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Fatigue fracture is the main failure form of mining drill pipe joints, which directly leads to the occurrence of drill pipe drop
accidents. Based on the principle of engineering bionics, the spine structure and kinematic behavior characteristics of cheetah
were studied; the bionic design and trial production of drill pipe joints were carried out. For the bionic drill pipe joint, it
separates the torsion transmission function from the connection function, and when the torsion transmission function of the
joint fails, the connection function is still effective, so as to achieve the effect of “breaking the bones and connecting the ribs.”
The mechanical and flow field properties of the bionic drill pipe joint were analyzed. Mechanical test results showed that, for the
bionic drill pipe joint, the average tensile capacity was 555.48 KN and the average torsion capacity was 8914.13 N-m, which met
the mechanical performance requirements. The flow field numerical simulation results showed that, when the drilling fluid
velocity field and pressure field were stable and change evenly, there is no risk of leakage. The study results can provide a new

research idea for the research and development of mine drill pipe joint with long life and antidropping function.

1. Introduction

Drilling technology is widely used in the fields of gas drainage
and water hazard control in coal mines, which is of great sig-
nificance to the safe production of coal mines. During the
drilling process in coal mine, the force of the drill pipe joint
is complicated, and due to the limitation of the space size of
underground roadway, there has more threaded connections
for the drill pipes, which leads to the rigidity of the pipe is
strong, and the fracture accidents of the drill pipes occur
from time to time [1]. According to statistics, more than
75% of drill pipe fractures are located at the root of the exter-
nal thread (as shown in Figure 1). The drill pipe is severely
bent in the hole, and stress concentration is likely to occur
at the root of the external thread, which leads to the fracture
of the drill pipe and the formation of the “drop drilling” acci-
dent. When the “drop drilling” accident occurs, it is neces-
sary to carry out fishing operations, which will waste a lot
of manpower and material resources and increase the drilling
production cycle and cost [2-6]. Therefore, the key to solving

the “drop drilling” problem is to solve the problem of the
fracture at the root position of the external thread.

To solve the above problem, scholars have proposed
many solutions, which can be summarized in three aspects.
(1) New materials: research the materials with better compre-
hensive performance and improve the overall performance of
external threads. For example is He who took 4145H material
and ¢88.9 mm drill pipe joint thread (NC38) as the research
object, and he applied the nanocopper antifriction coating
AFRICO to the joint thread, so as to achieve the purpose of
improving the antisticking performance of the thread [7].
(2) Structural size optimization: optimize the overall struc-
ture of drill pipe, especially the size of the thread, and add
stress grooves. For example is Tian et al. who studied the
strength and sealing characteristics of different thread struc-
tures, such as round thread, trapezoidal thread, and partial
trapezoidal thread, and they pointed out that the double
shoulder thread structure was helpful to protect the overload
[8]; Liu et al. proposed a method of setting TLM stress relief
groove in the internal thread of the upper joint of drill pipe,
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FIGURE 1: Photos of fracture of the external thread of drill pipe.
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F1GURE 2: Cheetah spine skeleton diagram.

so as to reduce the frequency of drill pipe leakage and thread
fracture effectively [9]. (3) New type of thread: develop new
tooth profile, optimize thread parameters, perform surface
treatment, etc. For example is Gao et al. who designed a
new type of V-50R thread profile structure, which can
improve the torsional strength of the thread and alleviate
the problem of stress concentration by increasing the pitch
and side angle of the thread [10]; Dong et al. designed a
new type of W-038R thread profile structure, which can
reduce the stress concentration at the bottom of the thread
by increasing the thread root size and bottom arc radius;
finally, the torsion and bending resistance of the thread can
be improved [11]. The core of the above measures is to reduce
the stress concentration at the root of the external thread, but
it does not essentially solve the problem of drill pipe “drop
drilling” caused by the fracture of the external thread.
Bionics, as an emerging edge subject arising from the
organic combination of biological sciences and technical sci-
ences, can produce unexpected innovations when applied to
the field of drilling technology [12-15]. Based on this,
inspired by the strong structure of four-legged mammals
such as cheetahs, the cheetah spine structure is used as a
bionic model, and the drill pipe joint is designed as bionic
structure. By using laser cutting and alloy die-casting
methods, the drill pipe joint is processed into a combination
of three parts: the torsion shoulder, the cushion layer, and the
front thread, which can achieve the effect of “breaking the
bones and connecting the ribs.” By means of laboratory test
and numerical simulation, the mechanical and flow filed per-
formance of the bionic drill pipe joint is analyzed, and the
reliability of the design is explained, so as to explore a new

research idea for solving the problem of drill pipe “drop
drilling.”

