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Abstract: Mining scrapers as an important part of scraper conveyors are highly prone to wear and
fatigue failure. A new scraper capable of turning sliding friction into rolling friction was designed to
limit wear and reduce failure rate. To determine the safety and reliability of the new scraper, numerical
pulling force measurement was conducted on its physical model and finite element analysis was
performed on its 3D model based on SolidWorks Simulation. The results were then compared with
data of the traditional scraper. Numerical pulling force measurement results indicated impressively
lower friction for the new scraper. Stress, strain, and displacement distributions obtained by static
stress analysis based on SolidWorks Simulation proved conformance with the strength and deflection
standards. Damage percentage and total life nephograms yielded from fatigue analysis indicated no
significant life reduction. Numerical pulling force measurement combined with analysis based on
SolidWorks Simulation can help reduce the production cost and development cycle. It plays a great
role in determining the safety, reliability, and stability of the new scraper.

Keywords: scraper; pulling force simulation; static stress analysis; fatigue analysis

1. Introduction

Mining scrapers are an important part of scraper conveyors. They are connected with
beams, bolts, chains, and sprockets to convey materials. They are also one of the scraper
conveyor parts with the highest failure rate—statistics showed a failure rate of as high as
35.8% [1]. On fully mechanized mining faces, scrapers can often break or fall off, preventing
the scraper conveyor from further operation and bringing the production across the mining
face to a halt.

Scrapers fail mainly because of wear and fatigue. There is a gap between the conveyor
trough and the scraper, into which coal gangue often slips and rubs against the scraper and
the chain, increasing the friction force of the scraper conveyor. The scraper itself is in close
contact with the conveyor trough; its sliding friction with the trough further intensifies the
wear. Excessive drop height of the coal or excessive size of the coal blocks will cause the
maximum stress in some areas of the scraper to exceed the permissible limit for the forging
material, leading to strength failure and breakage.

The failure rate of a scraper can be reduced in two ways. One is to optimize the
scraper chain so that it has good tension against violent shock. The other is to improve the
scraper’s own material and structure. On the one hand, this can change the contact form
between the scraper and the conveyor trough to reduce the scraper-trough friction, limit
wear and increase the service life of the scraper. On the other hand, it can optimize the
scraper structure with anti-shock, corrosion-resistant material to increase bearing capacity.

So far, researches on the failure rate of scraper conveyors are primarily focused around
the optimization of the scraper chain. Dolipski et al., designed an automatic initial chain ten-
sion adjustment system using an own mathematical conveyor model of a scraper conveyor
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and the ASTEN algorithm [2]. Liu et al., examined the causes of scraper chain breakage
from material and hardness perspectives [3,4]. Szewerda et al., considered the impact of
angle and inclination of a scraper conveyor on its operation dynamics and described ways
in which the longitudinal inclination of a conveyor affects chain loosening [5]. Wang et al.,
performed several rounds of wear test to investigate the wear behavior and mechanism of
the ring chain of scraper conveyors [6-8].

In addition, Fedorko proposed an innovative approach to partially or completely
eliminate unstable working areas by measuring the relevant parameters of a special steel
abrasive transported by scraper conveyor [9]. Szurgacz pointed out that in the era of
Industry 4.0, green economy, and sustainable development, it is necessary to properly
monitor and control the operation parameters of mechanical supports in longwall mining
faces. He proposed a solution aimed at reducing the working time of operators in the
power support section. His analysis and research results can provide practical help for
shell users to improve reliability and achieve optimal performance [10]. Molnar pointed
out that rubber conveyor belts are important components of transportation chains in many
industries, as they can remove adhered goods from the belts and reduce losses of these
resources in transportation process. The frictional contact between the belt and scraper is
very important, as it is often a source of wear and unexpected energy consumption. He
proved that friction and wear have a strong dependence on the alignment angle between
the bolt and the belt [11].

These authors systematically investigated the scraper chain with respect to the instal-
lation design, operating state monitoring and failure analysis, offering groundbreaking
outcomes in theory as well as optimized designs for real application. Nevertheless, most
of the studies are limited to the optimization of scraper conveyors in terms of the scraper
chain alone. Few have considered the synergy between the scraper chain and the scraper.
As one of the key contributors to the efficiency and reliability of a scraper conveyor, an
optimization plan is also needed for the scraper as a supplement to the already optimized
design of the scraper chain so that these components can help improve the capacity and
efficiency of the scraper conveyor together.

Of course, some attempts have already been made by some authors in this respect.
For example, Davydov SY elaborated on the construction and operation of tubular scraper
conveyors (TSCs) and comparatively evaluated the technical characteristics of TSCs [12].
Li S presented a dynamic reliability model of scraper chains based on fretting wear process
and proposed an appropriate structural optimization method [13,14]. Marinelli M proposed
a new algorithmic optimization method incorporating the golden section search and the
bisection algorithm and proved that the new method can effectively reduce the loading
cost [15]. Chai improved the structure of the groove rim of a transport chute and compared
the stress distribution of the structure before and after improvement using ANSYS soft-
ware(Ansys 2019 R2, ANSYS Corporation, Canonsburg, PA, USA). The modified structure
reduced stress concentration and improved the structural strength and reliability of the
transport chute [16]. Chen studied the structural form of the high-speed shaft of the plane-
tary gear reducer of a scraper conveyor on a coal mine underground working face. Based
on the working conditions of the reducer, he analyzed the advantages and disadvantages of
several different structural forms of high-speed shafts, providing reference for its structural
design [17]. Hua pointed out that Ultra-wideband (UWB) is a promising wireless radio
frequency technology with centimeter-level ranging capabilities. She used an UWB-based
extended Kalman filter (EKF) to locate and track the displacement of the scraper blade at
both ends, achieving the purpose of monitoring the health of the chain [18].

