressure of the fluid is maintained at a superficial level. In the second stage, the hole of the
mud screen is gradually blocked by the remaining particles, and the passage of the fluid is
blocked, resulting in an increase in the fluid pressure. In the third stage, as time increases,
all the openings of the mud screen are blocked by LCMS, the main overflow channel of
fluid disappears, and it can only overflow from the pores of LCMS particles. The fluid field
Is restored to a new equilibrium, and the fluid pressure remains relatively stable without
significant changes.

1.6x107

1.2x107

8.0x10°

4.0x10°

Average:Static Pressure (Pa)

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Figure 10. The pressure change of the fluid during the process of blocking the mud screen by LCMs.
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Mass flow rate (kg/s)

4.2. Effect of Particle Size of LCMs on Flow Properties

In order to intuitively understand the effect of particle size of LCMs on the flow
properties in the mud screen. The particle size range of LCMs is set at 1.1 mm~2.2 mm, and
the range of mass flow is set at 1~6 kg/s. The flow-through results under different particle
size ranges and mass flow conditions were tested. The differences in the occurrence time of
LCMs with different particle sizes after plugging the tool were compared. As well as the
particle size of LCMs, the behavior of LCMs clogging tools is classified.

The larger the particle size of the LCMs, the greater the blocking probability of the
mud screen tool. According to the results given in Figure 11, when the particle size is more
significant than 2.0 mm, the tool will be blocked regardless of the mass flow size pumped
by the LCMs. It can therefore be concluded that for MWD, LCMs over 2.0 mm should be
prohibited from being added to drilling fluids. It can cause damage to the drilling tool. At
the same time, when the particle size of the particles is less than 1.2 mm, the flow properties
of LCMs in the tool are good, and we think that the LCMs below 1.2 mm are in the safe
range. When the particle size is between 1.2 mm and 2.0 mm, the mass concentration of
LCMs needs to be considered, which is necessary to ensure the tool’s safety.
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Figure 11. Effect of particle size and mass flow of LCMs on flow properties.

In Figure 12, at a mass flow of 3 kg/s, the increase in particle size accelerated the
process of tool plugging by LCMs. The larger the LCMs, the faster the entire tool is filled.
Figure 13 explains the difference between the two types of particle size in filling the entire
tool. When the particle size of LCMs is 1.5 mm, the tool is filled with LCMs because the
speed of LCMs entering the tool is greater than the speed of overflowing the tool. It can
be seen that although the LCMs have blocked the entire mud screen, the small LCMs still
overflow from the punched holes. Its overflow curve is also wavy. When the particle size
of LCMs was 2.0 mm, the LCMs bridged in the pores, and the subsequent LCMs could not
overflow from the pores. It can be seen from the overflow curve of the particles that when
the number of particles overflowed reaches a peak value, it decreases rapidly. Through the
study of these two different types of plugging behaviors, we learned that expanding the
overflow rate of LCMs is the key to improving the flow-through performance of LCMs.
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Figure 12. Effect of particle size of LCMs on the plugging time under the condition of mass flow of
3 kg/s.
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Figure 13. Behavior of LCMs with different particle size to plug the tool.
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4.3. Influence of Mass Flow of LCMS on Flow Properties

As shown in Figure 14, the lower the mass flow range, the lower the probability of
tool clogging by LCMs. It shows that controlling the entry speed of LCMs to keep them
consistent with the speed of overflowing LCMs is beneficial to the circulation of LCMs in
the mud screen. At the same time, the high mass flow makes it easier for particles to build
bridges in the pores, hindering the migration of particles. Overall, LCMs are better able to
ensure the safety of MWD while maintaining a lower mass flow. In the actual operation of
the drilling platform, when using LCMs with larger particle size, it is necessary to ensure
that the concentration of LCMs is maintained in a lower range.

100

Probability of blockage in mud screen (%)

Mass flow rate (kg/s)

Figure 14. Influence of mass flow of LCMs on the probability of blocking in mud screen.

It can be seen from the comparison between Figures 15 and 16 that the entry ve-
locity and the overflow velocity of LCMs with a mass flow of 2 kg/s are maintained in
an equilibrium state. Therefore, LCMs maintain good liquidity. When the mass flow of
LCMs rises to 3 kg/s, the entry velocity of LCMs is greater than the overflow velocity
of LCMs. Meanwhile, the high concentration of LCMs had a side effect on the spillover
behavior. Therefore, LCMs build up rapidly in the tool, filling the entire tool.
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Figure 15. 1.6 mm LCMs entering at 2 kg/s mass flow.
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Figure 16. 1.6 mm LCMs entering at 3 kg/s mass flow.

