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Highlights

A meshing model of the traction wheel with
axial sliding is established.

The axial sliding mainly occurs during the
alternating meshing of multi-tooth.

The axial sliding inhibits the eccentric load but
aggravates the fatigue wear.

The load, speed and meshing error angle
intensify axial sliding damage.

The axial driving force decreases the fatigue

strength near the tooth root.
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1. Introduction

Abstract

Coal mining is an important guarantee for energy supply. But due to the
poor spatial stability of the shearer, the collision of traction units is
significant. The failure of the traction wheel becomes an important factor
restricting the efficiency of coal mining. It is an important scientific
problem to explore the failure law of the traction wheels affected with
axial slip friction. Therefore, the meshing model of the traction wheel
with axial sliding is established. The destructiveness and response
properties of axial sliding are analyzed, and the influence of sliding
position and axial force is discussed. The results show that the axial
fretting sliding reduces the impact contact force on the tooth profile by
50%, but a stress increase of 52 MPa on the tooth surface near the tooth
root. The damage on the tooth surface intensifies while the risks of
adhesion wear and gluing failure increase, as the increase of load,
velocity and meshing error angle. The axial force is more likely to induce
forced sliding in the root area. And with the axial driving increase, the
forced sliding and its destructiveness aggravate. The results have
reference to analyzing meshing properties of traction wheels affected by
axial sliding and reducing the shearers’ traction failure.

Keywords
mining equipment. coal and shearer, rolling-sliding contact, failure
analysis

Coal production is closely related to world energy security[1].
And because of the advantage of strong bearing capacity, the
double drum shearer in modern underground coal mining
mainly adopts chainless haulage systems of meshing type [2].
The meshing of the pin tracks and traction wheels is a common
transmission method. Its meshing reliability is a pivotal factor

affecting the shearer’s performance and restricting the
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efficiency of coal mines. However, the working condition of the
traction wheel is harsh, and it has the characteristics of abrasive
pollution, load impact and dry friction [3]. This leads to serious
wear and short useful life of traction wheels [4]. Besides, the
special structure with double drive on the single side determines
the poor spatial pose stability of the shearer [5, 6], which leads

to the shearer’s runout and shimmy and aggravates the contact
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impact of the wheel. However, the torsional sliding impact
contact mechanism and the failure law of the traction wheel are
still not completely clear. This makes the traction failure
become an important cause of shearer shutdown and restricting
the mining efficiency. Therefore, overcoming the frequent
failure of traction units and reducing traction failures have
become urgent problems for coal equipment.

Scholars have studied the shearer traction properties with the
help of multi-body dynamics theory and the finite element
method. Liu et al. [7, 8] established the torsional dynamic model
of the shearer transmission system emphasizing that the
meshing stiffness is the key to the system disturbance. Lao et al.
[9] realizes the optimal coal loading efficiency of thin seam
shearer through collaborative optimization of traction speed and
drum speed.. Yang et al. [10] considered the contact gap and
analyzed the traction vibration under the condition of oblique
cutting. Cheng et al. [11] deduced the tooth profile equation of
tooth-pin meshing which have a reference to the traction fault
analysis. A modular haulage mechanism was reported in Poland
that had advantages in restraining the side clearance and
reducing stress damage [12, 13].

Equipment failure is the key factor threatening the safety
production[14, 15], and the meshing failure is the main cause of
shearer traction failure [16]. Ruihua et al. [17] found that the
size of pitting corrosion is an important reason for affecting the
meshing stiffness. The root crack reduces the meshing stiffness
[18]. Dogan et al. [19] suppressed the root crack propagation by
optimizing the hub thickness and pressure angle, which
prolonged the useful life by about 15 times. Compared with the
traditional prediction model, the bending fatigue life of gears
reduces by 22% after considering the adjacent tooth effect [20,
21]. Considering the material hardness and based on the
Archard model, Chen et al. [22] established a wear evaluation
model of the meshing with the rack and gear. Combined with
the discrete element method, Akbar et al. pointed out that the
vibration frequency increases the wear coefficient [23], and the
wear rate has a power function relationship with the impact
speed [24], Dimaki et al. [25] found that the adhesion force and
plastic hardening coefficient determine the wear state, abrasive
hardness is the main reason affecting material wear
resistance[26]. Zhiying et al. [27] proposed an improved gear

load distribution model, which can effectively predict the gear

wear depth combined with the potential energy method. Haibo
et al. [28] found that wear accumulation worsens the load
distribution in the tooth alternating phase.

The shearer attitude disturbance leads to the torsional and
micro motion contact error of the traction wheel [29-31]. And
relative sliding and vibration are the key factors to reduce the
gear life [32], and sliding friction increase meshing error[33].
Yujing et al. [34] analyzed the influence of contact deformation
and backlash on the vibration of bevel gears, and Zhao et al. [35,
36] pointed out that the geometric eccentricity would cause the
torsional deformation of gear, which is an important reason for
the tooth eccentric load [37]. Wan et al. [38] reported that the
shaft misalignment angle would increase the risk of tooth root
fracture. Dong et al. [39] proposed an angular velocity analysis
model with 6 degrees of freedom of the end gear transmission
system. Lu et al. [40] analyzed the combined deformation with
bending and torsion of bevel gears and found the torsional
deformation at the end of the tooth width was significant.

