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Abstract

To optimize the key parameters of pipe-following drilling with spiral casing in underground spaces, the
analysis model including different particle sizes, borehole water flow velocities, and casing rotational
speeds is established using the CFD—DEM method. FLUENT and EDEM software are used to analyse
the relationship between the axial migration velocity of particles and the velocity of water flow and the
rotational speed of spiral casing. Results show that the axial conveying velocity of particles has a linear
relationship with the velocity of water flow, and it exhibits a power function relationship with the
rotational speed of casing. Under the coupling effect of water flow and casing rotation, increasing the
velocity of water flow has no obvious effect on improving the axial migration velocity of particles when
the rotational speed is low. When the rotational speed exceeds 120 rpm, increasing the water velocity
can obviously improve the axial migration velocity of particles with the increase in rotational speed.
This research provides a reference for the optimal drilling process and selection of key parameters for
pipe-following drilling with spiral casing.
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1. INTRODUCTION

Advanced drilling borehole plays an important role in exploitation disasters before tunnel
(roadway) excavation and exploration of underground resources and energy [1]. However,
under the multiple coupling of geological factors such as stratigraphic joints, bedding, and
original crushing with in situ stress and flushing media [2-5], a risk of collapse and instability
of boreholes exists, which results in the depth of advanced boreholes not reaching the design
position. The pipe-following drilling technology can realize the immediate follow-up of the
casing while drilling, which is an effective method to deal with complex strata, protect the
borehole wall, and extend the drilling depth [6].

Pipe-following drilling technology was initially used in the field of vertical drilling on the
ground. The casing is in a non-rotating state, and the flowback of drilling cuttings depends on
the upward carrying capacity of the drilling fluid enhanced by a treatment agent. However, for
the near-horizontal drilling conditions in underground spaces, the capability of the flushing
fluid to carry drilling cuttings is significantly weakened due to the use of air and water as the
flushing medium [7]. The casing in a non-rotating state is also prone to sticking accidents due
to deposited drill cuttings. Relevant research results show that the cutting flowback effect of
horizontal holes can be significantly improved when the string is rotated [8]. Therefore, relevant
research institutions have developed an air drilling technology using a double-powered rotary
head and double-tube system for broken soft coal seams in coal mines [9, 10]. To simplify the
requirements of the equipment and improve its universality, the author proposes a hole bottom-
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driven pipe drilling technology for broken strata in underground spaces; the rotation of the
casing is realized through the hole bottom-driven device without changing the existing
construction equipment [11]. This technology combined with spiral casing is used to solve the
problem of hole protection while drilling in broken formation. The aim is to improve the rate
and depth of hole formation in broken strata. When drilling in broken and easy-to-collapse
strata, achieving an efficient flowback of collapsed blocks is important to improve construction
efficiency and reduce drilling accidents.