4.4. Influence of Fluid Displacement on Flow Properties

Considering the actual working conditions in the drilling process, the displacement
of the drilling fluid is different. Therefore, according to the actual parameters, the drilling
fluid displacement is divided into three levels: low, medium, and high. The influence of
liquid velocity was revealed by comparing the flow properties of materials for plugging
while drilling under three types of displacement. Figure 17 shows the displacement velocity
of LCMs in the whole tool under different displacements of fluid. It can be clearly seen that
the overflow rate of LCMs increases with the increase of fluid displacement.
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Figure 17. Velocity vector diagrams of LCMs under the action of low, medium and high displacement
fluids.

Under the condition that the mass flow of LCMs is 3 kg/s, it can be found that the
fluid displacement has a significant influence on the results. In Figure 18, the parameters
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for which the effect of fluid displacement changes the fluidity of LCMs are circled by boxes.
Low displacement mainly affects the flow properties of LCMs.
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Figure 18. Flow properties of LCMs under the action of the low, medium, and high displacement
fluids.

Figures 19 and 20 reflect the effect of different displacements on LCMs. The reduction
of the fluid displacement will reduce the overflow speed of the particles, resulting in the
deterioration of the flow properties. The drag force on the LCMs is also affected by the
displacement. The larger the displacement, the greater the drag force on the LCMs. As
shown in Figure 20, with a displacement of 55 m3/h, the drag force on the LCMs suddenly
increased in the subsequent period. This is because the LCMs clog the tool and reduce the
fluid flow channel area, which increases the fluid velocity around the LCMs.
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Figure 19. The magnitude of the pulling force of 1.4 mm LCMs at different displacements.
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Figure 20. Spill velocity of 1.4 mm LCMs at different displacements.

4.5. Influence of Fluid Viscosity on Flow Properties

As the primary performance of drilling fluid, viscosity cannot be ignored. Drilling
fluid relies on its own viscosity to suspend and carry solid phase materials. Therefore, it
has a specific influence on the flow properties of LCMs.

The flow properties of LCMs with two particle size under the action of different fluid
viscosities were tested. The particle size of LCMs is 1.4 mm and 1.5 mm, which are the
boundary conditions for blocking the mud screen or not, respectively. Figure 21 shows that
the increase in fluid viscosity effectively reduces the collision of LCMs with the tool. This
weakens LCMs from being hindered by tools. This enables the LCMs to leave the mud
screen in a more orderly manner from the pores, which improves the overflow rate of the
LCMs. As seen in Figure 22, the increase in fluid viscosity caused the LCMs to shift from
clogging the tool to a gentle spill. This shows that the fluid’s viscosity can change whether
the LCMs pass or not to a certain extent. In the process of plugging while drilling, the
viscosity of the drilling fluid should be increased within a safe range, which is beneficial to
the tool’s safety.
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Figure 21. Flow properties of 1.4 mm LCMs under the action of drilling fluids with different
viscosities.
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Figure 22. Flow properties of 1.5 mm LCMs under the action of drilling fluids with different
viscosities.

5. Conclusions

In this study, the flow-through performance of LCMs in mud screen was investi-
gated by using a coupled CFD-DEM method to build a scale model with the actual tool.
Concluded as follow:

(1) The migration process of LCMs in the mud screen can be divided into three stages,
including I, the migration of LCMS. 1II, Retention of LCMS. III, LCMS stacking.
Among them, the retention stage of LCM dominates the clogging degree of LCMs to
mud screen.

(2) The retention behavior of LCMs can be divided into two types. One is derived from
the bridging of LCMs with larger particle size in the pores of the mud screen, thereby
hindering the subsequent overflow of LCMs. Another source is that the difference
between the entry speed and the overflow speed of LCMs causes the accumulation of
LCMs in the mud screen.

(3) Mud screen requires that the particle size of LCMs needs to be controlled at 2 mm
or less. When the particle size of LCMs is less than 1.2 mm, the results of the mass
flow convection performance of LCMs do not change much. When the particle size of
LCMs ranges from 1.2 mm to 2 mm, the mass flow of LCMs needs to be paid attention
to because it dramatically affects the flow properties of LCMs.

(4) The flow properties of LCMs are favorable for fluid at high displacement. It helps
LCMs achieve higher overflow speed. Low displacement results in more severe clog-
ging of the mud screen by LCMs. The increase of fluid viscosity reduces the collision
frequency of LCMs with the tool, and the overflow of LCMs from the holes is more or-
derly. Therefore, in the MWD construction, optimizing the viscosity and displacement
of the drilling fluid can reduce the probability of the mud screen being blocked.
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