2. Bionic Design of Drill Pipe Joint

The spine of the animal is composed of vertebrae and inter-
vertebral discs and is connected by elastic cartilage and liga-
ments. It is a very soft and flexible structure with multiple
degrees of freedom [16]. This paper takes cheetah as the
research object and provides a biological prototype for the
bionic design of drill pipe joint through the study of its spinal
structure and movement behavior characteristics.

2.1. Spinal Structure and Movement Behavior of Cheetah. The
spine of cheetah is mainly composed of cervical spine, tho-
racic spine, and lumbar spine, as shown in Figure 2. The tho-
racic structure is composed of thoracic spine, sternum, and
ribs, which can protect the heart, lungs, and other important
organs, so for the thoracic structure, the stiffness is greater.
The lumbar spine is more flexible and can carry out up and
down, left and right bending and axial torsion movements,
so for the lumbar spine structure, the stiffness is relatively
small. The vertebrae and intervertebral disc of the cheetah
are chimeric with each other, and there are some structural
features such as soft connection between elastic cartilage and
ligament along the circumferential direction, which can pro-
vide inspiration for the bionic design of drill pipe joint [17, 18].

In order to describe the movement behavior of cheetah, a
movement coordinate system as shown in Figure 3 is estab-
lished. When the cheetah runs, the curvature of the spine
mainly occurs in the lumbar spine, and the motion of the
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FIGURE 3: Spine skeleton diagram of cheetah.

second lumbar joint close to the thoracic spine is the largest.
When the cheetah runs in a straight line, the curvature of its
trunk mainly occurs in the sagittal plane of the spine, while
the curvature in the cross section and the horizontal plane
is small; when the cheetah runs in a turn, the curvature of
the spine mainly occurs in the horizontal plane.

2.2. Mathematical Model of the Movement of Spine. Combin-
ing engineering bionics techniques and similar principles, the
pseudo-rigid model is used to construct the mathematical
model of the cheetah’s spine, and by revealing the principle
of the strength and toughness of the cheetah spine, provide
guidance for the bionic design of the drill pipe joint.

According to the structural characteristics of the spine of
cheetah and referring to the anatomical structure parameters
such as the length ratio relationship between vertebrae and
intervertebral disc, the bionic joint is designed. The bionic
joint is composed of multiple combination segments (shown
as Figure 4), and each combined segment can be regarded as
a mechanical pseudo-rigid body model with 1 pseudo-elastic
body and 2 rigid bodies. Assume the width of the pseudo-
elastic body is [, the width of the rigid body is [, the charac-
teristic radius coeflicient of the model is y, the vertical load
applied to the end of the spine is F, and the stiffness of the
pseudo-elastic body is K, K,, --+, K,,. According to the prop-
erties of pseudo-elastomeric materials, the characteristic
radius coefficient y, the parameter angle coefficient C;, and
stiffness coeflicient K, can be obtained by linear interpolation
method. The stiffness H; of a certain combined segment can
be expressed as follows:

H;=(E+2GS})I, (1)
R

S= 3 2)
21,

where E is the Young model of the pseudo-elastomeric mate-
rial, G is the shear modulus of the pseudo-elastomeric
material, I is the inertia of cross-sectional moment of the
pseudo-elastomeric body, S; is the shape factor of the ith

FIGURE 4: Pseudo-rigid body model of bionic joint.

pseudo-elastomeric body, R is the effective diameter of the
spine, and ], is the thickness of the ith elastomer.