2. STATE OF THE ART

Theoretical calculation, numerical simulation, and laboratory test are the three main methods
to study drilling slag migration in holes [12]. In the absence of rotational disturbance caused by
special-shaped drilling tools, the migration of drilling slag in the hole mainly depends on the
carrying effect of the drilling fluid. Cho et al. [13], Kelessidis and Bandelis [14], Hou et al. [15]
have divided the motion state of drilling slag in horizontal or inclined drilling holes into eight
types: uniform suspension, non-uniform suspension, formation of slip layer, forward movement
of slip layer, sand dune movement, and Boycott movement. Zhang et al. [16] used the basic
principle of fluid mechanics to derive the mechanical formula of the hydraulic loss along the
flushing fluid circulation process during the drilling of the anchor hole and the upward return
of the drilling slag in the flushing fluid under the solid—liquid coupling effect. Based on the
theory of powder mechanics, Wang et al. [17] established a mechanical model of the blockage
section of gas extraction boreholes, deduced the relationship equation between the dredging
pressure and the length of the blockage section, and emphatically analysed the influence of
lateral pressure coefficient and borehole dip angle on borehole blockage. Pan et al. [18]
analysed the stability of nitrogen foam, the fluidity of foam in drill pipe, drill bit, and annular
space, the suspension performance of pulverized coal in foam, the pressure loss of foam slag
discharge in annular space, and the force of foam upward slag discharge by power law
multiphase flow theory. To reveal the law of drilling slag migration in the hole from the micro
level and provide theoretical support for the optimization of drill pipe and construction
parameters, many scholars have used numerical simulation methods for analysis. Wang et al.
[19] regarded the mixture of water and slag as a non-Newtonian body with a certain density.
They used FLUENT to analyse the influence of the width, depth, and pitch of the spiral groove
of the grooved drill pipe on the slag discharge effect. Liu et al. [20] used the standard three-
dimensional turbulence model in the solid-liquid two-phase flow theory of the Euler model to
perform a three-dimensional dynamic analysis of the drilling slag migration process in the
small-aperture floor anchoring hole under different conditions. They obtained the slag removal
effect under different combinations of influencing factors. Fu et al. [21] used a multiphase flow
numerical simulation method to study the migration characteristics of drilling slag and the
influencing factors of small-diameter anchor holes in the floor strata. Mao et al. [22] studied
the effects of airflow velocity, cutting concentration, drilling speed, particle diameter, and
inclination angle on cutting transport in air reverse circulation drilling in tunnel construction
using a multiphase flow numerical simulation method. Jiang et al. [23] used a numerical
simulation method combining continuous and discrete phases to study the influence of the outlet
diameter, inlet diameter, and outlet length of the shaft boring machine on the slag discharge
performance. To overcome the difficulty of directly reflecting the movement process and
interaction of particles in the numerical simulation of multiphase flow, a numerical simulation
method based on CFD-DEM is widely used to study drilling slag migration in holes. DEM has
been widely used in the field of particle transportation [24]. Combined with fluid simulation
software, it can effectively simulate the interaction and motion characteristics of drilling
cuttings during drilling. Yu et al. [25] used a CFD-DEM numerical simulation method to study
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the influence of cutting bed cleaner on drilling slag migration. Akhshik et al. [26] presented a
coupled CFD and DEM approach to simulate cutting transport considering the dynamic
collision process. In addition, some scholars have used DEM alone to simulate the transport
behaviour of particle flow [27, 28].

In the abovementioned CFD—DEM coupling simulation study, the drilling slag is equivalent
to a sphere of the same diameter, and the irregularity of the drilling cuttings in the actual drilling
process is ignored. In particular, the migration law of large particles of drilling slag caused by
the collapse of the hole wall has not been reported. In addition, research on the coupling effect
of spiral blade rotary conveying and flushing medium has not been systematically conducted.

The rest of the paper is organized as follows. In the third part, the analysis model including
different particle sizes, borehole water flow velocities, and casing rotational speeds based on
the CFD-DEM method, material parameters, and simulation parameter settings are introduced
in detail. In the fourth part, the single and coupling relationships between the axial conveying
velocity and water flow velocity and casing rotational speed are analysed. The conclusions are
provided in the fifth part.

3. METHODOLOGY

3.1 Geometric model of coupled particle migration

In the discrete element simulation, the simulated borehole and spiral casing are set as the wall,
that is, the rigid body material. The structural size is shown in Fig. 1 a, and the detailed
description is given in Table I. The long drilling length in the actual drilling construction in the
underground space causes difficulty in establishing a full-scale numerical simulation model.
The 1 m drilling length is used to improve the simulation efficiency, as determined in the
discrete element simulation. In addition, considering that the casing is in contact with the
bottom of the hole wall under the action of gravity during the actual horizontal drilling process,
the spiral casing and the borehole are eccentrically set in the simulation, and the eccentric
distance is 6 mm. Using the fluid simulation software FLUENT, a liquid environment is
provided for the transportation of cutting particles in the borehole. The fluid calculation model
1s built in FLUENT. The steps of established model are discussed as follows:

(1) The fluid domain is extracted according to the geometry of the inner wall of the borehole
and the spiral casing. The fluid domain adopts a tetrahedral mesh. Given that the minimum
particle size is 15 mm, the mesh size of the fluid domain is 3 mm.