In conclusion, scholars have conducted considerable
research on the shearer traction dynamics and gear meshing
failure. However, different from the gear, the traction wheel has
complex torsion and sliding in the meshing process, as is shown
in 0. The asymmetric spatial structure and time-varying load
excitation determine that it is difficult for the shearer to
maintain the spatial mechanical balance (as shown in Fig. 1 (a)
and (b)), resulting in the spatial swings and relative runout of
the traction department (as shown in Fig. 1 (c)). Affected by the
shearer’s attitude disturbance, the behavior of tooth surface
sliding and tooth misalignment appears (as shown in Fig. 1 (d)).
Although the existing research involves the shaft misalignment
and relative sliding speed Av of the traction wheel [41], the
damaging effect of axial sliding Av, is rarely considered. At
present, the axial sliding response law and meshing mechanism
of the traction wheel are not completely clear, and the damage
law of the walking wheel cannot be fully revealed. It means the
existing methods cannot solve the axial sliding and meshing
failure of traction wheel under complex attitude disturbance.
Therefore, the innovation of this paper is to establish a meshing
contact model of the traction wheels containing axial sliding,
reveal the destructiveness of axial sliding, clarify the sliding
responses for traction load, speed and meshing angle error. This

research has references to revealing the fault laws of the traction
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wheels and improving the traction stability of the shearer.
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Fig. 1. Schematic diagram of shearer attitude disturbance and traction wheel sliding: (a) mechanical state of the shearer; (b) top view

of the shearer; (c) traction transmission system and its attitude disturbance; (d) the contact state of the traction wheel with the sliding

and torsion.

2. Materials and methods
2.1. Analysis of tooth surface sliding of the traction wheel

Unlike ordinary gears, the traction wheel itself has no axial
constraint. In addition to the tangent sliding of the tooth surface,
the traction wheel has a unique axial slip friction behavior
disturbed by the attitude and axial force of the shearer, as is
shown in 0. Therefore, the destructive effect of the axial sliding
should not be ignored. The axial force of the shearer and the
torsion attitude around the x-axis and y-axis are the main
reasons for inducing the axial sliding of the traction wheel. The
axial force and torque equations of the shearer are as follows:

F,=F,1+ F,- N5+ N;-G(cos a sin f cos &+ sin a sin &) (D

M,=(N;+N;)By-(N;+N,) By +(Ng-
NeYHo+(Fy1+Fpp) By-Fy (Ising,, +Hy)- )
Fy(Ising,, +H,)-(F+F) B,

My=(Fq+Fa) By+(h+16) Bi-(6+1,) By-
(Ns"'Ne)Lz+(E(1+E<2)B3'F;1(1Sin ?a1 +L1)'1§Bl' 3
LB+ Fy(Ising,, +1s)
where, F, is the shearer’s axial force; N is the normal contact
force of the slippers; G is gravity; a, f and ¢ is the shearer’s
attitude angle; My and My are the shearer’s torque; B, H and L
are the geometric dimensions of the shearer; ¢, is the angle of
the cutting arm; F is the propulsion resistance; F; is the traction
force; f'is the friction force of the slippers [42].

During normal meshing, tooth bending is the main

deformation form of the walking wheel. Assuming that the

tangential meshing force F; is uniformly distributed in the axial
direction, the tooth body bending can be simplified as a plane
bending problem of a cantilever beam structure with a variable
section, as shown in 0.

In elastic plane problems, there are:

Oy = Tgx =Ty, =0 (€))
Fi i
Iy / I I
s ! |
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\ \ i
4—
< dx Iy :
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Fig. 2. The bending deformation of the walking wheel.

where oy, 0, and o, are normal stresses; 7y, 7. and 7., are
shear stress;
Therefore, the basic equation of elasticity while the tooth

body bending is simplified as:

00, 0Ty,
X =0
0x dy 5
01y, 00, 0 ®)
0x dy
92 02
(W + ) (O'x + O'y) =0 (6)

The tangential force F; on the tooth surface is assumed to be
uniformly distributed along the axial direction, with an axial
tooth width of 2b; and a tooth thickness of 2s;. Since the shear

stress accumulated at the free end is the tangential force F, the
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boundary conditions can be obtained:
+5st
—2 J- Txy bt dy (7)
—s

Due to the zero load on both ends of the tooth body, the

F

boundary conditions can be obtained:
0,=0 (x=0) ®)
©

According to the inverse solution of the stress function, the

0.

y:Txy:O (y:ist)

stress state of the tooth body during bending deformation can be

obtained:
_ 3Fxy  Fxy
%= 4b.s,3 B Ix
oy =0 (10)
3F; 2 2 Fe 2 2
Txy__8btst3(5t _y)z_i(st -y

where J=4bs:/3 is the inertial distance with the x-axis of the

longitudinal section of the column.

And there is a stress function 9(x, y):
0?9(x,y) 9*9(x,y)
dy? ax2

The boundary value of the stress function on the tooth

(13)

—2G0y

However, under the influence of the shearer’s attitude
disturbance, the axial sliding Av. occurs and the meshing force
on the tooth surface is no longer axial uniformly distributed, as
shown in 0(c) and (d). The tooth body undergoes plastic
torsional deformation failure under the axial unbalanced load,
as shown in 0O(a). The torsional angle of the tooth body is
assumed to be 84, as shown in 0(b). Ignoring the warping caused
by the constraint torsion of the column with a variable cross-

section, the elasticity basic equation can be simplified as:
0T,

az=0

(1)

(12)

(b)

Fig. 3. The tooth torsional deformation of the walking wheel: (a) plastic torsion deformation failure of the tooth; (b) tooth torsion model.

9(x,y) =0 (x| = b, (14)

lyl = s¢)
The stress function is obtained according to Poisson’s

equation and boundary conditions:

surface is:
© .. NTT
3252 nmy  sin(=) nix
9 =—GOy|y? — s+ z c0s ———%——cosh—— (15)
7T3 ZSt 3 nnbt ZSt
13.5,.. n cosh(?
t
The torque Miq of the tooth body is obtained after the surface integral of $(x, y):
w nmb,
1 ess tanh (7=
My =2 j f 9dxdy = 16GObese’ |3 - pos ZS = (16)
n=1,3,5,...

The shear stress of the tooth body is obtained according to

the stress function 3(x, y):
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2.2. System modeling and simulation

As shown in 0, the meshing contact model of single pin track
and involute traction wheel is established [43—45]. And the

modeling process is shown in 0 (b). The mesh generation of the

finite element model is completed in the software of HyperMesh.

