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Abstract

:

The scraper conveyor, essential for mechanized mining, operates in harsh underground environments and is subjected to severe impact loads from coal and rock falls. Such conditions can cause chain jamming, breakage, and other malfunctions, necessitating a detailed study of the system’s dynamic behavior under impact conditions. This study investigates the dynamic characteristics of a scraper conveyor’s chain drive system using a coupled ADAMS-EDEM simulation model. The model analyzes the effects of loaded coal piles on the conveyor’s dynamics during normal and impact conditions. Simulations show that loaded coal piles excite the scraper’s acceleration and sprocket rotation, with the greatest impact in the scraper’s running direction. Longitudinal impact and contact forces on the chain ring are more significant than in other directions under both no-load and loaded conditions. A strong linear relationship exists between the falling coal mass and longitudinal impact force. The coal pile causes prominent longitudinal vibration excitation while inhibiting the overall vibration of the chain drive system to some extent. The findings provide insights for identifying failure-prone areas under impact conditions and offer theoretical guidance for optimizing scraper conveyor design. This enhances mining efficiency and safety in coal operations.
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1. Introduction


The mining scraper conveyor, a type of flexible traction structure, is widely used in coal mining, building materials, and the chemical industry. Its main function is to transport the coal cut by the mining machine to the transloading conveyor. Additionally, it provides the nudge support point for the hydraulic support and the running track of the coal mining machine. The main components of a scraper conveyor include the head section, middle section, ancillary equipment, and tail section [1]. The chain drive system, as the core subsystem of the scraper conveyor, mainly consists of the master and slave sprocket, scraper, circular chain, and central trough. The harsh underground production environment often causes large pieces of coal rock to collapse onto the scraper conveyor, significantly impacting the chain drive system. In severe cases, this can lead to chain jamming, breakage, and other failures. These issues seriously affect the coal mining efficiency of the comprehensive mining face and threaten the safety of underground workers. Therefore, studying the dynamic characteristics of the scraper conveyor chain drive system under the impact of falling coal is necessary.



The chain drive system is in direct contact with the transported materials, making its dynamic characteristics crucial to coal transportation efficiency. In recent years, scholars both domestically and internationally have conducted extensive research on these characteristics through theoretical studies, simulation analyses, and experimental research. However, due to the large size and complex structure of scraper conveyor equipment, building an experimental test bench is difficult, costly, and potentially hazardous. Therefore, most studies rely on a combination of theoretical research and simulation analysis.



Jiang et al. [2] constructed a test bench for the scraper conveyor chain drive system to study its dynamic characteristics under varying chain speeds, loads, and terrains using spectral analysis. They analyzed the dynamic behavior of the chain drive system under different loads and conditions, revealing the vibration patterns of chain rings and scrapers. Their findings provide theoretical references for the structural design and optimization of scraper conveyors. Grinschgl et al. [3] proposed a modeling method that combines multi-body dynamics and finite element analysis for scraper conveyor chain drive systems. They developed a simulation model for a double-chain scraper conveyor system based on this approach and compared the simulation results with experimental data, validating the reliability of their modeling method. Zhang et al. [4] used the finite element method to establish a dynamic model of the scraper conveyor, obtained the dynamic characteristics of scraper conveyor vibration in both free-starting and loaded states through theoretical analysis and simulation, and verified the simulation results through dynamic characteristics tests and a test system. Xie et al. [5] used the Voigt model to establish a torsional vibration model for scraper conveyors. They investigated the torsional vibration characteristics of the chain drive system under single-side chain jamming conditions, analyzed the causes of chain jamming failures, and validated their findings through experiments. Zhang [6] established a rigid-bulk coupling analytical model to study the interaction between rigid parts and bulk coal. The analysis revealed that the average force on coal particles between the scraper and the vertical ring is fifty to sixty times higher than the force on coal pieces at other locations. Jiang et al. [7] tested the rotational speed difference between the sprockets at the tail and head of the chain drive system under various terrains, chain speeds, and loads by building a scraper conveyor test bed. The results showed that as the chain tension in the drive system increased, the rotational speed difference between the head and tail sprockets decrease. Wang et al. [8] conducted a three-dimensional finite element analysis of the scraper conveyor chain drive system to study the distribution of contact force between two adjacent chain rings. The analysis provided insights into the force distribution on the scraper conveyor chain. Zhang et al. [9] designed a “#” (well-shaped) scraper reinforcement using 3D modeling software SolidWorks 2017 SP4.1 and static analysis software Ansys 2024 R2. Their simulations demonstrated that this reinforcement significantly improves the operational reliability of the scraper and extends the lifespan of the scraper conveyor.



