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Abstract: The borehole drilling distance is short in soft and gas outburst-prone coal seams because of
drill pipe jamming induced by cuttings accumulating in the borehole, hindering coal mine gas hazard
prevention and utilization. A surface multi-hole (SMH) drill pipe composed of a bearing layer, fluid
layer, and anti-sparking layer was proposed preliminarily, where several sieve holes were also set.
To study the process of drilling cuttings in boreholes entering into the inner hole of an SMH drill
pipe and its influencing factors, mechanical model analysis, CFD-DEM simulation, and a physical
experiment were conducted. Our research results show the cutting entering region (CER) of the SMH
drill pipe shrinks with the rotary speed, expands with the external extrusion force, and is offset with
the sieve hole inclination angle. The drilling cuttings migrate and accumulate over time between the
borehole wall and SMH drill pipe, which increases their compressive forces and induces increases in
the mass and diameter of those entering into the sieve holes. The sieve hole diameter and depth are
critical factors impacting the drilling cuttings entering into the sieve holes, which is also related to
an appropriate rotary speed of the drill pipe. Finally, SMH drill pipes with a sieve hole diameter of
10 mm, inclination angle of 10°, and depth of 8 mm were determined and trial-manufactured.

Keywords: borehole drilling; surface multi-hole drill pipe; sieve hole; cutting entering region

1. Introduction

Coal is an important natural resource for industry production and human life through-
out the world [1,2]. For the major coal producers, such as China, India, Australia, the USA,
etc., coal seam gas extraction and utilization are critical to the safety of coal mines, as well
as to reducing the greenhouse gases emitted into the atmosphere [3,4]. Generally, methane
stored in coal seams can be extracted via boreholes under negative suction pressure, which
has been studied for many years [5-7]. For coal seams with high strength and low gas
content, it is feasible to conduct borehole drilling in the coal seam by conventional drilling
techniques. However, there are many soft and outburst-prone coal seams in the provinces of
Henan, Anhui, Guizhou, Shanxi, etc., in China, where the borehole length in the coal seam
is very short and cannot meet the requirement of coal seam gas efficient extraction [8-10].
Therefore, it is urgent to develop novel drill pipes to improve the borehole length in soft
and outburst-prone coal seams and clarify their drilling cutting discharge mechanisms.

Figure 1 shows the conventional drill pipes adopted in coal seam borehole excavation.
The spiral blade drill pipe (Figure 1a) and smooth-surfaced drill pipe (Figure 1b) were
adopted in coal seam borehole drilling in China during the 20th century and are still used
now. The smooth-surfaced drill pipe’s rotary motion helps to disperse the drilling cuttings
into the main flow region and, hence, improves the quality of drilling cutting transport
and borehole cleaning [11-14]. Because of the complexity of coal seam geology, the drilling
length of the spiral blade and smooth-surfaced drill pipes only range from about 30 to
70 m in soft and gas outburst-prone coal seams. The borehole along the coal seam tends to

Energies 2022, 15, 3763. https:/ /doi.org/10.3390/en15103763

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15103763
https://doi.org/10.3390/en15103763
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1573-4624
https://doi.org/10.3390/en15103763
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15103763?type=check_update&version=1

Energies 2022, 15, 3763

20f17

become damaged and cracked due to its low strength and high gas content [9,15]. Based
on the elasticity—plasticity theory, the coal around the in-seam borehole can be divided
into three typical regions, including stress relaxation, stress concentration, and intact stress
regions. During borehole drilling in the coal and gas outburst-prone coal seam, the coal in
the stress relaxation and concentration regions tends to flow and crack, inducing a large
amount of gas—coal outburst from the borehole wall and the jamming of drill pipes [16,17].
Sun Y. et al. analyzed the reasons for drilling difficulty in the soft coal seam and proposed
a concept of a “drilling cave” (Figure 1f), which is formed around an in-seam borehole
under the effects of in situ stress, gas pressure, coal mechanical properties, and drilling
disturbance. The velocity of airflow could decrease due to the large space of the drilling
cave, which induces a large quantity of drilling cuttings to concentrate around drill pipes in
the drilling cave, inducing serious drill pipe jamming. The blockage of the drilling cutting
discharge channel outside the drill pipe was considered to be the primary cause of the
drilling difficulties [18].
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Figure 1. Drilling techniques in soft and outburst-prone coal seam. (a) Spiral blade drill pipe;
(b) smooth-surfaced drill pipe; (c) prismatic drill pipe; (d) grooved drill pipe; (e) normal drilling
condition; and (f) drill pipe jamming.

Directional drilling technology has also been widely used in borehole drilling in coal
seams, whose longest drilling length is about 3000 m in the coal seam with a firmness
coefficient greater than 1.5 [19-22]. However, in coal and gas outburst-prone seams, the
borehole length created by the directional drilling technology is no longer than that made
by conventional rotary drilling technology, because the drill pipes of the directional drilling
technology could be locked tightly by the coal from the cracked borehole, barely able to
remove the drill pipes from the seam [23,24].

