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C yenvro uccnedo8anusi YyCmaioCmuol 001208e4HOCHU OYPOB020 00I0OMA € PA3TUYHbIMU Napament-
Pamu mexHoI02U4ecKoe0 NPOeKmMUpOSaHius nposeoeno MoOeluposane npoyecca noOpe3Ku y2oib-
HO20 NAACma ¢ nomMowbio 00J10ma HA OCHOGe MEEPOOMenbHol Mooenu. Usmenenue Hanpscenus 6
COeOUHeHUU MeHcOy JONAmKOU U MEepOOCHIAHOU 20J08KOU NOJIVUULU NYymeM MOOeTUPOSaHUs
npoyecca npoexmupo8anus Npu PasiudHbIX NApamempax papabomru ciabo2o coeounenusi (Veoi
noopesKu, MOAUHA U wae 0010ma). Ycmanocmuyro 001208e4HOCHb 0010MA NPOSHOZUPOBANU C
NOMOWBIO YCOBEPUUEHCIBOBAHHO20 Memoda 002coesoeo0 nomoka u npasuia Maiinepa. Coenacho
OaHHBIM UCRBIMAHULL HA YCMATOCMb 3HAYEHUs AMNAUNYObl HANPSICEHUNl U HAKONIAEHUs NOBPelC-
Oenuil 3a 00UH X00 AGNAIOMCS HaumMenbuumu npu yeie noopesku 80°, npu amom Koauuecmso paboyux
X0008 U 4aAC08 NOBPEHCOEHH020 00I0MA docmueaem makcumyma. Yem monuge donomo, mem 6oavuie
e2o conpomugienue U mem 3Hayumenvhee nogpedcoerue. Kpome moeo, vem menvue waz ooioma,
mem npowe e2o CnpoeKmuposamy U mem Menvuie nospedicoenue. Pezyiomamor ucnvimanuii coom-
6emcmeyiom OaHHbIM Meopemuiecko20 aHaau3d.

Knwuesvie cnosa: JA0JIOTO, YCTAJIOCTHAsA JOJITOBEYHOCTD, YCOBepHIeHCTBOBaHHLIﬁ METO
AOKACBOTO IMOTOKA, IIar A0JI0Ta, TOJIIWHA D0JI0Ta, YroJl IMOAPE3KH.

Introduction. Coal planer cuts the coal rock by continuous cyclical impact of chain
haulage. Figure 1 shows the plow chart, whose cutting coal tool is the plow bit, However,
the plow is easily damaged in the form of the weld fracture and carbide head shedding, etc,
which directly affects the work reliability and coal production efficiency [1-9]. To figure
out the flow damaged causes of the sliding coal planner, effective measures have been
taken to reduce energy consumption and loss of plow by studying the loading behavior of
the working plow. Figure 2 depicts the plow bit physical map. Due to the environmental
conditions, coal properties and the interaction between coal and plow, computer numerical
simulation is combined with lab experiments to investigate the strength and fatigue life of
plow bit under different planning parameters, which is of significance for improving the
work reliability of the plow.
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Fig. 1. Plow chart. Fig. 2. Plow bit physical map.

In order to explore the stress condition of the working plow, its strength and fatigue
life, a solid model for the plow bit is constructed using the material model of a flexible
body (MAT-PLASTIC-KINEMATIC). In addition, a constitutive model for the coal is
established based on the non-grid smoothed particle hydrodynamics (SPH). By selecting
the joint between the blade and carbide head as the weak location, the process of plow bit
cutting a coal seam is simulated by the Hyper Mesh and LS-DYNA, whose results are
analyzed in a combination with the test results. This paper provides a new method to study
the working conditions of a coal seam-cutting plow pit, as well as the strength and fatigue
life of a plow bit.

1. Establishment of the Plow Cutting Coal Seam.

1.1. Plow Bit Model. As the plow bit is complex in structure and subject to three-way
random loading in actual work, Pro/E software is used for modeling, and SD Solid 164 unit
type and flexible body material model is applied for the finite element simulation. Figure 3
shows the plow meshing with 57,913 units and 11,696 nodes, while Fig. 4 illustrates the
finite element model of plow bit and coal seam. Blade materials and their mechanical
properties are tabulated in Table 1.

Tool apron ;
=

Fig. 3. Model of plow bit. Fig. 4. Finite element model of plow bit
and coal seam.