These studies are relatively mature and involve performance testing or dynamic mon-
itoring of existing scrapers on the theoretical dimension. They revealed the mechanical
properties of scrapers, provided detailed description of their micro mechanical charac-
teristics and wear conditions during operation, reflected their operating mechanism on
a dynamic basis, and rebuilt their dynamic models in the operation of a scraper con-
veyor [19,20]. However, as they failed to adjust the overall structure of the scraper, the
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practical application result of their optimization plans is less than perfect. There are three
omissions as follows:

(1) These studies focus on the independent research of scraper chains and transport
chutes, lacking a comprehensive analysis of the transportation system (scraper chain—-
scraper—transport chute) of scraper conveyors.

(2) As an intermediate part connecting the scraper chain and transport chute, there are
few existing researches on the optimization design of this single component of scraper.

(3) In the process of applying these theories to practical design, designers or engineers
often pursue simplified designs and emphasize simplifying product assembly steps
and reducing costs by reducing the number of parts. The interaction design between
the transport chute and scraper is lacking because the mutual influence between
the scraper chain, transport chute, and scraper is not considered. There is a lack of
understanding that adding appropriate parts in the actual operation of mechanical
products can greatly reduce the product’s use and maintenance costs, although it may
increase manufacturing costs.

The scraper of a scraper transporter may experience the following failure modes and
types: (1) Scraper wear: The scraper may wear down over time, resulting in reduced
conveying capacity. (2) Scraper breakage or distortion: The scraper may break or become
distorted due to external forces or fatigue. (3) Scraper detachment: Due to excessive wear or
improper installation, the scraper may detach from the bearing or spring support, causing
the operation to be interrupted. (4) Scraper material jamming: If the gap between the scraper
and the conveyed material is too small, or if the conveyed material contains large pieces
of material, the scraper may become stuck and cannot operate normally. (5) Transmission
mechanism failure: The transmission mechanism of the scraper transporter may experience
problems such as motor or reducer failure, causing the scraper to malfunction. Usually, the
failure and fault types of the scraper will be shown together with other faults of the scraper
transporter, as shown in Table 1.

Table 1. Failure data of scraper conveyor in a mining area from 2021 to 2022.

Transportation System Drive System Control  Structural
Structure S
Chain Scraper Ring  Sprocket Motor Retarder  Coupler ystem Member
Number of failures 49 43 12 21 29 21 11 33 9
Average failure time 11h 14h 8h 9h 8h 14h 14h 12h 8h
Fault proportion 21.5% 18.9% 5.3% 9.2% 12.7% 9.2% 4.8% 14.5% 3.9%

From the data in Table 1, it can be seen that the failure rate of scrapers is relatively high.
Therefore, this paper presents a new scraper model, which adds a roller structure to the
traditional scraper to turn sliding friction into rolling friction and effectively reduce wear
failure. To prove its advantages, pulling force experiment was conducted on the physical
model of the new scraper to confirm effective reduction in friction force. Based on the
reliability theory, static stress and fatigue analysis were performed on the new scraper using
SolidWorks Simulation, which yielded the stress, strain, and displacement distributions
of the new scraper. The deformation-prone portions of the new scraper were evaluated
theoretically to verify whether it is constructed to the required deflection and strength.

2. Experimental Section
2.1. Sample Preparation

A type II scraper shown in Figure 1 is used as the base body of the modified new
scraper. The ring chain size (d x p)is 48 mm x 152 mm; the trough width is 1200 mm; the
length (L) is 1184 mm; the chain center distance (A) is 280 & 1.0 mm; the hole spacing (B) is
520 + 0.75 mm; the bolt hole diameter (d) is 33 mm.
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Figure 1. Modified base body—type II scraper.

Scraper modification covers the base body, support body, and rolling bearing. A group
of holes are drilled on the contact face between the scraper and the conveyor trough, as
shown in Figure 2. A support body is made from polyurethane material and combined
with the rolling bearing [21,22]. The support body with the rolling bearing is then inserted
into the scraper by interference fit before a rolling ball and auxiliary balls are placed into
the rolling bearing.

Figure 2. Mounting face and mounting slot. (a) Physical model; (b) 3D model.

The support body is made from high molecule polyurethane material. The rolling
bearing is mounted into the support body in a removable manner, as shown in Figure 3a.
The high molecule polyurethane material or similar elastic material must satisfy or possess
the following properties [23,24], which is shown in Table 2:

Table 2. Material properties that must be satisfied.

Hardness

Tensile Strength Tear Strength (Right Angle) Elongation at Break Springback

SHA60-SHD70

25-60 MPa 50-200 kN/m 300-800% 25-70%

The rolling groove in the rolling bearing is processed into a semi-closed structure such
that the rolling ball is in rolling contact with the conveyor trough while the remaining part
of the rolling ball remains in the rolling groove, as shown in Figure 3b.
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Support body

(b)

Figure 3. Rolling bearing and auxiliary balls. (a) Rolling bearing; (b) Section view of the rolling bearing

To ensure better stability and reliability, a layer of finer auxiliary balls is designed
between the rolling groove and the rolling ball to produce secondary rolling contacts [25]

Both the balls and the rolling bearing are made from high strength metals such as stainless
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material [26-28]. The rolling ball is 6-20 mm in diameter; the auxiliary balls are 2-5 mm in
diameter. The final model is shown in Figure 4.