(2) The dynamic mesh is compiled according to the structural parameters and rotational
speed of the spiral casing. In this way, the fluid domain in FLUENT is consistent with the wall
motion in the discrete element simulation.

(3) The velocity inlet is set at one end of the particle factory in the corresponding discrete
element, the gas—liquid two-phase flow is set in the fluid domain, and the steady-state analysis
is started. When the borehole is completely liquid phase, the steady-state analysis result is used
as the initial result of the transient analysis of the solid—liquid two-phase coupling.

(4) By compiling the coupling interface file, the discrete element file is connected with
FLUENT to conduct two-way coupling simulation.

At the same time, a particle factory is set at the starting position of transportation, and the
particles fall freely under the action of gravity to simulate the effect of borehole collapse in
broken strata. The proportion of different sizes of rock debris particles in the particle factory is
set as shown in Fig. 1 b. The quantity and mass ratios of different particles are shown in Figs.
2aand 2 b, respectively. The specific modelling process of the particle factory is as follows:

(1) Drilling cuttings are collected from the construction site.

(2) The cuttings are classified according to size, which is divided into four levels of
<15 mm, 15-25 mm, 25-35 mm, and > 35 mm.
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(3) The non-contact laser three-dimensional scanner is used to scan and model the rock
debris particles with a diameter of > 15 mm, and the three-dimensional model of high-precision
point cloud in STL format is obtained.

(4) The STL format model of rock debris particles obtained by scanning is used as a
template to fill with hard sphere particles to construct a discrete element particle model of rock
debris with a complex morphology.
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Figure 2: Proportion of particles with different particle sizes.
3.2 Material properties

The material properties of the particles and the contact parameters between the particles and
the wall in the discrete element simulation have an important influence on the motion behaviour
of the particles. Based on the existing research on the calibration results of the discrete element
particle material, the particle and wall material parameters in the simulation are given in Table .

626



Xu, Zhang, Ye, Guo: Collapsed Particles Velocity Analysis in Drill Hole Based on CFD—-DEM

Table I: Main parameters of the material.

Poisson's ratio Young's modulus (GPa) | Density (kg/m?)
Particle 0.26 254 2600
Wall 0.28 204 7850
Elastic restitution Rolling friction Sliding friction
coefficient coefficient coefficient
Particle-particle 0.20 0.15 0.80
Wall-particle 0.24 0.10 0.60

3.3 Simulation scheme

As shown in Fig. 1 a, the water flow velocity is ¢, and the rotational speed of casing is n. The
particles move outside the hole under the coupling effect of the drag force of the fluid and the
spiral conveying of the spiral casing. The values of ¢ and n are shown in Table II.

Table II: Simulation variables.

g (m/s) n (rpm)
0.71,0.89,1.07, 1.24, 1.45 | 60, 120, 150, 180

4. RESULTS AND DISCUSSION

4.1 Comparison of traditional casing and spiral casing

Fig. 3 a shows that the particles are generated from the particle factory and settle to the bottom
of the borehole under the action of gravity. Some small debris particles are suspended in the
borehole under the action of water flow because of their small volume and mass, and they move
axially with the action of water flow. The figure also shows that the axial velocity is close to
the flow velocity. The large debris particles are concentrated at the bottom of the hole, and the
axial velocity is small. From 7= 10.6s to = 3.6 s, the axial displacement is not obvious.
Effectively discharging large-size rock slag is difficult when using ordinary casing. Fig. 3b
shows that, under the action of spiral casing, the large debris particle group settles at the bottom
of the borehole and the axial velocity is small when #=0.6 s. When #=1.6 s, the spiral casing
rotates one circle, and the spiral stirs and settles the large debris particle group at the bottom of
the borehole. At this time, the axial velocity of the particles increases significantly and moves
axially under the driving effect of the water flow. From the stages of 1=1.6-2.6 s and t=2.6—
3.6 s, the spiral casing periodically stirs the large particle group, avoids its deposition at the
bottom of the hole, and increases its axial movement speed. This result can be further confirmed
by the particle trajectory diagram shown in Fig. 4.