To solve the problem of drill pipe jamming in soft and gas outburst-prone coal seams,
some novel drill pipes have been developed. As shown in Figure 1c, a prismatic drill pipe
was proposed and successfully applied in the provinces of Henan, Shanxi, and other regions
in China [25,26]. By a numerical simulation method, the interaction of drilling fluid and
prismatic drill pipe rotation was analyzed. It showed that a fluid vortex would form on the
surface of the prismatic drill pipe during the rotation, which was beneficial for drill cuttings’
migration into the borehole and reduced the probability of drill pipe jamming [27,28]. Sun,
Y. et al. proposed a novel grooved drill pipe, which is shown Figure 1d. Using the grooved
drill pipe, drilling cuttings in the drilling cave could be discharged easily by the drag forces
of fluid and the interactions of the grooves’ rotation [18,29,30]. However, with an increase
in mining depth, the in situ stress in the seam increases fast, which induces a jamming risk
for the grooved drill pipe. The stability of a borehole can be improved by spraying foam
concrete onto the borehole wall during drilling, but the operation process is very complex,
causing the drilling efficiency to be low [31].

For the smooth-surfaced, prismatic, grooved drill pipes, and directional drill pipes,
drilling cutting migration is between the hole wall and drill pipe (as shown in Figure 1e),
which is critical for borehole drilling and is influenced by fluid velocity, drill pipe structure,
rotary speed of drill pipe, etc. [32]. Under high in situ stress, borehole deformation is
inevitable, which causes an increase in compressive force imposed on the surface of the
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drill pipes, locking the drill pipe [10]. Therefore, drilling cutting transportation between
the borehole wall and drill pipes is unreliable for long-distance borehole drilling in soft
and gas outburst-prone coal seams. This could cause borehole blockage and drill pipe
jamming [33,34].

As shown in Table 1, most of the drilling technology and drilling cutting migration
studies have been based on the conventional drill pipes introduced above, but the difficult
problems of drilling in soft and gas outburst-prone coal seams, such as borehole blockage,
drill pipe jamming, etc., have still not been resolved.

Table 1. Analysis methods for a drill pipe’s working mechanism and drill pipes” advantages and

disadvantages.
Type of Drill Pipes Analysis Methods Advantages Disadvantages
. - Cuttings discharged by spiral blade, Rotation resistance is large; drill
Spiral blade drill pipe no need for fluid. pipe jams easily.
a1 Structure of drill pipe is simple. Borehole blockage easy in soft
Smooth-surfaced drill pipe Theoretical and mechanical analysis;  The drill pipe strength is high. coal seam.
Prismatic drill oi rg;l]l)t}]%}g\sde flow in CFD; Vortex release effect on cuttings Drillpipe joint strength is low;
smatie pipe in borehole. drillpipe jamming.
. . . The spiral delivery function is
Grooved drill pipe Cuttings discharged by fluid and small; borehole blockage in soft

spiral grooves.
piral g coal seam.

Therefore, we proposed a novel surface multi-hole (SMH) drill pipe with a different
structure and working mechanism from the conventional drill pipes, by which the drilling
cuttings could enter into the inner hole of the SMH drill pipe through sieve holes and
then be transported out of the borehole by fluid. The drilling cutting transport channel
of the SMH drill pipe is located in the center of drill pipe and is not affected by borehole
stability. In addition, after the drilling cuttings enter into the SMH drill pipe via the
sieve holes, the drill pipe’s rotation resistance decreases, which is crucial for long-distance
borehole drilling in the soft and gas outburst-prone coal seam. However, there is little
research on this novel SMH drill pipe. In this paper, we focus on the process of the
drilling cuttings entering into the sieve holes on the SMH drill pipe, the influencing factors,
and the parameter optimization of the SMH drill pipe, which contributes to illuminating
the working mechanism of the SMH drill pipe and obtaining the optimal parameters.
Furthermore, the SMH drill pipe proposed in this study provides a new method for long-
distance borehole drilling in soft and gas outburst-prone coal seam, supporting gas hazard
prevention and unconventional natural gas utilization.

2. SMH Drill Pipe and Mechanical Model of Drilling Cuttings Entering into the
Sieve Holes

2.1. SMH Drill Pipe

As shown in Figure 2a, the SMH drill pipe is composed of a bearing layer, fluid layer,
and anti-sparking layer. On the surface of the bearing layer, there are several axial and
spiral grooves. In the fluid layer, there are four fluid channels. The inner hole of the
anti-sparking layer is for discharging drilling cuttings. Additionally, for all three layers,
there are several sieve holes from the axial grooves to the inner hole. The sieve holes are
not connected to the fluid channels. Drilling cuttings produced from the bottom of the
borehole and the wall of the borehole can enter into the inner hole of the anti-sparking
layer via the sieve holes. Then, drilling cuttings in the inner hole can be discharged out of
the borehole under the drag force of air/water flow, which is critical to borehole drilling
for the SMH drill pipe in soft and outburst-prone coal seams.
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Drilling cuttings

(b)

Figure 2. Structure of SMH drill pipe. (a) Three-dimensional structure; (b) cross section of SMH drill
pipe in borehole. A. Bearing layer; B. fluid layer; C. anti-sparking layer. 1. Axial grooves; 2. spiral
grooves; 3. fluid channel; 4. inner hole; 5. sieve hole.