The finite element is the hexahedron type. The material
properties of the traction wheels and the pin tracks are shown in
Table 1. The pre-processing of the simulation is completed in

the software of LS-PrePost. The drive input is simplified, and

y Walking
X wheel
T =
> B —>
v F,

St

M 2 16s; c sin( i ) hnr[x nmy
Tox = — 3|4V — cosh——sin——
160,4b;s; m L s, sh(nznbt) 25, 25,
. St (17)
© . nm
M4 sm(T) nwy | hnnx
Tyy = > Z cos ——sinh——
Arabyest s n3cosh(nnbt 25¢ 25

the angular velocity is adopted as the drive of the traction wheel.
The angular velocity is converted according to the translation of
the pin track where the pin pitch is 147 mm and the traction

wheel has 11 teeth:

_ v 18
“=30pz (18)

where w is the angular velocity; v is the shearer’s traction

velocity; P is the pin track’s pitch; z is the number of teeth of

the traction wheel.

C

—»{ Ls-dyna solver |

o/ |

©)

drive, material,
restraint, load.

contact

Fig. 4. The model of the simulation: (a) the simulation model of the traction wheel meshing; (b) the flowchart of the simulation; (c)

the finite element mesh of the pin track; (d) the finite element mesh of the traction wheel.

The degree of freedom of the pin track is set equivalently
and the movement of the pin tracks is unconstrained along the
x-axis. The traction load of the wheel is set as 120 kN and the
support load is set as 100 kN. In the simulation model, the free
torsion of the traction wheel is constrained, and the rolling angle
and oblique angle are set quantitatively during meshing. To
simulate the axial free sliding state of the traction wheel, the
translational constraint of the traction wheel in the axle direction
is released. The axial driving force is set to simulate the axial

forced sliding of the traction wheel under the disturbance of the

shearer’s attitude and cutting force. The contact between the pin
tracks and traction wheels is defined by the penalty function.
The finite element model is solved by the software of the
ANSYS/LS-DYNA display solver. To improve the accuracy of
the solution, the mesh of the contact area of the traction wheel
is refined. After the mesh independence test, the number of
meshes is finally determined to be 295997 [45], and the meshing
contact force on the tooth surface tends to be stable.

As an example to test the simulation model, the tooth stress

distribution is obtained in 0 (a) and (b), with the traction speed
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of 0.2 m/s. The result shows that the tooth stress laws is
supported by the result of the figure 4(b) of Chen [46] and the
figure 12(a) in the literature of Hu [47], and basically conforms

Table 1. Material properties of the pin track and traction wheel.

to the traction wheel’s actual wear [45]. This indicates that the

simulation model has a certain degree of credibility.

Part name Materials Elastic modulus Density Poisson ratio
Traction wheel 18Cr2NidWA 2.02x10" Pa 7900 kg/m? 0.27
Pin track 40CrMnMo 2.06x10'" Pa 7910 kg/m? 0.3

MPa
I: 358
- 287

215
K143

.§7L7
0.03

t=1.11s

(a) (b)

Fig. 5. The stress distribution in the simulation: (a) on the end

face of the tooth; (b) on the tooth surface.

2.3. Shearer traction experiment and traction wheel swing
test

To analyze the axial slip of the traveling wheel and check the
model reliability, a traction test bench is built according to the
similarity principle[48], as shown in 0. The simulation model
will be verified by the contrastive analysis of the axial motion
of the walking wheel in the experiment and simulation. Affected
by the actual direction and the connection gap of the scraper
conveyor, the real-time relative displacement between the

shearer and the scraper conveyor is difficult to measure directly.

But, the angular velocity of the traction wheel around the x and
y axes can indirectly reflect its axial slip characteristics relative
to the pin teeth, since the rotation of the shearer around the x
and y axes is the decisive factor of the axial slip, as illustrated
by 0. Therefore, the coincidence between the axial slip analysis
in the simulation and the angular velocity characteristics in the
experiment will be the basis for verifying the existence of axial
slip and the feasibility of the simulation model.

The test model is designed according to the shearer of
MG650/1620-WD with a similarity ratio of 1:5. The center
distance of the traction wheels of the shearer for the test is 1270
mm, the length of the cutting arm is 548 mm, the width of the
body is 320 mm, and the height of the body is 310 mm. The
experiment principle is shown in 0(b), the sensors interact with
Bluetooth HID (human interface device) hosts through feature
report protocol, and the upper computer connects with HID
hosts through the USB interface to achieve signal display,
acquisition, and sensor control. To facilitate the installation of
sensors and signal acquisition, wireless sensors are separately

installed at the axle ends of two traction wheels as shown in 0(a).

Vibration sensor | Vibration sensor 2|

EymmEi, |

=3 R
B g |
. Y 4
Bluetooth Bluetooth |
HID host 1 HID host 2!

Fig. 6. Shearer traction experiment and its principle: (a) shearer traction experiment system; (b) the experiment principle.

The BWT61CL multifunctional vibration sensor is selected,

which can simultaneously test acceleration, angular velocity
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and attitude angle signals of the x, y and z axis and transmit
wirelessly through Bluetooth. The sensor is installed with a
vertical pattern, with the x-axis pointing to the traction direction
of the shearer, the y-axis pointing to the vertical direction, and
the z-axis pointing to the goaf along the walking wheel axis. The
acceleration and attitude of the sensor are calibrated concerning
the initial position of the shearer. The maximum hauling stroke
of the shearer is 2.5m, which is within the use range of the

maximum transmission distance of sensors of 10 m.