To quantitatively compare the lifting effect of the spiral and ordinary casing conditions, the
comparison results of the axial conveying velocity of particles in the borehole corresponding to
the two casings are given in Fig. 5a. The figure shows that, under the two casing conditions,
the axial flow velocity of the particles in the borehole increases gradually with the decrease in
the particle size of the cuttings, which corresponds to the particle motion in Fig. 3. Comparison
of the axial flow velocity of the particles in the spiral and ordinary casing conditions shows that
the spiral casing has a significant effect on the axial movement of the particles in the auxiliary
drilling, especially for the larger cutting particles. Specifically, the corresponding average axial
flow velocity of particles is approximately 2.5 times that of the ordinary casing (Fig. 5b). This
result further confirms the superiority of the spiral casing for the slag removal effect of the
underground horizontal drilling.
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4.2 Effect of rotational speed

According to the range of casing speed in Table II, the law of particle velocity changing with
casing speed under different water flow velocities in the hole is obtained by simulation. The
time domain curves for the axial migration velocity of particles corresponding to four different
speeds under a water flow velocity of 1.45 m/s are given in Fig. 6 a.

The geometric length of the borehole established in the simulation is 1 m. Fig. 6 a shows
that, when the flow velocity in the borehole is constant, the increase in the rotational speed of
spiral casing raises the average velocity of the particles moving along the axial direction of the
borehole. As a result, the time of the particles in the borehole in the simulation domain gradually
decreases. When the rotational speed of spiral casing increases from 60 rpm to 180 rpm, the
time of particles in the borehole is shortened from 3.75 s to 1.2 s, which further illustrates that
the rotational speed of casing has a significant effect on the axial flow of particles.
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Figure 6: Axial conveying velocity of particles under different rotational speeds.

To grasp the influence of the rotational speed of spiral casing on the axial flow velocity of
cutting particles, the results of the axial velocity of particles with different particle sizes
changing with the rotational speed of spiral casing under a water flow velocity of 1.45 m/s are
given in Figs. 6 b and 6 c. Fig. 6 b shows that the axial flow velocity of cuttings with different
particle sizes increases monotonously with the rise in the rotational speed of spiral casing. The
relationship between the axial velocity of particles and the rotational speed of casing is analysed
using linear, power, and parabolic functions. Analysis of the parameters of each regression
model shows that, for describing the relationship between the axial velocity of particles with
different particle sizes and the rotational speed of spiral casing in the range of 60—180 rpm, the
fitting result of the parabolic function is the best. The determination coefficient R* of the fitting
function corresponding to the four particle sizes is greater than 0.98; the second is the power
function, and the fitting function R? corresponding to the four particle sizes is greater than 0.90.
The fitting results of the linear function are relatively poor. Although the parabolic function has
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the best fitting results for the axial velocity of particles and the rotational speed of casing,
according to construction site experience, the slag discharge effect of the spiral casing generally
increases with the rise in casing speed. Therefore, according to the fitting function parameters
in Table III, when the casing speed increases from 0 rpm to 60 rpm, the axial velocity of
particles decreases first and then increases, which is obviously inconsistent with the actual
situation. Thus, the power function should be used to describe the relationship between the axial
flow velocity of particles in the borehole and the rotational speed of casing. It should also be
utilized to evaluate the slag discharge characteristics in the actual drilling construction process
according to the rotational speed of casing. In addition, the axial flow velocity of all cutting
particles in the borehole is averaged, and the average axial flow velocity of the particles
corresponding to different spiral casing speeds is obtained, as shown in Fig. 6 c. At the same
time, the power function fitting is also used. The fitting results show that, within the confidence
interval of 99 %, a strong power function relationship exists between the average axial flow
velocity of particles and the casing speed (R? > 0.90).