Figure 4. Models of the new scraper. Three-dimensional model of the new scrapper.

2.2. Newtonian Mechanics Experiment

To quantitatively prove the advantages of the new scraper, the pulling force of the
physical models of the new scraper in Figure 5a and the traditional scraper in Figure 5b are
numerically measured before the measurement results are compared.

The Zhiqu DS2 series digital push—pull gauge(Dongguan Zhiqu Precision Instrument
Co., Ltd., Dongguan, China), which is shown in Figure 5¢, is a multipurpose high-accuracy
push—pull load tester designed for the push—pull load testing, insertion-withdrawal force
testing, and destructive force experiment of various products [29]. The DS2 series features
high accuracy, long service life, small volume, long standby time, and easy operation.
Armed with professional software and a USB data cable, these gauges can connect with
instruments or computer to observe the test data and results [30-32].

In real application, the new scraper is jointly driven by the push rod and the chain. In
the numerical pulling force measurement, the pushing force of the push rod and the pulling
force of the chain are integrated into the pulling force of the pull gauge on the physical
model of the scraper. Plastic tape is used to simulate the scraper chain.

On the comprehensive mining face, there are coal debris, water, and other substances
on the transport groove, and the coal distribution on the transport groove is uneven. These
factors affect the moving speed of the scraper and cause it to not move at a constant speed. To
simulate the effect of these factors, we moved the scraper by pulling the measuring sensor.

Pulling force is gradually applied to the physical model. The software system 3.0 of
the Zhiqu DS2 series push—pull gauge is used to record pulling force development. The
experiment process is shown in Figure 6. On real coal mining faces, as the conveyor trough
is not an absolute plane and due to presence of coal debris, the pulling and pushing forces
on the scraper are not a constant value. In the simulation experiment, the pulling force on
the scraper during stable operation is unstable, too. Therefore, in the simulation experiment,
the pull gauge is set to “Peak”. The first peak pulling force obtained can be regarded as the
instantaneous driving force received by the scraper [33,34]. When the pulling force peaks,
the reading of maximum pulling force can be regarded as the driving force received by the
new scraper during stable operation. After that, the readings can be taken again while the
scraper works stably. However, as the readings at that time are unstable, the average can
be used as the ideal stress condition.
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(©

Figure 5. Experiment device and material. (a) Physical model of the new scraper; (b) Physical model

of the traditional scraper; (c) Digital pull gauge.

The specific tension measurement scheme is as follows:

(1) Prepare the experimental equipment. The required experimental equipment includes:
the new scraper, traditional scraper, digital force gauge (with a range of 500 N), lever,
plastic tape, and camera.

(2) Place the new scraper horizontally on the test bench, and use plastic tape to simulate
the chain. Tie (stick) it to the new scraper. The other end of the plastic tape should
be connected to the lever. The folding binding method is used for the plastic tape,
which, together with the lever, ensures that the new scraper is subjected to balanced
and evenly distributed tension.

(3) Stick tape in the middle of the lever and connect the force gauge. Adjust the mode of
the force gauge to peak mode, slowly pull the force gauge, and observe the changes
in tension. When the first peak tension value is reached, that is, when the scraper
starts to move, the number displayed on the force gauge no longer changes; record
the tension data at this time.

2.3. Static Stress Analysis Scheme

SolidWorks (SolidWorks 2020, Dassault Systemes, Massachusetts, USA) is a 3D CAD
software developed by Dassault Systemes and widely used in mechanical design, engineer-
ing analysis and other fields. It provides comprehensive functions for modeling, assembly,
drawing, etc., which can help users efficiently complete product design and testing while
performing numerical analysis and simulation. In this study, to conduct finite element
analysis of the new and traditional scrapers, we used SolidWorks (version 2020) for static
stress analysis and fatigue analysis.

(1) Material properties

Before starting static stress and fatigue analysis, it is necessary to define the material
properties of five parts, including the modified base body, support body, rolling bearing,
rolling ball, and auxiliary balls.

The modified base body is a traditional alloy steel scraper forged from 275iMn. The
material properties of the modified base body are provided in Table 3 [35].
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Figure 6. Pulling force experiment process. (a) Experiment on the new scraper; (b) Experiment on

the traditional scraper.
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Table 3. Material properties of the modified base body.

Property Value Property Value
Elastic Modulus 2.06 x 10! N/m? Yield Strength 4.0 x 10® N/m?
Thermal conductivity 43 W/(m-k) Thermal expansion coefficient 1.3 x 107° /k
Shear modulus 7.84 x 107 N/m? Poisson’s ratio 0.3
Mass density 7.8 x 10% kg/m? Specific heat 440 ]/ (kg-k)
Tensile strength 8.35 x 108 N/m?

The support body is made from high molecule polyurethane material, as shown in
Figure 7. This is designed to separate the rolling bearing from the modified base body to
limit direct contact and reduce wear. It can also serve as a buffer that reduces the impact on
the scraper. The material properties of the support body are provided in Table 4.

St

Figure 7. Support body.

Table 4. Material properties of the support body.

Property Value Property Value
Elastic Modulus 2.0 x 10° N/m? Yield Strength \
Thermal conductivity ~ 0.2256 W/(m-k) Thermal expansion coefficient \
Shear modulus 3.189 x 10% N/m? Poisson’s ratio 0.394
Mass density 1.15 x 10% kg/m3 Specific heat 1386 ]/ (kg-k)
Tensile strength 3.0 x 107 N/m?