3. Results and discussion
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3.1. Analysis of axial sliding characteristics of the traction

wheel

The relative sliding friction behavior under high load is a critical
factor to affect the traction wheel’s wear failure[45, 49].
Therefore, to research the contact response and the axial sliding
law of the traction wheel, the axial motion constraint is adjusted
to simulate the axial sliding disturbance of the traction wheel.
The hauling velocity is defined as 0.2 m/s and the traction load
is defined as 120 kN. And the traction motion and axial sliding
motion characteristics within 2.6 s are obtained. and the
differences in the axial contact force and equivalent stress

distribution of the tooth surface are compared.

i —— No slide —— With slide

—~ 1.08 s-1.82 s
€
51
2
=
2
z
2nd tooth
V00 04 08 12 16 20 24
Time (s)
(b)

—— Acceleration
1.08 s-1.82 s

= <
< (=]
%] +

Acceleration (m/s?)
[l
(=]

2nd tooth

08 12 1.6 20 24
Time (s)

(d)

Fig. 7. The motion characteristics of the traction and axial sliding of the traction wheel: (a) traction speed and acceleration; (b) the

axial contact force; (c) the axial sliding velocity and displacement; (d) the axial sliding acceleration.

As shown in 0(a), with the simulation entering the stable
stage, the average speed gradually converges to 0.2 m/s. This
indicates that the simulated result of the traction velocity is
basically in agreement with the theoretical value of 0.2 m/s. And
the results show that the axial sliding disturbance does not
significantly reduce the shearer’s hauling velocity.

0(b) is the difference in the axial force under the influence
of axial sliding of the traction wheel. The result shows that the
second tooth participates in complete meshing between 1.08 s
and 1.82 s. Under the axial constraint state, the axial force has a

significant periodicity. The maximum axial force of the traction

wheel is 0.184 kN when a single tooth meshes in, and 0.149 kN
when the meshing out. The axial force fluctuated significantly
in the multi-tooth alternating meshing stage. The force direction
was positive at the meshing-in time and negative at the
meshing-out time, but the force direction does not change
significantly at the same meshing time. Besides, the axial force
and its fluctuation duration decrease relatively in the axial
sliding state. The maximum axial force decreases by 72% to
0.051 kN at the meshing-in time and decreases by 54% to 0.068
kN at the meshing-out time. This is because the axial friction

changes from static friction to dynamic friction affected by the
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tooth sliding, and the dynamic friction decreases relative to the
static friction. And the axial sliding inhibits the collision contact
on the tooth profile which reduces the axial component of the
meshing force. The difference from the axial constraint state is
that the axial force direction changes repeatedly at the same
meshing time under the axial constraint state. This is because
the axial reciprocating sliding causes repeated changes in the
axial friction direction. The result indicates that axial sliding
will suppress the axial force of the traction wheel, which
contributes to weakening the impact on the wheel profile.

As shown in 0(c) and 0(d), the axial acceleration, velocity
and displacement of the traction wheel are got respectively. The
result shows that the traction wheel slides in the positive
direction as a whole during the second tooth meshing, and the

maximum sliding distance is 9.84 x10* m. The axial velocity

and acceleration fluctuate violently at the meshing-in and
meshing-out time, which indicates that the axial sliding is
intensified while the multi-tooth alternating meshing. However,
the axial speed decreases with the axial sliding weakening, in
the middle time of a tooth meshing. This is related to the
increase in axial force and the collision intensification of the
tooth surface under the influence of the meshing impact during
the multi-tooth alternating. Besides, the meshing of the traction
wheel is mainly rolling contact, but the axial friction on the
tooth is generated caused by the axial sliding. And the normal
force on the meshing face increases with the increase in the
traction load, which leads to an increase in axial friction.
Therefore, although axial sliding suppresses axial collision

contact on the tooth profile, it worsens the tooth surface wear.
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Fig. 8. Angular velocity of the traction wheels obtained from the experiment: (a) the left traction wheel around the x-direction; (b)

the left traction wheel around the y-direction; (c) the right traction wheel around the x-direction; (d) the right traction wheel around

the y-direction.

To verify the model reliability and the analysis results, the
no-load traction of the shearer was carried out on the
experimental platform of the fully mechanized mining face. As
shown in 0(c), the main reason that affects the axial sliding is
that the traction wheel rotates in the x and y directions.
Therefore, only the angular velocities of the left and right
traction wheels in the x and y directions are obtained, as shown

in 0. The test results show that the traction wheel has

reciprocating rotation around the x and y directions. The right
traction wheel swings more violently than the left, and the
effective values of the angular velocity of the left traction wheel
are 3.30 °/s and 0.47 °/s while 3.51 °/s and 0.64 °/s of the right.
This may be because the overall attitude disturbance causes
more severe torsion of the right traction unit. The experiment
data support the simulation results and analysis in 0 (c). The

rotation on the end of the traction wheel shaft around the x and
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y axes provides an experimental basis for the existence of axial
sliding friction during the meshing between the tooth and pin
track. This reflects the simulation model reliability. Besides, the
periodic effect of the meshing on axial sliding is relatively weak
in the experimental results. This shows that the connection
clearance of the scraper conveyor may be another important
factor affecting the axial sliding, except for the multi-tooth
alternate meshing. And the axial sliding of traction wheels in the
actual traction is worse than that in the simulated conditions.
This also reflects that the influence of axial sliding on the

traction wheel meshing cannot be ignored.

L0 J MPa 10
"§8 I521 L§8
o Q.
=18 SERRE (W53 =
e 0 R
4 333 G4
=1 =
(=} =}
-§2 ...... 271 -§2
£ 208 .=
a0 a0
0 2 4 6 8 1012 14 0 2 4 6 8

Direction of tooth width
(a)

Direction of tooth width

To explore the effect on the traction wheel’s damage by the
axial sliding, the maximum stress distribution affected by the
friction behavior is obtained in the second tooth contact period,
as indicated by 0. The tooth surface is divided into 14 equal
parts along the direction of the tooth width and 10 equal parts
along the direction from the tooth root to the tooth top. The
maximum value of any element from 1.08 s to 1.82 s is obtained
as the equivalent stress of this area at the contact time, and the
load variation on the tooth under the influence of axial sliding

is analyzed through the stress difference.
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Fig. 9. The maximum stress distribution in a single meshing period: (a) without the axial sliding; (b) with the axial sliding; (c) the

stress variation amplitude.