Table III: Fitting results of different types of functions.

Regression model Size Fitting equation R? F D
> 35 mm V,=0.004n-0.133 0.888 | 27.078 | 0.035
Linear regression 25-35 mm V,=0.004n-0.117 0.931 | 15.871 | 0.058
15-25 mm V,=0.004n-0.133 0.920 | 23.139 | 0.041
<15 mm V,=0.004n-0.097 0.922 | 23.733 | 0.040
> 35 mm V,=6.59:10n" "% 0.909 | 82.304 | 0.012
Power function 25-35 mm V,=2.3910"n'%# 0.940 | 142.458 | 0.007
regression 15-25 mm V,=1.8610"n'3%6 0.930 | 115.615 | 0.009
<15 mm V,=4.4910"n'4? 0.921 | 117.025 | 0.009

>35mm | V,=3.8210°1*-0.0052+0.318 | 0.990 | 47.794 | 0.010
Parabolic function | 25-35 mm | V,=2.93:10°2*-0.0032+0.230 | 0.990 | 48.743 | 0.011

regression 15-25mm | V,=3.2410°n*-0.003n+0.250 | 0.983 | 28.609 | 0.013
<15mm | V,=3.3410°1*-0.0032+0.298 | 0.990 | 48.181 | 0.010

4.3 Effect of rotational speed

To clarify the single factor’s influence of the flow velocity of the borehole on the slag discharge
characteristics of the large particles, the time domain curves of the axial velocity of the particles
under different flow velocities at 150 rpm of the spiral casing are given in Fig. 7a. When the
flow velocity in the borehole increases from 0.71 m/s to 1.45 m/s, the time for the rock slag
particles to discharge from the simulation domain in the hole gradually shortens. In addition,
the axial velocity of rock slag particles with smaller particle size is significantly higher than
that of rock slag particles with larger particle size, which is similar to the change rule of particle
axial velocity under different casing rotational speeds. To quantify the influence of borehole
flow velocity on the axial flow velocity of particles with different particle sizes, the variation
law of the axial and flow velocities of particles with different particle sizes is obtained.

Fig. 7 a shows that, with the increase in the flow velocity of the borehole, the slag carrying
characteristics of the water flow are enhanced, and the rock slag particles of each particle size
show a linearly increasing trend. The relationship between the flow and axial velocities of
particles is also fitted using the linear, power, and parabolic functions (Table IV). According to
the analysis of the coefficient of determination R?, the parabolic function is the best for
describing the relationship between the flow and axial velocities of particles in the range of
0.71-1.45 m/s. However, similar to the reason for the relationship between the rotational speed
of spiral casing and the axial velocity of particles, field construction experience suggests that
the slag carrying effect is better when the amount of water in the borehole is large. Thus, the
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parabolic function is used to describe the relationship between the two. However, the fitting
outcome is inconsistent with the actual situation. Therefore, the fitting equation parameters of
the linear and power functions are further compared. Analysis of the regression parameters of
the two fitting models shows that the linear function is more effective in describing the
relationship between water flow velocity and particle axial velocity. As shown in Figs. 7b and
7c, a strong linear relationship exists between the flow and axial velocities of particles
(R*>> 0.90) in the 99 % confidence interval. According to the range of casing speed in Table II,
the law of particle velocity changing with casing speed under different water flow velocities in
the hole is obtained by simulation.
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Figure 7: Axial conveying velocity of particles under different water flow velocities.
Table IV: Fitting results of different types of functions.
Regression model | Chips size Fitting equation R? F D
> 35 mm V,=0.358¢—0.057 0.968 | 91.458 | 0.002
Linear recression 25-35 mm V,=0.407¢—0.088 0.975 | 114.627 | 0.002
& 15-25 mm V,=0.4199—-0.064 0.981 | 156.046 | 0.001
<15 mm V,=0.437¢—-0.031 0.921 | 34.781 0.01
> 35 mm V,=1.197¢"*" 0.962 | 684.893 | 0.000
Power function 25-35 mm V,=1.2864¢"" 0.973 | 865.201 | 0.000
regression 15-25 mm V,=1.163¢"% 0.973 | 976.598 | 0.000
<15 mm V,=1.035¢"4 0.890 | 268.463 | 0.000
> 35 mm V,=0.137¢*+0.061¢+0.095 | 0.975 | 39.740 | 0.025
Parabolic function | 25-35mm | V,=0.190¢>—0.003¢+0.121 | 0.985 | 66.463 | 0.015
regression 15-25mm | V,=-0.067¢*>+0.562¢g—0.137 | 0.982 | 55.740 | 0.018
<15mm | V,=-0.521¢>+1.563¢g—-0.603 | 0.987 | 74.800 | 0.013
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4.3 Coupling effect of rotational speed and water flow velocity