The rolling bearing is forged from conventional stainless steel (1Cr18Ni9Ti). It is used
to support the rolling ball and auxiliary balls. The material properties of the rolling bearing
are provided in Table 5.

Table 5. Material properties of the rolling bearing.

Property Value Property Value
Elastic Modulus 2.1 x 10" N/m? Yield Strength 4.0 x 10® N/m?
Thermal conductivity 43 W/(m-k) Thermal expansion coefficient 1.3 x 107° /k
Shear modulus 7.9 x 101 N/m? Poisson’s ratio 0.28
Mass density 7.8 x 10° kg/m3 Specific heat 440 ]/ (kg-k)
Tensile strength 2.2 x 108 N/m?

The rolling ball and auxiliary balls are used to reduce friction and turn sliding friction
into rolling friction. These balls are made from roughly the same material. Both can be YG8
carbide balls, as shown in Figure 8. Composed mainly of ceramic (silicon nitride, Si3Ny4)
with high hardness and wearability as well as good impact and vibration resistance, they
are suitable for fabricating parts subject to high impact and vibration [36,37]. The material
properties of the rolling ball and auxiliary balls are provided in Table 6.
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Figure 8. YG8 carbide balls.

Table 6. Material property of the rolling ball auxiliary balls.

Property Value Property Value
Elastic Modulus 2.2 x 101! N/m? Yield Strength 1.72 x 108 N/m?
Thermal conductivity 1.49 W/(m-k) Thermal expansion coefficient 1.08 x 1075 /k
Shear modulus 9.04 x 101 N/m? Poisson’s ratio 0.22
Mass density 2.3 x 10% kg/m? Specific heat 877.96 ]/ (kg-k)
Tensile strength 551 x 108 N/m?2

(2) Constraint

When performing finite element analysis, it is necessary to simulate the boundary
conditions (displacement constraint) defined by the particular working environment (fully
mechanized mining face) for the assembly (new scraper). According to national standard
MT323-2005, Flight bar for twin inboard chain face conveyor, the load application type for
the force—deflection test of the scraper is as shown in Figure 9.

Indenter | C -
NP
Test bench Scraper A ;Bar diameter of circular chain d,
Ty

\ ;)
g MM‘T
/ o

Figure 9. Loading pattern of force—deflection test [38].

In the Figure,

C—width of the test indenter, mm,;

A—chain center distance, mm;

d,—diameter of the circular chain bar, mm;

[—experimental span, mm;

P—Iload, kN.

Typically, the working environment of the scraper is harsh, and it often experiences
loads beyond the capacity of the material and structure, leading to fatigue, fracture, dis-
tortion, or other failures. Therefore, in the national standard MT323-2005, Flight bar for
twin inboard chain face conveyor, a force—deflection test for scrapers as shown in Figure 9
is provided to check the quality and performance of scrapers.
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The test procedures are as follows: (1) The test fixture should be fixed on the working
surface of the testing machine, and the scraper should be placed on the test fixture. (2) The
loading direction and position should follow the requirements shown in Figure 9. (3) The
testing machine should be started so that the press head contacts the scraper and applies
the load. (4) The load P should be increased uniformly to the specified value at a loading
rate not exceeding 20 N/mm? per second.

This test is a destructive test that requires a specified force to be applied to the scraper
(with different requirements for different types of scrapers), which is large enough to cause
bending displacement of the scraper. Due to practical constraints, we can only simulate
this test using SolidWorks.

In finite element analysis, the test bench support can be regarded as the plane con-
taining the constraint. The surface of the scraper in contact with this surface serves as the
boundary condition, and its constraint form is a fixed geometry, as shown in Figure 10 [39].
The modified base body of the new scraper consists of a type II scraper with chain center
distance = 280 £ 1.0 mm and length L = 1184 mm. According to the provisions of the
national standard for scraper for double-chain scraper conveyor in MT323-2005, the ex-
perimental span 1 of a type II scraper with a length L of 1184 mm is 1104 mm, and the
rated strength value, that is, the load P, is 560 kN, with the direction being normal, i.e.,
perpendicular to the force-bearing surface. Therefore, the experimental span of the new
scraper is 1104 mm, which includes the five stressed faces in the model. The load is 560 kN
and its direction is perpendicular to the five stressed faces in the model. The model under
constraint is shown in Figure 10.

_Constraint schematic arrows

Figure 10. The model under constraint.

(3) Load

The real load environment has to be defined on the finite element model [40,41].
Ideally, during coal mining, the coal fallen on the conveyor trough is evenly distributed. In
finite element analysis, the load P applied by the test indenter is evenly spread on the side
of the new scraper, as shown in Figure 11. According to national standard MT323-2005,
Flight bar for twin inboard chain face conveyor, for a scraper with length L. = 1184 mm, the
experimental span should be [ = 1104 mm, namely the five stressed faces in the model. The
rated strength, namely load, is P = 560 kN. The direction is normal, namely perpendicular
to the stressed face [42].
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Figure 11. The model under load.

(4) Model meshing

When meshing the model, it is important to choose the right mesh type and parameters
according to the particular model structure and environment in question [43]. On the one
hand, as the modified base body is structurally complete and represents the main stressed
area, plus the structure of the rolling bearing area is important, the model can be directly
meshed. This way, the mesh density will be good and the mesh parameters will be curvature
based meshes. On the other hand, as twisted cells exist in the balls and the number of balls
is large, it is necessary to process the balls in batch separately. This way the mesh density
will be good and the mesh parameters will be curvature based meshes. The overall size for
the two is 9.522 mm with a tolerance of 0.476 mm. The model meshing result is shown in
Figure 12.