The stiffness of the pseudo-elastic body of each pseudo-
rigid body model is expressed as follows:

K, = YRof: (3)
i 1.
pi

The length of each pseudo-rigid body model is as follows:

{ Li=yl,+ lg(i+1) +(1- Y)lp(m)s
Ll:ylpl+lg(l+l)’ i=1’l.

i=1,2,n—1,

(4)

The bending moment balance expression of each pseudo-
rigid body model is as follows:

K.0,=K,,,Cgb,,, + FL,Cy cos (Z 9j>, i=1,2,-,n-1,
j=1

i
K0, = FL,Cy cos <Z GJ-) , i=mn,
=



where 0; and 0; are the bending angles of the ith and jth
pseudo-elastic bodies, respectively.

By solving Equation (5) numerically, the bending angle of
each point can be obtained. Using these angle values, the total
deformation of the bionic joint can be calculated as follows:

D= Zn: <Li sin ZZ:GJ) . (6)

The overall bending stiffness of the bionic joint can also
be obtained as follows:

K=

(7)

anl s>

2.3. Bionic Design of the Structure of Drill Pipe Joint. Based on
the above analysis of the characteristics of cheetah spinal
structure, the idea of “softness overcoming rigidity” is
adopted, the fragile (rigid) part of the root of drill pipe joint
is cut into two parts (the torsion shoulder (the “1” part shown
in Figure 5) and the front thread (the “2” part shown in
Figure 5)), and then the cushion (flexible) layer (the “3” part
shown in Figure 5) is injected into the gap between the tor-
sion shoulder and the front thread; finally, an elastic cartilage
and ligament structure of the drill pipe joint which is similar
to the spine is formed, as shown in Figure 5.

The existence of the flexible cushion 3 is conducive to
absorbing certain deformation, improving the stress state of
the drill pipe joint. Stress is distributed evenly along the slit
cutting seam (shown as Figure 6), which can avoid the stress
concentration, and also, the force of the bionic joint varies
with the bending direction of the drill pipe. When the drill
pipe joint is stressed heavily, the cushion layer is the first part
to be destroyed, so that the broken part of the drill pipe
changes from randomness to fixedness. Most importantly,
the torque transmission function and the connection func-
tion of the drill pipe joint are separated with this bionic struc-
ture; when the joint torque transmission function fails, the
connection function is still effective, so as to achieve the effect
of “breaking the bones and connecting the ribs.” The drill
pipe still has high tensile strength, and the drill rod can be
smoothly lifted out of the hole, thereby completely solving
the problem of drill pipe “drop drilling” caused by the frac-
ture of the drill pipe joint.

2.4. Processing of Bionic Drill Pipe Joint. The external joint of
the drill pipe is cut along the fragile part on the root of the
joint by laser cutting method. The cutting path is petal-
shaped; the torsion shoulder and the front thread are formed
at the joint because of the existence of the slit, and these two
parts can be separated but cannot be taken off from each
other. Then, the copper-nickel alloy material is filled into
the cutting seam by high-temperature die-casting method,
the cushion layer is formed, and the width of the cushion
layer is between 0.6 and 1.2 mm.

For the filled copper-nickel alloy material, its yield
strength is between 50 and 80% of the yield strength of the
joint material, the elongation is not lower than that of the
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FIGURE 5: Schematic diagram of bionic structure of drill pipe joint.

S,

FIGURE 6: Schematic diagram of stress distribution along the slit.

Slit by laser Filing cushion Machining thread

FIGURE 7: Processing flow of the bionic drill pipe joint.

joint material, the elastic modulus is between 40 and 60% of
the elastic modulus of the joint material, and it can withstand
a certain amount of compression and tension deformation.

Finally, the circular turning and thread finishing are car-
ried out, and nitriding is carried out to improve the hardness
and wear resistance of the joint surface. Figure 7 shows the
processing flow of the bionic drill pipe joint.

3. Mechanical Performance of Bionic Drill
Pipe Joint
Based on the above analysis, the bionic drill pipe joint was

machined, and the mechanical properties of the bionic drill
pipe joint were tested.