2.2. Mechanical Model of Drilling Cuttings Entering into the Sieve Holes

Taking horizontal drilling as an example, the forces imposed on a single drilling
cutting at the sieve hole of the SMH drill pipe are shown in Figure 3. It can be seen that the
forces imposed on the drilling cutting are composed of gravity, friction force, supporting
force, and external extrusion force. The necessary condition for drilling cuttings entering
into the sieve holes of the SMH drill pipe is that the radial resultant force is greater than the
centrifugal force, i.e., F, > F [35].

F, =F, + Mg [sinf + cos(0 — B)(ucosf — sinf)] @D

F. = Mrr®n? /900 2)

where F, and F, represent the radial resultant force and centrifugal force imposed on the
drilling cuttings, respectively; F, is the external extrusion force on the drilling cutting,
pointing towards the center of the drill pipe; M is the average mass of the drilling cutting;
and g is the gravitational acceleration, 9.8 m? /s in this paper. 0 is the angle between OA
and OB; S is the angle between the sieve hole axis and OA, i.e., the inclination angle of the
sieve holes; u is the friction coefficient between the drilling cutting and the sieve hole wall;
r is the distance from the drilling cuttings to the inner hole axis; and # is the rotary speed of
the SMH drill pipe.

Figure 3. Mechanical model of drilling cuttings entering into the sieve holes of an SMH drill pipe.

In order to explain the mechanical characteristics of drilling cuttings entering into the
sieve holes preliminarily, we calculated the radial resultant force of a single drilling cutting
particle and compared it with the centrifugal force. Through experimentation, we assumed
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that a drilling cutting has an average mass of 0.05 g, the outer diameter of the SMH drill
pipe is 89 mm, the inner hole diameter is 49 mm, and the sieve hole diameter is 10 mm.

In this study, we defined the angle range of F, > F. in the drill pipe cross section as
the concept of a cutting entry region (CER). When the sieve hole inclination angle is 10°,
and the external extrusion force is 1.5 x 10~* N, the resulting relation plots of F, and F, are
shown in Figure 4a. From this, we can see that only a region of the circumference direction
of the SMH drill pipe is the CER. When the sieve holes are in the CER, drilling cuttings
can enter into the sieve holes. On the contrary, when the sieve holes are outside the CER,
the drilling cuttings cannot enter into the sieve holes. As shown in Figure 4b, the higher
the rotary speed of the drill pipe, the greater the centrifugal force imposed on the drilling
cuttings in the sieve holes, and the smaller the range of the CER. As shown in Figure 4c,
when the sieve hole is set to an inclined one, biasing the rotary direction of the drill pipe as
shown in Figure 3, the position of the CER is offset toward the reverse direction of the drill
pipe rotation, but this has little effect on the size of the CER. As shown in Figure 4d, when
the drilling cuttings are subjected to external extrusion forces of different sizes, the CER
also changes. The greater the extrusion force is, the greater the resultant force of cuttings
entering is, and the greater the CER is, correspondingly. The increase in CER is beneficial
for the drilling cuttings entering into the sieve holes.
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Figure 4. Mechanical analysis diagram. (a) F; and F. variations with 6 at a rotary speed of 120 rpm, a
B value of 10°, and an extrusion force of 1.5 X 10~* N; (b) F; and F, variations with 0 at a B value of
10°, an extrusion force of 1.5 x 10~ N, and rotary speeds of 120, 140, 160, and 180 rpm; (c) F; and F
variations with 6 at a rotary speed of 120 rpm, an extrusion force of 1.5 x 10~# N, and 8 values of 0°,
5°,10°, and 15°; (d) F; and F. variations with 6 at a rotary speed of 120 rpm, a  value of 10°, and an
extrusion force of 0, 0.5 x 1074,1.0 x 1074, and 1.5 x 1074 N.

The mechanical analysis only considered the influences of the rotary speed of the
SMH drill pipe, sieve hole inclination angle, and external extrusion force on the entrance of
the drilling cuttings into the sieve holes. However, there might be other factors affecting
drilling, such as the sieve hole diameter, sieve hole depth, interaction between drilling
cuttings, etc. Therefore, it was necessary to carry out numerical and physical simulations
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to further explore the process and mechanism of drilling cuttings entering into the sieve
holes, which is of importance to optimize the SMH drill pipe structure.