1.2. Constitutive Model of Coal Seam. The accuracy of the finite element analysis
strongly depends on the material and the material parameters used in the model. Modeling
by SPH method can simply and accurately achieve complex constitutive behavior, such as
simulating structural disintegration, fragmentation and cratering, as well as the spall and
brittle fracture of solids, etc. In this method, the kernel estimation of any macroparameter
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Table 1
Mechanical Characteristics of Investigated Materials
Blade material Elastic modulus Poisson’s ratio Yield strength Density
E, MPa % o,, MPa D, g/cm3
40Cr 210-10° 0.25 980 8.3
YGS 540-10° 0.30 1890 14.5
HL105 3.78-10° 0.28 330 1.3

(e.g., density, pressure, temperature) in one spatial point (7), can be obtained by the integral
of f(r) in Q domain

(fen= [ raHwe—r; har, )
Q

where W(r—r'; h) is a kernel function and 4 is the smoothing length.
Generally, < f (x)> is called a kernel estimate of f(r).Let f; be the value of particle

j in f(r), Eq. (1) can be written in the form of particle summation
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where N is the total number of particles in computational domain, m s f] ,and p ; are

the quality, the parameter to be calculated, and the density of particle ; in the spatial point

(r), respectively. Similarly, the kernel estimation of the first derivative of f(r) in particle i
can be denoted by
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The most common smooth kernel used in SPH is the cubic b-spline, defined as

(1-15¢>+0.759>)/p  (0=¢p<1),
Wy =102502-¢)° /B (1=¢<2), (4
0 (p=2),

where ¢=|[r, —r;|/h, and B is selected as B=15h, B=0.77h?, and B=mh’

corresponding to the one-, two-, and three-dimensional problems, respectively.

Due to the brittle fracture of a coal-cutting plow bit, model 13# with brittle cracking
material is chosen in LS-DYNA as the elastic-plastic material fracture model (MAT-
ISOTROPIC-ELASTIC-FAILURE), where the shear modulus of 1190 MPa, the bulk
modulus of 2580 MPa, the plastic reinforcement modulus of 100 MPa, Poisson’s ratio of
0.3, and plastic fracture strain of 0.06.

2. Fatigue Life Prediction of Plow Bit for Different Planning Parameters.

2.1. Impact of Cutting Angle on Fatigue Life. Let the planning speed v= 25 m/s,

planning depth /= 20 mm, and plow thickness 5= 30 mm. The cutting angle is obtained
by simulating the model using LS-DYNA. The changing curves of the shear stress with the
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cutting angle of 70, 80, and 90° are extracted for statistical treatment. Let stress of i be x,
then mean value x, mean square deviation S, and variation coefficient ¢ in the whole
planning process can be calculated as

= Y, 5)

1/2

= 2@—@ , ©)

O]

The statistical result of the stress at the joint between the blade and carbide head,
which was calculated via the MATLAB program is shown in Table 2 the fatigue life of the
plow bit is predicted using the improved rain-flow method and Miner linear accumulated
fatigue damage model. The statistical result is expressed by stress amplitude and vector
quantity, isofar as the rain-flow counting method involves two parameters. However, the
MATLAB program is used to improve the rain-flow program, thus avoiding the leaking
points caused by improper docking. The stress amplitudes of a stroke are shown in Fig. 5
with working face length being 100 m at the cutting angle of 70, 80, and 90°, respectively.

Table 2
Statistical Result of the Stress at the Joint between the Blade and Carbide Head
Parameter Cutting angle S, deg
70 80 90
0 max» MPa 59.1656 49.0864 59.973
O in » MPa 1.7760 1.4730 1.793
O ean> MPa 51.4163 40.0650 56.434
Mean-square deviation S 31.924 20.912 35.841
Variation coefficient ¢ 0.627 0.612 0.782
20
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Fig. 5. Stress amplitude circulation chart of plow bit for different cutting angles fS: (a) f =705
(b) B =1380% (c) B =90°

The power function of S— N curve is used to predict the fatigue life for different
cutting angles, defined as NS™ = C,where N is the cycle index of fatigue failure at stress
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level S, where m and C are the material constants which, according to studies [12, 13],
are set as m=7.31 and C=1422917-10", respectively. Based on the Miner linear

accumulated fatigue damage, the accumulated damage D and the fatigue life of the plow
bit can be calculated under the random loading, with damage occurring at D= |,

D=y =1 ®)

i=1""1

where n; is the cycle number at a certain stress level and N; is fatigue life at the stress.
Let the working time of coal planner be 18 h per day, total work time of a damaged
plow bit is shown in Table 3.