The results show that the dangerous areas of the traction
wheel are mainly located on the tooth profile affected by the
edge effect. Especially the stress concentration near the root is
pronounced. This corresponds to the actual condition of serious
tooth profile wear in the actual use of the traction wheel and is
basically consistent with the analysis result of the literature [50].
The maximum stress on the tooth face is 521 MPa without axial
sliding, while 529 MPa with axial sliding friction. The stress
overall increase on the tooth root and tooth top is about 20 MPa,
and the maximum increase is 52 MPa near the middle region
around the tooth root. Without the axial sliding, the initial
bending stress is relatively small near the middle area around
the tooth root, because the bending deformation on the tooth
profiles is more serious than in other positions on the same
meshing line under the compression. Although the stress in the
middle region increases significantly, its failure effect is weak
due to the improvement of the axial stress distribution.
Combining the discussion of 0, the stress increase is due to the
intensification of the axial reciprocating sliding and axial force
fluctuation in the meshing area of the tooth root and tooth top,

which leads to the shear stress on the tooth surface increase.

According to the Archard model, the wear depth is positively
correlated with the relative sliding rate and contact stress of the
contact surface [51], and Wang et al. [52] experimentally
verified that the tooth wear increases as the frequency increase
of the friction under the dry friction conditions. Therefore,
affected by the axial friction, the wear near the tooth root and
tip increases in a single meshing period.

In addition, the stress concentration area of the tooth top
profile is reduced, and the axial stress distribution is improved.
The result indicates that the axial clearance can alleviate the
unbalance loading near tooth top and weaken the destruction by
torsional deformation to the tooth. Besides, the tooth stress on
the area near the pitch line and the middle tooth profile is
reduced by about 20 MPa as a whole. This is because the axial
sliding on the area near pitch circle slows down, and the tooth
profile extrusion weaken under the influence of the axial fretting
clearance. This leads to the reduction of meshing impact and
equivalent stress in the middle time of a single tooth meshing

cycle.
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3.2. Analysis of the axial sliding response of the traction

wheel under different influence

To research generation mechanisms and the wear laws of axial

sliding behavior of the traction wheels, as shown in 0 and 0, the
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Fig. 10. Axial sliding response of the traction wheel under the influence of traction load: (a) axial force; (b) axial velocity; (c)

maximum axial force and its variance; (d) maximum axial velocity and its variance.

To study the effect of traction load, the velocity is set as 0.2
m/s, the traction load is set from 80 kN to 160 kN. The axial
sliding speed and axial force are obtained during the stable
meshing, respectively. And the maximum value and variance in
a complete meshing period are analyzed on the second tooth, as
shown in 0. The result shows that the maximum axial force
increases by 35% to 98 N but the variances of the axial force
decrease slightly, with the increase of the traction load of the
shearer. The axial force fluctuation is significant while the tooth
alternates meshing, but the axial force fluctuation is weakened
and the fluctuation range is shortened during the pitch line
meshing. The analysis of O(b) indicates that the axial force
mainly includes the axial component of the meshing force and
axial friction. The normal contact force is the major drive to
realize the traction of the shearer, which inevitably increases
with the increase in the traction load. The axial friction
resistance also increases according to the Coulomb friction
theory. And the axial component of the meshing force is the

driving force of axial sliding and its direction is the same as the

sliding, and the dynamic friction force is the result of the sliding
and its direction is opposite to the sliding. As a result, it can be
inferred that the increase of axial force is the common result of
the increase of dynamic friction and axial meshing force, and
the increase of axial meshing force is greater than that of friction
force. This manifests that the axial friction loss on the tooth
increases with the increase of traction power when the traction
wheel is forced to slide axially affected by the shearer’s attitude.
Therefore, the wear failure of traction wheels of high-power
shearers due to axial sliding cannot be ignored.

With the increase of traction load, axial sliding decreases
overall, the maximum sliding speed decreases by 35% to
1.12x10** m/s and its fluctuation decreases, as shown in 0(b)
and (d). Therefore, the longitudinal vibration of the shearer
traction units is reduced without external forced driving. And
since the alternating stress of the tooth surface decreases with
the weakening of the sliding velocity, the destructive effect of
the axial sliding near the tooth tip is relatively weakened with

the increase of the traction load. This is related to the increase
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of axial sliding friction and the change of meshing contact
clearance. And with the increase of traction load, the contact
deformation of traction wheels and the bearing width increase
by the influence of normal load, and the difference in axial stress
distribution decreases. This results in the reduction of the

contact clearance and the decrease of the axial sliding trend of
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the tooth surface. When the dual-drive load of the shearer is
unbalanced, the load of one traction unit decreases sharply
while the other side increases. Therefore, the load loss of the
traction wheels will lead to the aggravation of axial sliding, and

the risk increase of axial slip wear on the tooth surface.

140_ @ Maximum A Standard deviation | 40

e F-- y=584.17x-38.484 R*=0.833 3=

| ~ z

= 120 —y=1552.1x-475.91x+46.667 R*=0913 | <
o ] ? Lo 32 g
o . - =]
.z 100 -~ 28 E
-~ 1 -
Fag 2

é 801 245
=] 20;;,;
£ o] 16
R

407 12
T 1 T T T 1 1 1 T ! ) 3
0.15 0.17 0.19 021 023 025
Traction velocity (m/s)
(b)

400“_ @ Maximum A Standard deviation 1200
— ---y=34409x- 6561  R2=09294 [ &
Z32001 —y=685.19x - 18.88  R2=0.9432 1900 =
o . g
o . L =
524007 9 .m0 ks
E ] 600 3
£ 16007 L B
E | 7300 J':

1 ]
= 8007 | 2

0__* T T T T T T T T 0

0 0.2 0.4 0.6 0.8
Rolling angle (°)
(d)
2000- -y=-45.8x*+ 78.3x+18.01 R*=0.849 i
4--— y=-134.3x2+300x+72.72 R2=0.880 [400

> b--y=86351e2  R2=0.904 Tz
SI00L__y=22611e2%"  R2=0.949 300 =
% 71~ b-deviation @ b-maximum @ [ =
= | @ a-deviation @ a-maximum 200 %
£1000 . s
E . R =
‘= ot 1002
] =
= <00 S B -

500 . ° Ly &

I Tt - B -
S
00 02 04 06 08 1 100

Oblique angle (°)
®

Fig. 11. Axial sliding response of the traction wheel: (a) axial speed affected by the traction speed; (b) axial force affected by the

traction speed; (c) axial speed affected by the rolling angle; (d) axial force affected by the rolling angle; (e) axial speed affected by

the oblique angle; (f) axial force affected by the oblique angle.