3.1. Tensile Performance Testing. After the cutting of the
outer joint of the drill pipe was completed, and before the
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FIGURE 9: Torsion resistance test of the bionic drill pipe.

(a) Coupling model of bionic drill pipe joint
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F1GuRre 10: Bionic drill pipe joint model and fluid domain model.

alloy material was filled, the tensile strength of the drill pipe
was tested by the WAW-1000 hydraulic proportional control
universal testing machine (Figure 8). The average tensile
force was 555.48 kN, and the tensile strength of the drill pipe
body met the performance requirements.

3.2. Torsion Resistance Testing. Torsion test on the outer joint
of the bionic drill pipe was carried out by the torque test sys-
tem (Figure 9). The average torsion breaking force was
8914.13N-m, and the torsion resistance of the bionic drill
pipe joint met the performance requirements.

4. Flow Field Performance Analysis of the
Bionic Drill Pipe Joint

Since the external joint of the bionic drill pipe is composed of
three connecting components (the torsion shoulder, the front
thread, and the cushion layer), when the drilling fluid is flow-
ing, there may have the risk of fluid puncture and leakage on
the connecting parts of the three components. So, the flow
field numerical simulation is carried out, and the flow velocity
and pressure distribution of the fluid are analyzed to illustrate
the reliability of the flow field of the bionic drill pipe joint.



Contour-2

Velocity magnitude
3.06e+01
2.75e+01
2.45e+01
2.15e+01
1.84e+01
1.54e+01
1.23e+01
9.30e+00
6.26e+00
3.22e+00
1.78e-01

(m/s)

Vector-1

Geofluids

Velocity magnitude
3.30e+01 i
2.97¢+01 E
2.64e+01 $ -
2.31e+01
1.98e+01
1.65e+01
1.32e+01
9.92e+00
6.62e+00 '
3.32¢+00 | 3
2.48e-02 B
(m/s)
p — -
- s
e =
3 = Bt e
o - g
. o -
-—atnn o e
- —— B
e S

F1gure 11: Cloud and vector diagrams of drilling fluid velocity in the axial cross section of the coupled model.

Velocity (m/s)

30 -

28

26 -

24

22 4

20

18

16

14 T
0 0.025

0.1 0.125 0.15 0.175 0.2 0.225

Position (m)

0.05 0.075

FIGURE 12: Velocity curve of drilling fluid along the central axis of the coupled model.

4.1. Numerical Model and Boundary Condition. The outer ~ and the fluid domain model. In order to facilitate the numer-
diameter of the drill pipe is ¢73 mm, and the diameter of  ical calculation, the fluid area is simplified, and the smaller
the inner through-hole of the outer joint is ¢23mm.  chamfer at the mating surface is ignored to improve the qual-
Figure 10 shows the bionic drill pipe joint coupling model ity of meshing. Tetrahedral elements are used to mesh the
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F1GURE 13: Drilling fluid pressure cloud diagram and vector diagram on the axis cross section of the coupled model.

model; in order to improve the calculation accuracy, the
mesh size is set to 1 mm. The specific meshing model is
shown in Figure 10(b).

Setting the flow rate of the mud pump is Q =25L/s, the
rotation speed is # = 100 rpm, the density of the drilling fluid
is p=1070kg/m>, the viscosity of the drilling fluid is y =
0.00321kg/(m - s), and the inner diameter of the drill pipe
at the entrance is d = 47 mm, so the flow velocity of the dril-
ling fluid at the inlet boundary is v = 4Q/7d” = 14.4 m/s.

The Reynolds number is used to judge the flow state of the
drilling fluid in the drill pipe. The Reynolds number is calcu-
lated as Re = pvd/u = 225600, so the flow state of the drilling
fluid is turbulent; turbulence intensity can be expressed as
I=0.16 Re 8 =0.034, turbulence scale is [=0.07d=
0.00329 m, turbulent kinetic energy is k = 1.5(vI)* = 0.36 m?
/s?, turbulence dissipation rate is & = C,>*(k**/1) = 10.79 m?
/s* (where C,, is an empirical constant, approximately 0.09).