Table 3
Cumulative Damage and Fatigue Life of Plow Bit
Parameter Cutting angle (3, deg
70 80 90
Cumulative damage of a stroke 2.84551-107° 2422917-107° 3.73459-107°
Number of working strokes 3.5591-10% 3.9687- 10" 2.7645-10*
with a damaged plow bit
Number of working hours of plow 47.6 52.8 34.5
with a damaged plow bit

T 1Siat?stical Results on Stress at the Joint between the Blade and Carbide Head
Parameter Plane width bp, mm
25 30 40
O max» MPa 38.8978 49.0864 58.8924
O 1in » MPa 0.7780 1.4730 3.8890
O ean> MPa 31.2416 40.0650 46.2350
Mean-square deviation S 19.568 20912 35.841
Variation coefficient ¢ 0.5270 0.6120 0.7172
Table 5
Cumulative Damage and Fatigue Life of Plow Bit
Parameter Plane width bp, mm
25 30 40
Cumulative damage of a stroke 19153-107° | 2422917-107° | 34531-107°
Number of working strokes with a damaged 4.0125-10% 3.9687-10* 2.8102-10%
plow bit
Number of working hours of plow 53.40 52.80 35.12
with a damaged plow bit
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Table 6
Statistical Results on Stress at the Joint between the Blade and Carbide Head
Parameter Plane distance S,, mm
30 40 50
0 max» MPa 45.1253 49.0864 62.583
O in » MPa 1.358 1.473 3.478
O ppean» MPa 38.469 40.065 45.987
Mean-square deviation S 15.987 20.912 23.120
Variation coefficient ¢ 0.589 0.612 0.788
Table 7
Cumulative Damage and Fatigue Life of Plow Bit
Parameter Plane distance S p> Mm
30 40 50
Cumulative damage of a stroke 2.0455-107° | 2422917-107° | 4.2369-107°

Number of working strokes with a damaged 4.2519-10* 3.9687-10% 2.3645-10
plow bit

Number of working hours of plow 54.60 52.80 30.21
before damage
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Fig. 6. Stress amplitude circulation chart of plow bit for different plane width values b,: (a) b, =
=25 mm; (b) b, =30 mm; (¢) b, =40 mm.

20 150 250
L 200 |
& 1540 = 100 A%
TiHp 3
50 ; 1
- i_ ] L— ad ﬁ _- .II:I
n -h=_'r‘_ i  —— I} .
0 M 40 60 B0 106 0 20 40 &0 B 1) L L LI L
5, MPa 5, MPa 5, MPa
a b c

Fig. 7. Stress amplitude circulation chart of plow bit for different values of the plane distance S
(@) S, =30 mm; (b) S, =40 mm; (¢) S, =50 mm.

2.2. Impact of Plane Width on Fatigue Life. Let the planning speed be v= 2.5 m/s,
planning depth %= 20 mm, and cutting angle 3= 80°. Plane width 5 » 18 obtained as 25,
30, and 40 mm by simulating the model using LS-DYNA. After statistical processing of the
stress curve according to the method described in Section 2.1, the result is obtained via the
MATLAB program, as is shown in Table 4. Using the improved rain-flow method and the
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Miner linear accumulated fatigue damage model, the stress amplitude of the blow per one
stroke is shown in Fig. 6 and tabulated in Table 5 for the working face length of 100 m,
after obtaining the three plane width values by the processing of the LS-DYNA-simulated
stress curve.

2.3. Impact of Plane Distance on the Fatigue Life. Let the planning speed v= 2.5 m/s,

planning depth /=20 mm, cutting angle 3= 80°, and plow thickness b » = 30mm. By the
LS-DYNA model simulation, the plane distances S, equal to 30, 40, and 50 mm,
respectively, were obtained. Using the statistical method described in Section 2.1 and the
MATLAB program, the statistical results on the stress values at the joint between the blade
and carbide head were obtained, which are tabulated in Table 6 and depicted in Fig. 7.

Using the improved rain-flow method and the Miner linear accumulated fatigue
damage model, the stress amplitude of the blow per one stroke was obtaine with the
working face length of 100 m, after obtaining the three plane distance values by the
processing of the LS-DYNA stress curve, as is shown in Fig. 7. Assuming the working time
of coal planner to be 18 h per day, the total work time of the plow with a damaged plow bit
is given in Table 7.

3. Experimental Study for Different Planning Parameters. Due to the limit
conditions, the experiment adopts the plot thickness as 25 mm, with the physical property
parameters given in Table 8.