3. Numerical Simulation by CFD-DEM Method
3.1. Geometric Model and Boundary Conditions

As shown in Figure 2a, the fluid channels set in the bearing layer of the SMH drill
pipe are used to convey water/air, which has little effect on the entrance of drilling cuttings
into the sieve holes. Therefore, the fluid channels were omitted for simplification. Figure 5
shows the geometric model of the SMH drill pipe. The outer diameter of the SMH drill
pipe was 89 mm, the inner hole diameter was 49 mm, and the borehole inner diameter was
110 mm. The length of the drill pipe was 1000 mm. By the CFD-DEM method, the drilling
cuttings” migration process was simulated under drill pipe rotation and fluid (the fluid
is air in this paper) drag. This numerical simulation was performed using FLUENT15.0
combined and coupled with EDEM2.7 [36-42]. As shown in Figure 5, Sections 1 and 2 were
set on two ends of the model. Air entered into the model from Section 2 and flowed via the
spaces between the borehole wall and drill pipe wall, the inner hole of the drill pipe, and
the sieve holes. Drilling cuttings produced from the particle factory flowed to the outlet. It
should be noticed that there was no air or drilling cutting migration by Section 1, since the
inner hole of the SMH drill pipe is the only channel for drilling cutting discharge at the
opening of borehole.

Air and cuttings Borehole  Particle factory
outlet \ \

I N N R NN NN NN NN I :: Lo
oooooooooooSMHdn”|eoooooooooooooo <—A||’|n|et
111l -

1

Section 1 Section 2
Figure 5. Geometric model of an SMH drill pipe in a borehole.

In the CFD modeling, the calculation domain of this study was the region inside
the finite length borehole, and the borehole wall was stable without deformation. The
unstructured mesh was adopted for the modeling, and the number of cells was 15,604. The
air velocity inlet condition was given at Section 2, and the air velocity was 10 m/s. The
pressure outlet condition was adopted for the outlet, and the pressure was set equal to
1 atm. The gravitational acceleration direction was vertical downward, and its value was
9.81 m/s?. The selected turbulence model was the realizable k-¢ turbulence model. The
standard wall function approach was used near the wall. The CFD and DEM were coupled
by the Eulerian—Eulerian method. To achieve a satisfactory convergence, the CFD and DEM
time steps were set at 1 x 1073 sand 1 x 107 s, respectively. The DEM time step was set
100 times smaller than the CFD time step [37,43].

Drilling cuttings were simplified as numerous particles in this section. Drilling cuttings
from four coal mines in different regions of China were collected. Then, the drilling cuttings
were divided into six groups, including 0~1 mm, 1~3 mm, 3~6 mm, 6~9 mm, 9~12 mm,
and >12 mm. For the drilling cuttings from the four coal mines, the diameter distribution is
shown in Figure 6. It can be seen that the diameter distributions of the drilling cuttings
from different coal mines are different. Additionally, the lower the firmness coefficient of
coal is, the larger the proportion of small size cuttings is. For soft coal seams, the proportion
of drilling cuttings less than 3 mm is more than 50%.

A particle factory was set at one of the ends of the geometric model shown in Figure 5.
Because the shapes of the drilling cuttings were irregular, the basic cutting particle in this
simulation was composed of four 2 mm particles, and its effective size was 6 X 5 x 4 mm. To
analyze the larger particle size range, referring to the distribution characteristics of drilling
cuttings in the soft coal seam (Figure 6), the sizes and mass percentages of the drilling cutting
particles produced by the particle factory were 0.5 times (50%), 1 times (30%), and 1.5 times
(20%) the size of the basic cutting particle.
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Figure 6. The diameter distributions of drilling cuttings from: (a) Shoushan coal mine; (b) Mengjin

coal mine; (c) Pingdingshan 1% coal mine; and (d) Tunliu coal mine with firmness coefficients of
0.18-0.22, 0.12-0.46, 0.21-2.61, and 0.44-0.53, respectively.

b
4.62%

1.83%
45%

3.2. Numerical Simulation Results
3.2.1. Drilling Cutting Migration

As shown in Figure 7, the drilling cuttings between the borehole wall and the SHM
drill pipe gradually moved from Section 2 to Section 1 between 0.2 and 0.8 s. The drilling
cutting migration was influenced by gravity, particle-particle interactions, particle—drill
pipe interactions, and the drag force of the air flow. Figure 8 shows the distribution shape
of the drilling cuttings on the surface of the SMH drill pipe at 0.8 s and the drilling cuttings’
velocity vectors. It can be seen that drilling cuttings in the spiral groove had an axial
velocity component Vi to the left. From Figures 7 and 8, it can be seen that the drilling
cuttings were distributed along the spiral and axial grooves and migrated forward with the
rotation of the SMH drill pipe, indicating that the grooves on the bearing layer of the SMH
drill pipe helped the migration of drilling cuttings. The drilling cuttings accumulated near
Section 1, which can be attributed to no particle or air flow in Section 1. Near Section 1,
the number of accumulated drilling cuttings increased with time. Furthermore, there were
more drilling cuttings entering into the inner hole of the SMH drill pipe with the increase
in drilling cutting accumulation near Section 1.

(a)

(b)

OF

@

Dis

Figure 7. Drilling cutting migration at: (a) 0.2's, (b) 0.4 s, (c) 0.6 5, and (d) 0.8 s.
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Figure 8. Drilling cutting distribution on grooves shape at 0.8 s and velocity vectors.