Traction speed is an important factor affecting the meshing
contact and tooth friction behavior of traction wheels. Therefore,
to explore the response of axial sliding to traction speed, the
traction speed is set between 0.15 m/s and 0.25 m/s respectively,
and the traction load is 120 kN. According to the above method,
the maximum axial sliding speed and axial force when the stable

meshing are obtained respectively, as shown in 0(a) and 0(b).

The results show that the maximum axial force and sliding
velocity increase, with the increase of hauling velocity, and the
fluctuation of sliding force and velocity intensifies. This is
because the contact period of a single tooth decreases with the
increase of traction speed, and the increase of meshing
frequency leads to the axial sliding aggrandize.

In addition, the increase in traction speed leads to the tooth
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collision intensification and an increased axial component of
meshing impact force. And the normal force on the tooth surface
is related to the traction load [53, 54]. When its change is weak,
the axial sliding friction coefficient decreases with the increase
in sliding speed. The increase of meshing impact force and the
decrease of friction force together lead to an increase in the axial
force. Furthermore, it may be the reason for the fluctuation
increase of axial force and sliding speed that the impact
amplitude and frequency of the meshing increase. Therefore,
attention should be paid to the friction frequency of the axial
sliding of the tooth surface, in the design of high-speed shearers.
And the destructive effect of the alternating stress on the tooth
should be considered.

Affected by the walking attitude disturbance, there is a tooth
surface angle error in the actual meshing between the pin track
and traction wheels. Rolling angle § and oblique angle 4 of the
traction wheel relative to the pin track leads to the difference in
the axial stress distribution on the tooth surface, which may be
an important factor to induce the axial sliding. Therefore, to
explore the influence of the meshing angle error on the axial
sliding, @ is set as 0 to 0.8°, 1 as 0 to 1°, the traction speed as
0.25 m/s and the traction load as 120 kN.

As shown in 0(c) and 0(d), the maximum axial force and
sliding speed have a good linear correlation with the 6. The
fluctuation amplitude of the axial force and sliding speed
increases, as the increase of the 8. The result shows that the
maximum axial displacement is 1.66x10 mm and the axial
force reaches 2.477 kN when 6 reaches 0.8°. And the response
sensitivity of axial sliding to € is significantly higher than that
of traction speed and traction load. This is because the extrusion
contact of one side tooth profile is aggravated after the traction
wheel deflects in the x-axle (traction speed direction), and the
axial load on the tooth surface is an uneven distribution. The
increase in axial force is mainly related to the axial contact force,
which leads to the axial forced displacement of the traction
wheel. In addition to the rolling contact along the tooth profile
direction, the axial slipping friction of the unilateral tooth
surface appears, and the wear risks on the teeth edges are
increased. The existing research [55] shows that the coupling
effect of the high sliding speed and the high contact pressure is
a pivotal reason for the gluing failure and adhesion wear of the

tooth surface. Therefore, besides inducing the torsional fracture

failure of the tooth, the influence of the lateral overturning
attitude of the shearer on the axial friction and tooth surface
wear cannot be ignored. The optimal control of the shearer’s
attitude is a feasible means to restrain the axial sliding failure of
traction wheels.

As shown in 0O(e) and O(f), the maximum axial force and
sliding speed of the traction wheel increase with the increase of
A. The results indicate that the axial displacement reaches 6x10°
* mm and the maximum axial force is 1.216 kN when A reaches
1°. However, different from the influence of 8, the periodicity
of the influence of A on axial sliding gradually disappears, and
the sliding is divided into a-stage (0 to 1.2 s) and b-stage (1.2 s
to 2 s). During the period from 0 to 1.2 s (the initial meshing
phase with 1), the axial sliding increases exponentially with the
change of A. At the meshing initial stage, the sensitivity of the
axial sliding to the A increases sharply, and the axial force
increases significantly. After 1.2 s (the end meshing phase with
4), the influence of A gradually reaches the saturation state and
the axial displacement changes slightly. This is because the
traction speed produces an axial speed component of the
traction wheel affected by the A. This is the main reason for the
aggravation of the axial sliding at the initial meshing phase with
A. The axial sliding gradually tends to be saturated caused by the
constraint of the pin track rib plate, as the increase of time, but
the eccentric load near the top area on the teeth surface is not
improved. And with the increase of 4, the traction wheel may
even seriously derailment, and the stress near the tooth surface
top exceeds the material yield limit due to the impact contact
and structural interference. This indicates that the tooth surface
wear caused by the axial sliding induced by the 1 is mainly
concentrated in the initial meshing phase with 4. Although the
axial sliding behavior decreases with time, the meshing
collision near the tooth surface top does not improve. Especially
when the multi-tooth alternating meshing, the impact failure
risk of the tooth surface top increases with the 1. Therefore, the
accurate control of the scraper conveyor and the trajectory
optimization of the shearer has a positive effect on reducing the
oblique meshing error of traction wheels, which is conducive to

improving the reliability of traction wheels.
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3.3. Analysis of the axial forced sliding under the different

sliding positions

According to the above discussion, the axial sliding of
traction wheels in a single meshing cycle has obvious
differences in different tooth profile positions. Besides, existing
studies show that the meshing impact is an important cause of
tooth surface damage, which is mainly distributed in the
meshing-in area, pitch line area and meshing-out area [56, 57].
Furthermore, in the shearer’s actual traction, the axial sliding of
the traction wheel is forced to intensify due to the interference
of the shearer’s attitude and the structure of the traction unit.
Therefore, to explore the difference in the destructiveness of
axial sliding on different tooth profile positions, the axial
driving force of 80 N is added near the tooth root, pitch line and
tooth top areas to force the axial sliding. The three dangerous
areas correspond to the element contact time of the first, fourth
and seventh rows on the tooth surface. The generation times of
the axial driving force are set as 1.128 s to 1.16 s, 1.396 s to
1.428 s, and 1.652 s to 1.684 s, respectively.