Figure 12. The model as meshed.

After completing the above steps, the prerequisite for static stress simulation is met.
After simulating with SolidWorks, the displacement, stress, and strain nephogram of the
new scraper can be obtained. the same procedure and analysis process are used to see what
happens to the traditional scraper.

2.4. Fatigue Analysis Scheme

The forging material for the scraper is 275iMn. 27SiMn steel is a low-carbon microal-
loyed steel with high strength, toughness, and fatigue life. It is a type of steel with good
mechanical properties that is widely used in engineering machinery, oil pipelines, and
metallurgy fields.

The fatigue characteristics of this material refer to indicators such as fatigue life and
fatigue limit under repeated loads. The fatigue characteristics of this material are mainly
determined by its microstructure, chemical composition, and processing hardening. Fatigue
tests can be used to obtain information on the fatigue characteristics of this type of steel.
Common methods for fatigue analysis include the limit state method, fatigue margin
method, and stress intensity factor method. The limit state method evaluates based on the
comparison of actual loads and the ultimate bearing capacity of the structure; the fatigue
margin method calculates the reliability of the component based on its fatigue strength,
actual load, and safety factor; and the stress intensity factor method studies and analyzes
the relationship between fatigue residual life and stress intensity factors using linear elastic
fracture mechanics theory.
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In this study, we evaluated the fatigue life of the scraper using the fatigue margin
method and described the experimental steps and parameter settings in detail. Specifically,
we first established fatigue specimens according to the standard. Fatigue test results show
that the fatigue limit of 275iMn steel is usually around 400 MPa, and its hysteresis curve
is similar to the S-N curve. Then, we performed finite element analysis of the scraper
in SolidWorks and calculated the stress state of different parts of the scraper. Finally, we
calculated the fatigue reliability of the scraper under actual working conditions using the
fatigue margin calculation method. This type of fatigue analysis method can accurately
assess the fatigue life of the scraper and provide reference basis for optimizing the design.

(1) Material properties

Prior to conducting fatigue analysis, it is necessary to define the material properties of
the five components, including the modified substrate, support body, rolling bearing seat,
ball bearings, and auxiliary ball bearings. The material properties of these components
have already been provided in the static stress analysis and will not be reiterated here.

(2) Constraint
The constraints for fatigue analysis are the same as those for static stress analysis.
(3) Load

According to the safety rules, a scraper should be placed along the conveyor trough of
a scraper conveyor every 0.98 m [44]. The chain speed of the scraper conveyor used in a
mine is 1.3 m/s. A 335 m long conveyor trough has been installed and requires 342 scrapers.
The load P increases evenly to 560 kN at the rate of 2 N/mm? per second (the cross-sectional
area is the total sectional area of the ring chain used), then it is unloaded to the initial
load. The ring chain size is 48 x 152 mm; the cross-sectional area is 1808.64 mm?; the total
sectional area is 3617.28 mm?. Accordingly, the peak loading of the load is 154.81 N/mm?;
the loading time is 7.74 s; the duration of a cycle is 523.12 s. The load variation in each cycle
is calculated by

20t, t <714
p_ 560, 714 <t <257.69
] 560 —20(t —257.69), 257.69 <t <26543 °
0, 26543 <t < 523.12

Static stress analysis is the prerequisite for fatigue analysis. The material proper-
ties, load, constraint, and connection form of the new scraper model have been deter-
mined [45-47]. Fatigue analysis is performed using historical data with variable high and
low amplitudes.

The new scraper is made of various materials including 27SiMn, stainless steel
(1Cr18Ni9Ti), and high-molecule polyurethane, whose fatigue curves are not identical.
To avoid lengthy and repetitive explanations while also observing confidentiality, we only
present the fatigue curve of the base material (275iMn) for the new scraper. The number
of rain flow counting boxes is 25; the metric for calculating alternating stress is stress
intensity (P1-P3); the average stress is corrected to Gerber. Considering that the production
environment of the fully mechanized mining face is very complex, the fatigue strength
reduction factor (kf) is set to 1. An S-N curve is derived from the material elastic modulus
based on the ASME carbon steel curve [48-50]. The interpolation of the fatigue S-N curve
is double log; the stress ratio is 0. Finally, the resulting fatigue data are applied to all the
parts. The load curve of the material in the added event is shown in Figure 13.
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Figure 13. Time history of the load.

The meaning of Figure 13 is as follows: at the beginning of the test, the initial load on
the new scraper is 0 N. From time t = 0 s, the load is uniformly applied to the five sides
of the new scraper at a rate of 20 N/mm? per second, simulating the contact between the
new scraper and coal. At time t =7.74 s, the load on the new scraper reaches 560 kN and no
longer continues to apply the load, simulating that the new scraper has carried enough coal.
In the next 249.59 s, the scraper is subjected to a constant load of 560 kN, simulating the
displacement of the new scraper carrying coal from the input end of the transport chute to
the output end. At time t = 257.69 s, the load is uniformly unloaded at a rate of 20 N/ mm?
per second, simulating the unloading of the coal by the new scraper after reaching the
output end of the transport chute. Again, after 7.74 s, at time t = 265.43 s, the load on the
scraper is reduced to 0 N, simulating the completion of coal unloading by the new scraper.
In the next 257.69 s, the new scraper undergoes displacement without carrying any load,
simulating the movement of the new scraper from the output end of the transport chute to
the input end and starting the next cycle [51,52].