As shown in Fig. 8, the coupling relationship between the axial velocity of particles and the
rotational speed of casing and the velocity of water flow is given. When the rotational speed is
low, the increase in the water flow velocity has no obvious effect on the rise in the axial
migration velocity of particles. When the rotational speed further increases and exceeds 120
rpm, the increase in the speed of water flow can obviously improve the axial migration speed
of particles. The rotation of the spiral casing can play a role in disturbing the drilling slag by
effectively inhibiting its settlement. Thus, the flushing fluid can better play its carrying role.
After fitting, the mathematical relationship between the axial migration velocity of particles
and the rotational speed of casing and the velocity of water flow is as follows:

V,=0.37-0.036¢ —0.0071—0.046¢> + 3.14-10"51% + 0.0034ngq (1)

/—-/‘/:;‘i\
= ny 0.75
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\ | Fitting surface
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e - 0.60
o
~~
Y B 0.45 »
’ £
\ V,70.37-0.036¢-0,0071-0.046¢°+3.14x10°1+0.0034nq L 030

\ R*=1

Figure 8: Axial conveying velocity of particles under different water flow velocities.

S. CONCLUSION

The coupling analysis model based on the CFD-DEM method was established in this study to
determine the effect of the rotational speed of casing and the velocity of water flow in the
borehole on the axial migration velocity of differently sized particles. Meanwhile, 20 sets of
numerical calculations were conducted by changing the rotational speed and water flow velocity.
Ultimately, the position state of particles with different particle sizes in the hole and the change
curve of the axial migration velocity of particles were obtained. The specific conclusions are
obtained as follows:

(1) The spiral casing has a significant improvement effect on the axial movement of
particles in the auxiliary drilling, especially for the larger cutting particles. The corresponding
axial flow velocity of particles is approximately 2.5 times that of the ordinary casing, which
confirms the superiority of the spiral casing in improving the slag removal effect of the near-
horizontal drilling.

(2) The axial conveying velocity of particles has a linear relationship with the velocity of
water flow, and it has a power function relationship with the rotational speed of casing. Under
the coupling effect of water flow and casing rotation, when the rotational speed is low,
increasing the water flow velocity has no obvious effect on improving the axial migration
velocity of particles. When the rotational speed further increases and exceeds 120 rpm, the
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increase in the velocity of water flow can obviously improve the axial migration velocity of
particles.

(3) In practical engineering applications, the casing should be in rotating state before
opening the flushing medium. Otherwise, the flushing medium can be easily blocked due to
particle deposition. The accumulated particles will lock the casing under the pressure of the
flushing medium and cause an accident in the hole.

The single and coupling relationship between the axial conveying velocity of particles and
the rotational speed of casing and the velocity of water flow are studied in detail in this work.
The importance of the research results for engineering practice is summarized. The research
provides a reference for the optimal drilling process and selection of key parameters of pipe-
following drilling with spiral casing.
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