As shown in 0, the hauling force F; of traction wheels and

the axial contact force F are obtained, respectively. Taking the

second meshing period (1.08 s to 1.82 s) as an example, the
fluctuation trend of F; is the same under different axial sliding.
The maximum Fy; of the second tooth is 132 kN at 1.09 s, in the
free sliding state; but it is reduced to 128 kN, 125 kN and 128
kN, respectively, in the axial forced sliding state. This shows
that the axial forced sliding can reduce the effective traction
capacity of traction wheels. And the traction loss with a decrease
of 5% is the most significant when the axial sliding near the
pitch line. In addition, different from free sliding, F increases
when the tooth surface is forced to axial sliding, and it is the
most serious in the meshing-in area. The maximum axial force
of the forced sliding is 125 N, 89.3 N and 76.2 N, respectively.
And the corresponding time is 1.16 s, 1.41 s and 1.69 s,
respectively. This is basically consistent with the setting time of
the axial driving force. Therefore, in addition to the axial
component of the meshing force, this result reveals that the
external axial forced driving force is a key factor affecting axial
sliding. The above analysis explains that, during the meshing
process from the tooth root to the top, the destructiveness of
axial forced sliding is the most serious around the tooth root but

weakened near the tooth top.
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As shown in 0, the axial speed v, and axial acceleration a, of
the traction wheel are obtained, respectively. The results show
that, compared with the axial free sliding, the v, near the tooth
root and tip increases significantly during the existence of the
axial forced driving force, but v, changes slightly near the pitch
line. This results in that, nearer the tooth root, axial sliding
behavior is more easily induced by the shearer’s attitude and the
sliding friction frequency increases. Therefore, during the
meshing process from the tooth root to the top, the axial sliding
behavior and fatigue wear near the tooth root are aggravated
under the same external driving force.

Stress analysis is of great significance to reflect the wear and
load distribution of the tooth. Therefore, to explore the influence
of the sliding position on tooth failure, the maximum stress of
the tooth with different sliding forms is obtained, as shown in 0.

The results show that the maximum stress is 525 MPa when the

axial forced sliding of the tooth root, 508 MPa of the pitch line
and 523 MPa of the tooth top. Compared with free sliding, the
stress concentration time on the teeth profile is longer after the
axial forced sliding in the tooth root. This reflects that the
influence time of the axial sliding around the tooth root is longer
while the influence on the tooth profile wear is stronger. Besides,
the results show that the stress changes slightly after the axial
forced sliding on the pitch line, and the stress concentration at
the tooth top is improved. This is related to the reduction of the
axial contact force and v, (as shown in 0 and 0) when the pitch
line area is forced to slide. Furthermore, the stress result shows
that the axial eccentric load on the tooth surface increases after
the axial forced sliding near the tooth top. This is an important
reason for inducing tooth deformation from the constrained

torsional.
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Fig. 14. Maximum stress distribution of the traction wheel under axial forced sliding: (a) sliding near the tooth root; (b) sliding near

the pitch line; (c) sliding near the tooth top.

(d)
Fig. 15. Stress in different areas on the tooth surface of the traction wheel: (a) tooth root with free sliding; (b) the pitch line with free

sliding; (c) tooth top with free sliding; (d) tooth root with forced sliding; (e) the pitch line with forced sliding; (f) tooth root with

v-m (MPa)

forced sliding.
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To further explore the stress damage difference of the tooth
surface near the tooth root, pitch line and tooth tip caused by the
axial sliding, the stress states of the elements in the first, fourth
and seventh rows are obtained respectively, as illustrated in 0.
The result indicates that the tooth surface stress in the three
areas under forced sliding is basically the same as that under
free sliding, and the stress on the tooth profile changes slightly.
When forced sliding, the maximum equivalent stress is 500
MPa around the tooth root, 402 MPa near the pitch line, and 440
MPa around the tooth tip. During the duration of the axial
driving force, the stress is basically maintained above 330 MPa
around the tooth root, the pitch line area is about 235 MPa, and
the tooth tip area is about 290 MPa. This reveals that in the
meshing process from the tooth root to the tooth top, the axial
sliding driven by the same external force to the tooth root is the

most destructive, but the stress near the pitch line and the tooth
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top is more sensitive to forced sliding. Combined with the
analysis of v, and F, on the tooth surface, besides the traditional
bending fatigue and rolling contact fatigue damage around the
tooth root meshing area, the torsional deformation around the
traction wheel’s radial occurs under the action of axial force and
axial friction. Therefore, in the design of the shearer with
complex attitude disturbance, the torsional fatigue damage of
axial sliding to the traction wheel’s root cannot be ignored.

The above analysis reflects that the axial forced sliding and
its harm around the tooth root of the traction wheel are
obviously more serious than that in other areas. Therefore, to
further research the effect of driving force on the axial forced
sliding of the tooth surface, only the response of the axial forced
sliding near the root area under different driving forces is
studied. The axial driving force is set as 80 kN to 280 kN. The

F,, v, and tooth surface stress are obtained, as shown in 0 and 0.
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Fig. 16. The influence of axial driving force on axial forced sliding on the tooth surface: (a) axial sliding velocity; (b) axial contact force.