(4) Model meshing

The model meshing for fatigue analysis is the same as that for static stress analysis.

After completing the above steps, the prerequisite for fatigue simulation is met. By
simulating with SolidWorks, the damage percentage nephogram and total life nephogram
of the new scraper can be obtained. The same procedure and analysis process are used to
see what happens to the traditional scraper.

3. Result Analysis
3.1. Newtonian Mechanics Experiment Result Analysis

Figure 14 shows the result of a numerical pulling force measurement experiment.

In this chart, the force on the scraper is increased at a uniform rate. When the pulling
force on the scraper is larger than the static friction force, it begins to move; after the scraper
begins to move, the pulling force on it reduces rapidly until its movement stabilizes. In
the case of the new scraper, at 0-13 s, the pulling force gradually increases; when the
pulling force reaches 12.9 N, the new scraper begins to move relatively; after that, the
pulling force on the new scraper stabilizes and the scraper moves at a uniform speed. As
there are errors in the numerical pulling force measurement results, 100 measurements are
made and the average of the results is taken as the final measured value. After conducting
100 measurements, the coefficient of variation for static friction force of the traditional
scraper is 0.025 and that for kinetic friction force is 0.024, while the coefficient of variation
for static friction force of the new scraper is 0.041 and that for kinetic friction force is 0.0412.
From the calculation results of the coefficient of variation, it can be determined that the
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variability and dispersion of the obtained data are small, which can ensure the accuracy of
the results. The same experimental procedure is used to see what happens to the modified
base body. The results are compared in Figure 15.

| —=— Traditional scraper
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—®— New scraper
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100
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40
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Figure 14. Result of a numerical pulling force measurement.
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Figure 15. Numerical comparison curves of pulling force.
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From Figure 15, overall, the friction force of the new scraper is far lower than that of
its traditional scraper. The kinetic friction force of the new scraper is averaged at 8.489 N,
compared to 85.03 N for the traditional scraper. The former is approximately one tenth of
the latter.

The cause of these figures can also be obtained through theoretical calculation. Ac-
cording to the friction force formula,

f = umgsin p.

The friction force of the scraper before and after the optimization can be obtained.
No-load friction force of the traditional scraper is

f=04x70x10x0.5=140 N.
No-load friction force of the new scraper is
f=10.035x70 x10 x 0.5 =12.25N.

The friction coefficient of the traditional scraper is 0.4; the weight is 70 kg; the inclina-
tion angle of the conveyor trough is 30°. The friction coefficient of the new scraper is 0.035;
its weight is 69.8 kg. Calculation indicates that the no-load friction force of the traditional
scraper is 140 Nj; that of the new scraper is 12.22 N. The former is approximately 10 times
that of the latter.

The above result fully indicates that the change in friction form effectively reduces
the friction coefficient of the scraper and limits the friction between the scraper and the
conveyor trough, thus relieving the wear of the scraper.

3.2. Static Stress Analysis

After calculation and analysis, the displacement, stress, and strain nephograms of the
new and traditional scrapers are obtained, as shown in Figures 16 and 17.

From Figure 16a, the minimum stress across the new scraper is 0 N/ m?Z; the minimum
stress area is quite large and widespread. The maximum stress of the new scraper is
6.486 x 10° N/m?; maximum stress is concentrated at the contact between the edge of
the fixture and the new scraper and its area is quite small. The other areas are basically
unstressed. From Figure 16b, it can be observed that the minimum displacement of the
new scraper is 1 x 10730 mm, appearing at the contact between the edge of the fixture
and the new scraper; the maximum displacement of the new scraper is 1.831 mm. Large
displacement occurs in the load-applying areas; maximum displacement occurs at the
center of the stressed faces of the new scraper. Displacement reduces with the increase in
the distance from the center. From Figure 16¢, it can be observed that the minimum strain
of the new scraper is 0. There are many unstressed areas and they are widespread, too. The
maximum strain of the new scraper is 8.469 x 1073, appearing at the contact between the
edge of the fixture and the new scraper. Minor strain also occurs at the interface between
the two side arms and the main body of the scraper. The other areas are even less stressed.

From Figure 17a, it can be observed that the minimum stress across the traditional
scraper is 6.709 x 10* N/m?; the minimum stress area is quite large and widespread.
The maximum stress of the traditional scraper is 1.826 X 10° N/m?; maximum stress is
concentrated at the contact between the edge of the fixture and the traditional scraper
and its area is small. The other areas are basically unstressed. From Figure 17b, it can
be observed that the minimum displacement of the traditional scraper is 1 x 1073 mm,
appearing at the contact between the edge of the fixture and the traditional scraper. The
maximum displacement of the traditional scraper is 1.439 mm. Large displacement occurs
in the load-applying areas. Maximum displacement appears at the center of the stressed
faces of the traditional scraper. Displacement reduces with the increase in the distance from
the center. From Figure 17, it can be observed that the minimum strain of the traditional
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scraper is 5.822 x 10~7. There are many minimum stress areas and they are widespread.
The maximum strain of the traditional scraper is 6.479 x 1073, appearing at the contact
between the edge of the fixture and the traditional scraper. Minor strain also occurs at the
interface between the side arms and the main body of the scraper. The other areas are even
less strained.
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Figure 16. Static stress analysis result of the new scraper. (a) Stress nephogram; (b) Displacement
nephogram; (c) Strain nephogram.
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Figure 17. Static stress analysis result of the traditional scraper. (a) Stress nephogram; (b) Displace-
ment nephogram; (c) Strain nephogram.