According to the flow characteristics, the k-& turbulence
model and the scaled wall function considering the rough-
ness of the side wall are selected, the calculation is based on
the pressure-based solver, and the least square interpolation
calculation based on the element volume is used [19]. The
inlet boundary condition is set as the velocity inlet, the outlet
boundary condition is set as the pressure outlet, and the out-
let pressure is set to 1.0 MPa.

4.2. Analysis of Simulation Results. Based on the symmetrical
feature of the drill pipe joint structure, the simulation results
are analyzed by intercepting the center cross section along
the Y-axis of the coupling model.

Figure 11 shows the drilling fluid velocity cloud and vec-
tor diagram along the Y-axis center cross section of the
bionic drill pipe coupling model. The drilling fluid enters
the bionic joint from the left side at a velocity of 14.4m/s.
Due to the decrease in the cross-sectional area of the bionic
joint, the flow rate of the drilling fluid increases. As the dril-
ling fluid passes through the bionic joint area, the flow area
increases gradually, and the flow rate of the drilling fluid
decreases. From the velocity vector diagram, it can be seen
that, during the process that the drilling fluid enters from
the inlet and flows through the bionic joint, the drilling fluid
flows steadily along the positive direction of Y, while when
the drilling fluid passes through the bionic joint and enters
into a larger cross section, the swirling vortex phenomenon
occurs near the wall surface of the pipe, and the flow field is
disturbed.

Figure 12 shows the curve of drilling fluid velocity varia-
tion on the central axis of the bionic drill pipe coupling
model. The flow velocity of the drilling fluid in the flow chan-
nel corresponding to the bionic joint is relatively large, and
the flow rate is gradually increasing. As the drilling fluid



flows out of the bionic joint, the flow channel area increases
and the flow rate of the drilling fluid decreases sharply. At
the position where the drilling fluid whirlpool occurs (posi-
tion no. 3 in Figure 11), the amplitude of the decrease of
the drilling fluid flow rate slows down.

Figure 13 shows the drilling fluid pressure cloud diagram
and vector diagram along the Y-axis center cross section of
the bionic drill pipe coupling model. As the drilling fluid
enters into the flow channel of the bionic joint from the inlet,
the flow channel area decreases and the flow field pressure
decreases. After the drilling fluid flows through the cross sec-
tion of the bionic joint, the pressure of the flow field increases
gradually until reaching the set outlet pressure value. As can
be seen from the pressure vector diagram, in the process of
drilling fluid flowing from the inlet into the bionic joint sec-
tion, the pressure of the flow field is stable, while when the
drilling fluid passes through the bionic joint and enters a
larger flow cross section, pressure disturbance occurs on the
wall of the pipe.

Through the simulation analysis, it can be seen that the
drilling fluid flow field is stable at the bionic drill pipe joint,
and there is no flow directed to the wall of the joint, which
can effectively avoid the risk of leakage when the drilling fluid
flows through the bionic drill pipe joints. Therefore, the flow
performance of the designed bionic joint is reliable; the dril-
ling fluid velocity field and pressure field are stable, which
can meet the application requirements.

5. Conclusions

(1) Based on the principle of engineering bionics, the
research on the bionic structure of drill pipe joints
is carried out. For the bionic drill pipe joint, the frag-
ile part of the root of the external thread is presplit
into two parts: the torsion shoulder part and the front
thread part, and then, the cushion layer is injected
into the cutting seam between these two parts. There-
fore, it is feasible to separate the torsion transmission
function of the drill pipe joint from the connection
function and realize the bionic effect of “breaking
the bones and connecting the ribs”

(2) The processing and production of the bionic joint
have been studied, and the test results of the bionic
drill pipe joint show that the tensile performance
can reach 555.48 kN, and the torsion resistance can
reach 8914.13 N-m, which can meet the performance
requirements

(3) Flow field characteristics of the bionic drill pipe are
analyzed through numerical simulation, simulation
results show that the velocity field and pressure field
of the fluid are stable, and there is no leakage phe-
nomenon at the connecting components of the bionic
joint
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