3.2.2. Compressive Forces and Velocities of Drilling Cuttings

The compressive forces of drilling cuttings in the borehole at 0.2s,0.4 s, 0.6 s, and 0.8 s
are shown in Figure 9. It can be seen that there was little compressive force on the drilling
cuttings at 0.2 s, whose maximum compressive force was only 0.35 N. At 0.4 s, there were
more drilling cuttings accumulated near Section 1, inducing the increase in the compressive
forces on the drilling cuttings, whose maximum value was 1.00 N. Additionally, at 0.6 s
and 0.8 s, the numbers of drilling cuttings with the compressive force of 1.00 N were more
than those at 0.2 s and 0.4 s.

(a) (b)

(d)

Compressive Force (N)

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 9. Compressive forces on drilling cuttings at: (a) 0.2 s; (b) 0.4 s; (c) 0.6 s, and (d) 0.8 s.

The drilling cuttings” average compressive forces out of the SMH drill pipe and the
maximum diameter of drilling cuttings entering into the sieve holes are shown in Figure 10a.
It can be seen that the average compressive forces of drilling cuttings out of the SMH drill
pipe gradually increased over time. When the average compressive force was lower than
0.075 N, the maximum diameter of the drilling cuttings entering into the sieve holes
was 6 mm. The maximum diameter of the drilling cuttings entering into the sieve holes
increased with the increased average compression force. Figure 10b shows the total mass
variation in drilling cuttings entering the sieve holes over time. Combining Figure 10a,b, it
can be seen that the number of drilling cuttings entering into the sieve holes increased with
the increase in the average values of the compressive forces on the drilling cuttings.

o
N
G

12 %520
—=— Average compressive force > 4
e 8 .
E 94 —— Maximum diameter 020 g £ 154 /
£ & ¢
= 5 151
2 041545 k7
= % £104
£ g 2
0.10
: . E
£ 34 % 2]
2 0.05 e
3 s % -
< £ 0 "
0 10.00 S
00 02 04 06 08 00 02 04 06 08
Time (s) Time (s)
(a) (b)

Figure 10. Average compressive force and total mass of drilling cutting variations over time. (a) Av-
erage compressive force of drilling cuttings outside the drill pipe and the maximum diameter of the
drilling cuttings entering into the sieve holes; (b) Drilling cutting total mass in the sieve holes.
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Figure 11 shows the drilling cuttings” velocity vectors” evolution over time. It can be
seen that the velocities of the drilling cuttings at 0.2 s were about 2.00 m/s, indicating fast
migration between the SMH drill pipe and the borehole wall. At 0.4 s, the velocities of
the drilling cuttings at the bottom and left upper sections of the borehole were less than
0.6 m/s, but the velocities of the drilling cuttings at the right upper section were about
2.0 m/s. This indicates that drilling cuttings outside the drill pipe accumulated first in the
bottom and left upper sections of the borehole under the action of gravity and drill rotation.
Despite the SMH drill pipe rotation, the velocities of the drilling cuttings near Section 1
were about 0 at 0.6 s and 0.8 s, but the velocities of the drilling cuttings near the SMH drill
pipe were about 0.6~1.2 m/s. This indicates that with the drilling cutting accumulation near
Section 1, the compressive forces imposed on cuttings increased to inhibit their migration.
However, the drilling cuttings on the surface of the SHM drill pipe could migrate with the
interaction of the drilling cuttings and the drill pipe.

(a) (b) (0) (d)

Velocity (m/s)
0.00 0.20 0.40 0.60 0.20 1.00 1.20 1.40 1.60 1.80 2.00

Figure 11. Drilling cutting velocities at: (a) 0.2 s, (b) 0.4 s, (¢) 0.6 s, and (d) 0.8 s.

3.2.3. Cutting Entry Region (CER) Analysis

By observing the process of the drilling cuttings entering into the sieve holes in the
CFD-DEM simulation, the CER range was obtained. As shown in Figure 12, with the
rotation of the SMH drill pipe in the borehole, the drilling cuttings could only enter the
sieve holes in a certain area in the circumferential direction of the drill pipe. Figure 12a
shows the CER variation with drill pipe rotary speeds of 120, 140, 160, and 180 rpm, and the
range of CER at the corresponding rotary speed is indicated in the pie charts A, B, C, and
D, respectively. Pie chart E is the superposition of A, B, C, and D. As shown in Figure 12a,
the CER shrank with the increase in drill pipe rotary speed, which is consistent with the
CER changing, mentioned in Figure 4b. In fact, outside the CER, drilling cuttings at the
bottom of the cutting discharge channel in the inner hole of the drill pipe could fall into
the sieve holes under the action of gravity. If there is a gap outside the drill pipe, and the
rotary centrifugal force on cuttings is greater than the resultant force, the drilling cuttings
in the discharge channel will be thrown out through the sieve holes.