(c)

The static stress simulation results of the new scraper and traditional scraper are
shown in Table 7.

Table 7. Comparison of static stress simulation results.

Minimum Stress  Maximum Stress Minimum Maximum Minimum Maximum
Displacement Displacement Strain Strain

The new 2 6.486 x 107 30 -3
scraper ON/m N/m2 1 x 107" mm 1.831 mm 0 8.469 x 10

The traditional 6.709 x 10* 1.826 x 10° 30 -7 -3
scraper N/m?2 N/m2 1 x107°Y mm 1.439 mm 5.822 x 10 6.479 x 10

According to national standard MT323-2005, Flight bar for twin inboard chain face
conveyor, after force-deflection test, the scraper should meet the following requirements:



Lubricants 2023, 11,171

20 of 26

(1) Forged scrapers should be free of any visual cracks, air holes, shrinkage holes, slag
inclusions, or any other defects that may limit the strength of the scraper. That is,
the scraper should be free from strength deficiencies. In the static stress simulation
using SolidWorks, we can only focus on the distribution of static stress and compare
the results between the new scraper and traditional scraper based on these results.
From Figure 16a, it can be observed that the maximum stress of the new scraper is
6.486 x 10° N/m?, which is higher than the 8.350 x 108 N/m? yield limit. However,
as can be seen from the nephogram, only two locations are beyond the yield limit.
These locations are small. Therefore, we can still assume that the new scraper meets
the strength standard.

(2) The bending or twist deformation of the side arms of the scraper should not be greater
than 2 mm if the scraper is 710 mm long or shorter, or 3 mm if the scraper is longer
than 710 mm. From Figure 16b, it can be observed that the maximum displacement of
the new scraper is 1.831 mm, which is smaller than the 3 mm limit. As the new scraper
is made by adding mounting holes in the modified base body, the six mounting
holes do not make much difference to the performance of the modified base body. In
addition, from Figure 16¢, it can be observed that the added support body structure
separates the rolling bearing from the modified base body. It protects the rolling
bearing from significant strain, further limiting the impact of the mounting holes on
the performance of the modified base body [53]. In this sense, the new scraper meets
the displacement deformation standard.

(8) Forged scraper should not be over-deflected. For a 1184 mm-long scraper, the deflec-
tion should be smaller than or equal to 25 mm. According to the deflection formula,

Yonax = 5q1*/384EI,

where EI is the bending stiffness of the scraper [54]. As the new scraper consists of additions
to the modified base body and its mechanical properties are already changed, the bending
stiffness of the modified base body cannot be directly used in the formula. However,
considering the huge work involved in remeasuring the bending stiffness of the new
scraper, plus the potential time and cost needed, here it is calculated according to the
definition of scraper deflection S:

S=¢ey—eq,

where e, is the initial height of ruler, ¢y is the indicated height of ruler of the new scraper
after deformation. In static stress analysis where the new scraper can be directly loaded, the
initial height of ruler is 0; the indicated height of ruler after deformation is the maximum
displacement deformation of the new scraper. Hence, in static stress analysis, the maximum
displacement of the model can be directly used to represent deflection. The maximum
displacement of the new scraper is 1.831 mm, which is smaller than the 25 mm deflection
limit. In this sense, the new scraper meets the deflection standard.

Compared with the traditional scraper, both the minimum stress and minimum strain
of the new scraper are reduced, meaning that the failure probability of the new scraper
is lower. Correspondingly, the maximum stress and maximum strain of the new scraper
are increased synchronously, but these increases are primarily concentrated on the added
support body and rolling bearing rather than on the main body of the scraper. The minimum
displacement of the new scraper remains unchanged, but the maximum displacement is
increased by 0.392 mm. However, by comparing Figures 16b and 17b, we can see that the
maximum displacement area of the new scraper is much smaller.

To sum up, the new scraper meets the strength and deflection standards for scrapers.
Its design is feasible.

3.3. Fatigue Analysis

After calculation and analysis, the damage percentage and total life nephograms of
the new and traditional scrapers are obtained, as shown in Figures 18 and 19.
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Figure 18. Fatigue analysis result of the new scraper. (a) Damage percentage nephogram; (b) Total
life nephogram.

(b)

From Figure 18a, it can be observed that after the required force-deflection experiment,
the minimum damage percentage of the new scraper is 10~%%, primarily detected on the
main body and rolling bearing of the new scraper. The maximum damage percentage of the
new scraper is 10%; damages are concentrated in the stressed areas, on the side arms, the
edge of the mounting holes, and the support body of the new scraper. From Figure 18b, it
can be observed that after the required force-deflection experiment, the maximum total life
of the new scraper is 10!! cycles, primarily detected on the main body and rolling bearing of
the new scraper. The minimum total life of the new scraper is 10 cycles, primarily detected
in the stressed areas, on the side arms, the edge of the mounting holes, and the support
body of the new scraper.

From Figure 19a, it can be observed that after the required force-deflection experiment,
the minimum damage percentage of the traditional scraper is 10~°%, primarily detected
on the main body of the scraper. The maximum damage percentage of the traditional
scraper is 10%; damages are concentrated in the stressed areas and on the side arms of
the traditional scraper. From Figure 19b, it can be observed that after the required force—
deflection experiment, the maximum total life of the traditional scraper is 10! cycles,
primarily detected on the main body and side arms of the scraper. The minimum total life
of the traditional scraper is 10 cycles, primarily detected in the stressed areas and on the
side arms of the scraper.
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Figure 19. Fatigue analysis result of the traditional scraper. (a) Damage percentage nephogram;
(b) Total life nephogram.