The results show that, with the increase of axial driving
force, the F, and v, increase, and the reciprocating sliding
fluctuation intensifies, as shown in 0. As the driving force
increases, the response sensitivity of v, is higher, the v, increases
by 36% from 2.83x10 m/s to 3.86x10 m/s. This is the
inevitable result of increased external incentives. Besides, the
F, exhibits a near-linear correlation with the driving force
during forced sliding, and the correlation increases with the
increase of the driving force. This may be because, with the
sliding intensifying, the driving force and the meshing force
increase in the sliding direction, while the influence of friction
is relatively weakened in the opposite direction of the sliding.
Therefore, besides the meshing speed, load and meshing angle,
the attitude and axial load of the shearer are important reasons
causing the axial sliding of the traction wheels.

To characterize the failure risk, the tooth safety factor K is

defined as the ratio of the allowable stress divided by the
maximum stress. A smaller safety factor indicates a higher
failure risk due to tooth stress. The simulation results show that
the load difference is significant on the tooth profile. And
combined with the above analysis, the axial stress distribution
is uneven under the combined bending and torsion deformation
of the tooth. Therefore, the response characteristics of K to the
axial driving force are obtained, in the tooth profile area and the
middle of the tooth width, respectively. The results show that,
under the influence of concentrated stress, the Ks of the tooth
profile is significantly lower than that in the middle of the tooth
width, and the Ks of the tooth profile is more sensitive to the
driving force. With the increase of driving force, the Ks around
the tooth root decreases, both in the tooth profile and the tooth
middle. This is the inevitable result of the intensification of the

axial sliding during the existence of the driving force. And this
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reflects that the contact fatigue strength around the tooth root
decreases, with the increase of the driving force, and the contact
wear risk on the tooth surface increases. Besides, in the single
tooth meshing cycle, the tooth top is more affected by the axial
driving force, but the response of other areas to the driving force
is weakened. This may be because, when the contact position
migrates from the tooth root to the tooth tip, the affected area of
the tooth bending and torsional deformation is mainly the tooth
root. In conclusion, the destructiveness to the tooth surface
caused by the increased driving force is mainly around the tooth
root but is weak near the pitch line and tooth top.

The differences in tooth surface contact results in uneven
axial load distribution. Therefore, to characterize the axial
eccentric load on the tooth, the tooth surface stress distribution
coefficient K, is defined by the ratio of the maximum stress to
the minimum stress on the same meshing line. The results show

that the eccentric load near the meshing-in area is serious, and
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the axial eccentric load in the later period of a meshing cycle
increases as the axial driving force increase. The eccentric load
leads to the shortening of the effective tooth width and the load
increase on the tooth single side, which are important factors
inducing unilateral wear and torsional deformation. Therefore,
the torsional destruction to the wheel body and the wear damage
on the tooth top due to the forced sliding will increase with the
increase of the driving force. The axial load of the drum and the
axial collision of traction units are the main sources of the
driving force of traction wheels. Therefore, it is of positive
significance to suppress the damage of axial sliding that
optimizing the axial cutting load by changing the operating
parameters and the drum structure. And it is a feasible means to
improve the useful life of traction wheels that reduces the axial
impact force of traction units through the shearer’s attitude

control.
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Fig. 17. The influence of axial driving force on tooth surface stress: (a) the safety factor of tooth profile; (b) the safety factor in the

middle of the tooth width; (¢) stress distribution coefficient on the tooth surface.

4. Conclusions

To reveal the failure laws on the traction wheels caused by axial
sliding, a meshing contact model between the pin tracks and the
traction wheel with axial sliding is established. The differences
in meshing contact of the tooth surface are compared. The
response laws of the axial sliding to the traction load, traction
speed, and meshing angle are analyzed. And the influences of
the sliding position and driving strength on the tooth meshing
and failure with axial forced sliding are discussed. The
following conclusions are made:

1) The axial sliding predominantly occurs during the multi-
tooth alternating meshing stage, and the sliding is relatively
weakened near the pitch line. It demonstrates dual mechanical
effects: a reduction of more than 50% in axial impact forces at

tooth-profile interfaces and a mitigating of the eccentric loading

around the tooth top; a stress increase of 52 MPa on the tooth
surface near the tooth root and a risk increase of brittle fracture.

2) With the increase of traction load from 80 kN to 160 kN,
the axial friction on the tooth surface increases but the sliding
speed near the tooth top decreases by 35% to 1.12x10** m/s.
Traction speed, rolling angle and oblique angle promote the
tooth axial sliding behavior, which leads to an increase in
adhesion wear and gluing failure. And the response of sliding to
the rolling angle is the most significant.

3) When the rolling angle reaches 0.8°, the maximum axial
displacement is 1.66x10 mm, and the unilateral tooth profile
wear is aggravated due to the tooth eccentric load. The tooth
surface wear induced by the oblique angle is mainly
concentrated in the initial stage of the oblique angle. With the
advance of time, the sliding behavior decreases but the failure

risk of impact contact near the tooth top increases sharply.
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Therefore, the attitude optimization of the shearers is a feasible
means to suppress the axial sliding failure of traction wheels.
4) Axial forced sliding reduces the effective traction
capacity of the shearer, and traction force near the pitch line
reduces by 5% with a driving force of 80 N. Compared with the
areas near the pitch line and tooth top, the axial driving force is
more likely to induce the sliding behavior near the tooth root.
As the driving force increases from 80 N to 280 N, the axial

forced sliding increases by 36% from 2.83x107 m/s to 3.86x10

3 m/s and the contact strength near tooth root decreases, the wear
damage near the tooth top and the torsional deformation on the
tooth intensify.

The results have a reference for reducing the traction failure
of shearers. The load distribution between the double traction
units has an important influence on the dynamic characteristics
of the traction wheel. Therefore, the axial sliding response
analysis under the load synergistic coupling between the dual

traction units can be considered in future research.
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