280 1 280
- w, &y o, 4B fa
240 240 ’ ©
A B c D A B D
200 2001
160 . , 160
~ o 3 & - ¥ 0
guop gl gl & S gy 3
7 i b ° i
804 = By i, E 80 =
N J 3 "
K
404 40
0 L T T T T 0 L
120 140 160 180 0 5 10 15
n (rpm) B(°)
(a) (b)

Figure 12. CER variations with n and B. (a) Drill pipe rotary speed; (b) sieve hole inclination angle.
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Figure 12b shows the CER variation at  values of 0°, 5°, 10°, and 15°, and the range of
the CER at the corresponding 8 value is indicated in pie charts A, B, C, and D, respectively.
Pie chart E is the superposition of A, B, C, and D. As shown in Figure 12b, the sieve hole
inclination angle had little effect on the CER size but led to offset the CER against the drill
pipe’s rotary direction, which agrees with the CER changing mentioned in Figure 4c.

4. Drilling Cuttings Entering into Sieve Holes in the Laboratory Experiment
4.1. Materials and Methods
4.1.1. Test Equipment

For further illumination of the drilling cuttings’ entrance into the sieve holes and
the optimization of the SMH drill pipe, an experiment was conducted by using the test
equipment shown in Figure 13, which was composed of a fixing frame, rotation motor,
frequency converter, air supplier, drilling cutting box, and discharge pipe. The rotation
motor was regulated by the frequency converter, whose speed ranged from 0 to 200 rpm.
The air supplier was composed of an air source processor and an air compressor with the
rated pressure of 0.8 MPa. Moreover, the drilling cutting box was adopted to accommodate
drilling cuttings with a length of 300 mm, width of 240 mm, and height of 400 mm. With
the aid of pressured air from the air compressor, drill pipe rotation, and gravity, the drilling
cuttings were discharged out of the SMH drill pipe and discharge pipe.

< 4
ICuttings |8
' outlet %

g T— %
Air compressor % ; Air source | pouch ()’

processor
[P, - S | e ol

Figure 13. Equipment used in laboratory.

4.1.2. Drilling Cuttings and SMH Dirillpipe in Laboratory

The drilling cuttings used in the laboratory were collected from Pingdingshan No. 1
coal mine, whose size distribution is shown in Figure 6¢. In the laboratory, the SMH drill
pipes were simplified only with a bearing layer that was made of nylon (Figure 14). The
diameter of the test SMH drill pipe was 89 mm, the length was 390 mm, and the total
number of sieve holes on the SMH drill pipe was 40. As shown in Figure 14, sixteen
drill pipes with different D, H, and  were designed and provided by an orthogonal test
(L16(4°)) with five factors, including sieve hole depth (H), sieve hole diameter (D), sieve
hole inclination angle (B), drill pipe rotary speed (1), and vertical load (L) on the drilling
cuttings in the cutting box. In addition, each factor had four levels in the laboratory, which
are listed in Table 2.

@

(b) AA
Axial groove
Spiral groove

- 2 Y sieve hole ’

Sieve hole

Figure 14. Structure and size of SMH drill pipes for test. (a) SMH drill pipe; (b) view of cross section.
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Table 2. Factors and levels in orthogonal test.

Factors
Levels
H (mm) D (mm) B(©) n (rpm) L (KPa)
1 4 8 0 100 0
2 8 9 5 120 2
3 12 10 10 140 4
4 16 11 15 160 6

4.1.3. Experimental Procedures

The experimental procedures can be explained as follows:

(1) We placed the SMH drill pipe into the cutting box, which was connected to the
rotation motor; (2) we set 20 kg of drilling cuttings into the cutting box, imposed a vertical
load on a bearing pouch (as shown in Figure 13) on the drilling cuttings, and then placed
the upper cover on the cutting box; (3) we turned on the air compressor with a pressure of
0.4 MPa, set the electric motor speed by a frequency converter, and turned on the rotation
motor and switch.

In the laboratory, drilling cuttings were collected from the outlet of the cutting dis-
charge pipe for 60 s. The total mass of the drilling cuttings over those 60 s was measured
by a balance. Additionally, we focused on the mass of the drilling cuttings entering into
a single sieve hole per minute (MDCS), which was the total discharging cutting mass
divided by the number of sieve holes. In order to reduce the possible error, tests under
each condition were carried out three times, and the average value was obtained.

4.2. Experimental Results
4.2.1. Influence of Drill Pipe Rotary Speed

Figure 15 shows the variation in the MDCS with the rotary speed of the drill pipe
ranging from 100 to 160 rpm. It can be seen that the values of MDCS were 94.5, 96.7,
86.4, and 73.9 g/min at the rotary speed of the drill pipe of 100, 120, 140, and 160 rpm,
respectively. This indicates the MDCS increased first and then decreased with the increase
in drill pipe rotary speed. Moreover, there was a critical rotary speed for drilling cuttings
entering into the sieve holes, which was 120 rpm in this study. At the critical rotary speed,
the drilling cuttings entered into the sieve holes at the highest rate. Combined with the
analysis in Section 2.2, when the centrifugal force was greater than the weight of the drilling
cuttings, the drilling cuttings could not enter into the sieve holes without imposing an
external extrusion force on the drilling cuttings.