From the fatigue analysis result, it can be observed that fatigue mainly occurs to the
side arms, stressed faces, and support body of the new scraper, with damage percentage of
10%. In the real service environment of the new scraper where the side arms are in direct
contact with the conveyor trough, they are highly prone to fatigue failure. The stressed faces
are constantly exposed to the load (coal) and periodically loaded and unloaded. Therefore,
its life cycle is limited. The support body separates the rolling bearing from the modified
base body, effectively protecting the rolling bearing against fatigue failure. The support
body is a cylindrical rubber coated structure made from high molecule polyurethane
material. It is not costly and can be replaced immediately after fatigue failure.

Specifically, by selecting a suitable material, namely high-molecule polyurethane, the
support body can be both elastic and highly wear-resistant and corrosion-resistant. This
makes it ideal for the working environment of a coal mining scraper conveyor.

Using springs or other parts to provide cushioning only provides elastic support in a
fixed direction, which obviously cannot stably support the rolling support. Additionally, if
springs are used as the elastic support, they are easily damaged by contact with material
particles. Non-metallic elastomers can perfectly avoid the shortcomings of metallic elas-
tomers by providing support from multiple angles and directions as a whole and avoiding
structural damage. After a certain degree of wear, the support body can be replaced without
concern for structural failure.

The use of a support body made of high-molecule polyurethane as the installation
site for rolling bodies meets the stability requirements of the overall structure. The elastic
cushioning force provided by the characteristics of polymer polyurethane materials, rather
than relying on specific elastic structures, can not only ensure balanced load on the rolling
bearing and stable operation for a long time, but also enable the elastomer itself to maintain
a stable state for a long time, avoiding structural damage or failure caused by deformation.

As shown in Figure 4, the support body made of high-molecule polyurethane com-
pletely envelops the rolling bearing. By placing the rolling bearing on the support body,
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the elasticity of the support body causes it to expand slightly, pushing the rolling bearing
towards the conveyor trough without making contact, ensuring effective contact between
the rolling bodies and the conveyor trough at all times.

At this point, due to the change in frictional contact method, the failure of the scraper
occurs mainly in the support body, while the main part of the scraper (including the
rolling bearing) almost does not experience wear and fatigue failure. When replacing or
maintaining the scraper, only the support body needs attention.

Compared with the traditional scraper, the damage percentage and total life of the
new scraper are not much different. Obviously, the design of the new scraper will not
increase the failure probability or reduce the service life of the scraper.

Of course, in the SolidWorks Simulation results, damage percentage can sometimes
be misleading. Maximum damage percentage is large in value and it corresponds to the
damage induced by a block in a particular load history [55]. In real application where
the assembly of the new scraper can withstand thousands of these load blocks, the actual
fatigue failure probability will be even smaller.

Life nephograms, as opposed to fatigue nephograms, show the number of load blocks
that the assembly of the new scraper can withstand before fatigue failure. After the new
scraper undergoes approximately 10 historical load blocks, fatigue failure occurs to the side
arms, stressed faces, and support body. If the service life is needed to be increased, these
areas would have to be redesigned.

4. Conclusions

(1) The new scraper is made using a type II scraper as the modified base body. Its
components include a support body of high molecule polyurethane material and a
rolling support. Addition of a rolling support turns the friction between the scraper
and the conveyor trough from sliding friction into rolling friction, which limits the
wear of the scraper and the conveyor and effectively reduces the power consumption
of the drive. The service life and replacement cycle of the rolling bearing are also
uniform and meet the practical needs of industrial design. The support body of high
molecule polyurethane material is not only elastic, but also highly resistant to wear
and corrosion. The most direct effect of the optimized scraper lies in that reduced
friction effectively improves the working state of the scraper, reduces the idling load
of the scraper conveyor and increases the service life of the scraper and even the
scraper Conveyor.

(2) The support body of high molecule polyurethane material can effectively protect the
rolling bearing against fatigue failure. The rolling bearing can greatly reduce the
friction between the scraper and the conveyor trough, which not only protects the
new scraper against fatigue failure and breakage, but also greatly reduces the power
consumption of the scraper conveyor and saves production cost.

(3) The numerical pulling force measurement experiment results quantitatively confirm
that the force needed to drive the new scraper is significantly smaller than that need
to drive the traditional scraper. The new structural design can effectively reduce the
friction coefficient between the scraper and the conveyor trough and limit the friction
force of the scraper.

(4) After SolidWorks Simulation-based static stress analysis, it can be seen that no strength
failure occurred to the new scraper as a whole; the maximum displacement is 1.831
mm, which is smaller than the 3 mm limit; the deflection is 1.831 mm, which is smaller
than the 25 mm limit. Finite element analysis shows that the new scraper meets the
strength and deflection standards.

Fatigue is primarily detected on the side arms, stressed faces, and support body of the
new scraper. Except the originally fatigue-prone side arms and stressed faces, the support
body of high molecule polyurethane material can effectively protect the rolling bearing.
Hence, the fatigue failure of the support body is acceptable.
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Overall, the new scraper not only meets the strength and deflection standards, but
also has a long service life. Nevertheless, theoretical performance analysis cannot fully
reveal the advantages, or identify the disadvantages, of the new scraper. The new scraper
has to be put into production and tested onsite to determine its disadvantages and further
improve the design. That is also the direction of our subsequent effort.
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