Table 8
Parameters of Physical Properties of Specimens

Speci- | Compres- | Tensile | Shear | Cohesio | Friction | Friction | Static Pois- Bulk
men sive strength | strength n angle |coefficie| elastic son’s | density
type | strength | (MPa) | (MPa) | (MPa) (deg) nt modulus | ratio (kg/m3)

(MPa) (MPa)

0.4 40 4.015 16.54 12.1 65.1 2.6 1.023-10% 0.225 2004
0.8 80 4.121 18.31 159 70.2 2.8 [5826-10% 0.275 2112
f1.2 120 6.213 19.72 16.3 72.5 32 |7541-10% 0.312 2480

Table 9
Design of Orthogonal Experiment Array Experimental Design
Test number A B C D E F G H I
a 1 2 3 1 2 3 1 2 3
b 1 1 1 2 2 2 3 3 3
c 1 2 3 2 3 1 3 1 2

The orthogonal experiment can be used to simulate the impact of error factors and
analyze the data obtained by fewer experiments, thus achieving a satisfactory result.

4. Orthogonal Factors’ Table. The orthogonal experiment is used through L9 (34)
without considering the interaction, as shown in Table 9, where A is the cutting angle,
B is the plow thickness, and C is the plow spacing.

Figure 8 presents the overview of coal or rock specimens used, and Fig. 9 illustrates
the test analysis system. The number of working strokes and the total working time are
obtained from the experiment, as is shown in Fig. 10.
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Fig. 8. A coal or rock specimen. Fig. 9. Test analysis system.
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Fig. 10. Cumulative damage (a) and fatigue life (b) of the plow bit test.

There are two groups in the orthogonal experiment (planning cutting angle = 80°,
plow thickness b, =25 mm, and plow spacing S, =40 mm), while the results obtained
are lower than the theoretical values, due to the impact of dynamic loading on the plow
abrasion. The theoretical results generally agree with the test data.

Conclusions

1. A three-dimensional solid model of the plow pit and the finite element model of the
coal are constructed, which provide some guidelines for simulating the coal-cutting plow
bit and predicting the plow bit fatigue life.

2. According to the simulation results, the shear stress strongly depends on the cutting
angle. The stress amplitude and accumulated damage per one stroke attain the minimal
values at the cutting angle of 80°, whereas the number of working strokes and working
hours reach the maximum values. The thicker is the plow bit, higher are the coal resistance
and the plow bit damage. In addition, a smaller plow spacing results in higher planning
ability and smaller damage.

3. The orthogonal experiment results show that the measured number of working
stokes and working time of plow basically agree with the respective results of the
theoretical analysis.

Pe3ome

I3 Meroro JOCHIPKEHHST JIOBFOBIYHOCTI BiJ yTOMJIEHOCTI OypoBOrO J0JIoTa 3 PI3HUMH
napaMeTpaMy TeXHOJIOTIYHOTO MPOSKTYBAHHS POBEICHO MOAECIIOBAHHS IIPOLeCy MiAPi3Ku
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BYT1IIBHOTO TUIACTA 3@ JOMOMOTIO0 JIOJIO0TA Ha OCHOBI TBEPAOTLIEHOT MOziesi. 3MiHy Hampy-
JKCHHsSI B 3’€JIHAHHI MDK JIONATKOK 1 TBEPAOCIUIABHOIO TOJIOBKOK OTPUMAIH LUISIXOM
MOJICIIOBAHHSI IIPOLIECY NPOSKTYBaHHS 3a PI3HUX MapaMeTpiB po3poOKH ci1abKoro 3’€JHaH-
HSl (KyT MiApI3KH, TOBIIMHA 1 KPOK J0J0Ta). JIOBrOBIUHICTH BiJi yTOMJICHOCTI [0JOTa
CIIPOTHO3YBAJIM 32 JIOINIOMOIOI0 YJOCKOHAJICHOTO METOJY JIOLIOBOIO TOTOKY 1 IpaBmia
Maitaepa. 3rigHo 3 MaHUMH BUIPOOYBaHb Ha YTOMY 3HAYEHHS aMIUNTYAW HANPYXKEHb 1
HAKOITMYCHHS MOIIKO/HKEHB 32 OJIMH XiJI € HAWMEHIIUMHY MPH KyTi miapi3zku 80°, mpu npomy
KUTBKICTh pOOOYHMX XOJIB 1 TOAMH MOIIKOHKEHOTO J0J0Ta CATa€ MaKCUMyMy. UM ToBIIe
JI0JIOTO, TUM OUIBIIMI #HOro omip 1 TMM 3HauHile MOIIKO/UKeHHsA. OKpiM TOro, 4uMm
MEHIIUH KPOK JOJIOTa, THM IIPOCTIIIe HOro CIPOEKTYBATH i TUM MEHILIE MOIIKOIKCHHS.
PesynbraT BUnpoOyBaHb 30iraloThesi 3 JaHUMH TEOPETHYHOTO aHai3y.
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