100

95 4

90 -

854

80 -

MDCS (g/min)

754

70 T T T T
100 120 140 160

n (rpm)
Figure 15. Influence of SMH drill pipe rotary speed on MDCS.
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4.2.2. Influences of Sieve Hole Diameter, Inclination Angle, and Depth

The diameter, inclination angle, and depth of the sieve hole set in the SMH drill pipe
were critical to the drilling cuttings” entrance into the inner hole of the drill pipe. Figure 16
shows the MDCS variation with the sieve hole diameter (D). It can be seen that the values
of MDCS were 56.5, 73.3, 97.2, and 121.5 g/min at the diameters of §, 9, 10, and 11 mm,
respectively, indicating the rising trend of the MDCS with the increase in the sieve hole
diameter. The relationship between the MDCS and the sieve hole inclination angle (B)
is shown in Figure 16. It can be seen that the values of MDCS were 66.7, 79.6, 97.3, and
106.1 g/min at the inclination angles of 0°, 5°, 10°, and 15°, respectively, indicating the
rising trend of the MDCS with the increase in the sieve hole inclination angle. This indicates
that when the sieve hole was set as an inclined sieve hole, the MDCS increased. The trend
of the MDCS and CER with sieve hole inclination angle was not consistent, as shown in
Figures 4c and 16, since the MDCS was not only correlated with the CER but also with
the SMH drill pipe rotary speed. Figure 16 shows the MDCS variation with the sieve hole
depth (H). It can be seen that the values of MDCS were 118.9, 88.2, 78.6, and 64.1 g/min
at the depths of 4, 8, 12, and 16 mm, respectively, indicating that the MDCS negatively
correlated with the depth of the sieve hole. The deeper the sieve hole was, the smaller the
value of the MDCS was. This is because the deeper the sieve hole, the longer the necessary
time for drilling cuttings to enter into the inner hole of the SMH drill pipe via the sieve
holes. Moreover, the drilling cuttings entering the sieve holes first rubbed and slid along
the sieve hole wall. The lower drilling cuttings in the sieve hole hindered the migration
speed of upper drilling cuttings, which easily led to the accumulation and blockage of
drilling cuttings in the sieve hole.

4 g MMM 16
0 5 A(°) 10 15
120 {120
1001 {100
<
£
I
[95]
8 80 {80
[a)
s
60 - {60
—=—D| [ | [ 4 H]
40 T T T T 40
8 9 10 11
D (mm)

Figure 16. Influence of the sieve hole parameters on the MDCS. Diameter (D); inclination angle (8);
and depth (H).

4.2.3. Influence of Vertical Load

Figure 17 shows the variation in MDCS with the vertical load imposed on drilling
cuttings in the cutting box through the bearing pouch. This vertical load was not identical
to the aforementioned extrusion force in Section 2.2 on drilling cuttings, but they had the
same effect on the drilling cuttings entering into the sieve holes. At the vertical loads of 0,
2,4, 6 KPa, the values of the MDCS were 64.5, 91.2, 95.0 and 98.3 g/min, respectively. This
indicates that the greater the vertical load on the drilling cuttings in the cutting box was,
the higher the MDCS was. In the actual drilling process, the extrusion force imposed on the
drilling cuttings out of the SMH drill pipe is affected by the torque of drill pipe shown in
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the drill rig, the stress in the coal /rock around the borehole, the shape of the drill pipe, and
the amount of the drilling cuttings outside the SMH drill pipe. The drilling cuttings outside
the drill pipe enter into the inner hole via the sieve holes and are discharged outward,
which will relieve the force on the drill pipe and reduce the extrusion force on drilling
cuttings. Therefore, the extrusion force on the SMH drill pipe is in a dynamic equilibrium
state during the drilling process.

100 =
/l/
90 4 .
=
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(=]
5, 80-
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o
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701
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60 . . . .
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L (KPa)
Figure 17. Influence of vertical load on MDCS.

5. SMH Drillpipe Optimization and Trial Manufacture

Through the range analysis of the above orthogonal test data, the influences of different
factors on MDCS were obtained. As shown in Figure 18, the sieve holes” diameter and
depth were the key factors affecting the drilling cuttings entering into the sieve holes; the
influence of the SMH drill pipe’s rotary speed on the drilling cuttings entering into the sieve
holes was relatively small. Therefore, the preferred sieve hole parameters of the SMH drill
pipe were preliminarily determined to be 10 mm (D), 8 mm (H), and 10° () considering
the drill pipe strength, manufacturing technology, etc.

70

60

Range (g/min)
N w o a1
o o o o

=
o
1

0 T T T
n D B H L
Factors

Figure 18. Range analysis of orthogonal test.

The parameters of the sieve hole on the SMH drill pipe affect the strength of the SMH
drill pipe. Therefore, numerical simulation on the strength of the SMH drill pipe via the
ANSYS515.0 STAIC STRUCTURE component was conducted under the drill rig torque of
7300 N-m and the pulling force of 100 kN [44,45]. The outer diameter of the drill pipe was
89 mm, and the spacing between the sieve holes was 24 mm. The material of the SMH
drill pipe was S135-grade steel pipe conforming to API Spec 5DP, and its yield strength
is 931~1138 MPa [46,47]. Figure 19a shows the equivalent stress of the SMH drill pipe,
and its maximum value was 541.2 MPa. The maximum stress was at the edge of the sieve
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hole. Figure 19b shows the equivalent total strain of the drill pipe. It can be seen that the
maximum value of the equivalent total strain was 2.7 x 10~3, where the drill pipe was in
the stage of elastic deformation without plastic failure. Figure 19¢ shows the safety factor of
the drill pipe when the yield strength of the drill pipe was 950 MPa. The minimum safety
factor of the drill pipe was 1.76, and it met the requirements for engineering applications.

Equivalent stress

[ [ ] [ [ T T 1 [ T T

541.2 465.4 389.6 313.9 238.1 162.3 86.58 10.81 (MPa)
Equivalent total strain

(b)
| [ [ T [ 1

2.71x103 2.34x10%  1.97x10°  1.60x10° 1.23x10°  0.86x10° 0.49x10° 0.13x103

Safety factor

15 13.11 11.22 9.32 7.43 5.54 3.65 1.76

(d)

Figure 19. Strength simulation analysis and trial —-manufacture of SMH drill pipe. (a) Equivalent
stress; (b) equivalent total strain; (c) safety factor; (d) SMH drill pipe trial -manufactured.

Based on the influencing factors and strength properties, the SMH drill pipe with a
sieve hole diameter of 10 mm, inclination angle of 10°, and depth of 8 mm were determined
and trial —manufactured successfully as shown in Figure 19d.

6. Discussion

According to the above analysis and test results, it can be seen that the drilling cuttings
out of the SMH drill pipe can enter into the inner hole of the drill pipe via the sieve holes
and be discharged out of borehole by air flow, which is different from other researchers’
studies on drilling cutting migration with conventional drill pipes [14,27,28,36]. In this
paper, the process of drilling cutting in boreholes entering into the inner hole of the SMH
drill pipe and its influencing factors were studied, which is beneficial for understanding
how the SMH drill pipe works.

The influence of borehole deformation on drilling cuttings” extrusion force and external
migration was not considered directly in this study, due to the limitations of the test
equipment. Borehole deformation has a time effect, and this is related to in situ stress, gas
pressure, coal mechanical properties, and other factors. Borehole deformation is complex,
and it can increase the extrusion force on drilling cuttings around the SMH drill pipe, which
helps the drilling cuttings enter into the sieve holes, according to the test results. However,
borehole deformation would increase the rotating resistance of the drill pipe; so, the SMH
drill pipe should be used together with a large torque drill rig, and drilling cuttings in the
borehole should be discharged as much as possible before stopping drilling each time.
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In addition, the SMH drill pipe’s critical rotary speed for drilling cuttings entering into
the sieve holes is related to the diameter of the drill pipe. In this study, an SMH drill pipe
with a diameter of 89 mm was studied, since this size is commonly used, and its critical
rotary speed was about 120 rpm. In future studies, the influences of borehole deformation
and different SMH drill pipe diameters should be considered by more functional test
equipment and methods.

7. Conclusions

In this paper, an SMH drill pipe used for soft and outburst-prone coal seam was
developed, and the influencing factors of drilling cuttings entering into the sieve holes of
an SMH drill pipe were analyzed by theory analysis, numerical simulation, and physical
experiments. The main conclusions can be drawn as follows:

(1) The SMH drill pipe proposed in this paper was composed of a bearing layer, fluid
layer, and anti-sparking layer. Additionally, several sieve holes were set in the SMH
pipe. The drilling cutting entering region (CER) of the SMH drill pipe shrank with the
rotary speed and expanded with the external extrusion force imposed on the drilling
cuttings. Moreover, the position of the CER can be offset with the increase in sieve
hole inclination angle.

(2) The drilling cuttings between the borehole wall and SMH drill pipe migrated and
accumulated over time and entered into the sieve holes gradually. Spiral and axial
grooves on the surface of the SMH drill pipe were beneficial to the drilling cuttings’
migration and accumulation. As the drilling cuttings outside the drill pipe accu-
mulated, the compressive force between the drilling cuttings increased, leading to
significant increases in the mass and diameter of the drilling cuttings entering into the
sieve holes.

(3) By an orthogonal test, the influencing factors of the MDCS included the drill pipe’s
rotary speed, load imposed, accumulated drilling cuttings, and sieve hole parameters
that consisted of depth, diameter, and inclination angle. The sieve hole diameter
and depth were the critical factors affecting the MDCS, and an appropriate rotary
speed of the drill pipe could attribute to the drilling cuttings entering into the sieve
holes. Based on the influencing factors and strength properties, an SMH drill pipe
with a sieve hole diameter of 10 mm, inclination angle of 10°, and depth of 8 mm was
determined and trial-manufactured.
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