Meanwhile, the discrete element method (DEM) is widely used in contact force analysis of bulk materials by tracking the positions of all discrete units and revealing the macroscopic motion laws of the overall model. First proposed by Cundall [10], DEM has become a popular tool in this field. Its application in mining offers unique advantages, and scholars both domestically and internationally have extensively used it in scraper conveyor research.



Yuan et al. [11] proposed a more precise modeling method for scraper conveyor chain drive systems based on the finite segment method. By connecting segments using the Kelvin model, this approach captures the dynamic characteristics of the chain drive system. It is particularly effective for analyzing the dynamics and polygonal effects of chain rings and sprockets under mid-trough bending conditions. Dai et al. [12] proposed an adaptive tension control scheme for chain drive systems based on neural network command filtering backstepping algorithms and online identification. Experimental validation confirmed the model’s feasibility, demonstrating its ability to accurately reflect the transmission characteristics of the chain drive system. Jonczy [13] examined issues related to tribological processes caused by the impact of mining materials during development or excavation, leading to excessive wear on scraper conveyor components. Wear tests were conducted using dry carbon abrasives and hydrated mixtures containing 76% and 58% hard coal. The study identified that the impact of the wear process is associated with typical damage mechanisms: micro-scratching and micro-fatigue. Fedorko [14] introduced an innovative method for identifying the most relevant operational parameters associated with the discussed issues. Experimental studies using specially developed laboratory equipment showed that simple structural modifications to the conveyor system could eliminate unstable operating regions.



Although some progress has been made in the above studies, there is still insufficient research on the dynamic characteristics of the chain drive system under the impact condition of falling coal. The existing studies mostly start from the chain ring speed and acceleration and fail to make a comprehensive comparative analysis of the vibration under the two working conditions of unloaded and loaded, and they also fail to study the influence of the coal pile on the dynamic characteristics, which cannot completely reflect the dynamic characteristics and vibration under different working conditions. In addition, the existing simulation studies usually use only a single dynamic analysis software, which cannot accurately reflect the complex contact relationship between coal particles and the chain ring and the central chute in the actual coal conveying process, and the simulation results are quite different from the real working conditions.



To address these issues, this study uses a multi-body dynamics–discrete element coupling simulation method to analyze the dynamic characteristics of the scraper conveyor under stable operation, unloaded coal impact, and loaded coal impact. By examining the mechanical properties, the study compares and analyzes the impact force and contact force of the chain ring and scraper under different working conditions, investigating how the loaded coal pile affects the dynamic characteristics of the chain drive system. It also analyzes the effects of different falling coal impact conditions on the dynamic characteristics of the chain drive system, and compares the simulation results to verify the accuracy of the impact coupling model of the scraper conveyor. The study’s results provide a theoretical basis for the structural design and optimization of the chain drive system, enhancing both mining efficiency at the mining face and the safety of coal mining operations.



The rest of this article is organized as follows. Section 2 introduces the theory of coal impact and the three stages of object collision and constructs a coupled model. Section 3 conducted a simulation study on the impact of falling coal under different operating conditions. Section 4 summarizes the conclusion.




2. Methodology


2.1. Coal Impact Theory


As a crucial piece of transportation equipment in the comprehensive mining face, the scraper conveyor operates in a harsh and complex environment. During operation, it is exposed to various impact forces, with the impact energy from falling coal affecting components such as the chain links, scraper, and middle groove. This section primarily focuses on the theoretical analysis of the impact conditions caused by falling coal.



Under ideal absolute dry conditions, coal can be considered a rigid body. However, due to characteristics such as viscosity and moisture content, coal should be treated as a flexible body. Therefore, when analyzing the impact characteristics of coal, coal blocks are typically simplified into a flexible rod model with a diameter of D and a length of L1, based on actual conditions. In the impact collision scenario shown in Figure 1, let the coal block k fall from a height h resulting in a collision impact at the contact point E. The angle between the impact of the falling coal block and the horizontal plane is α1. The center of mass of the coal block simplified as a flexible rod model is denoted as c, and it is subjected to a gravitational force Gc. The impact generates a contact force Fk, which can be decomposed into a tangential force Fkt and a normal force Fkn. Let the unit vector of the impact collision coordinate system be   [  i →  ,  j →  ,  k →  ]  .



The position vector     r →  E    of the contact point E of the falling coal block impact in the coordinate system can be expressed as Equation (1):


    r →  E  = x  i →  + y  j →  ,  



(1)




where     r →  E    is the position vector.



The position vector of the center of mass c of the simplified flexible rod model of the coal block in the coordinate system is shown in Equation (2):


    r →  c  = [ x  i →  + ( y +  δ b  )  j →  ] +   L 2   [ cos ( θ )  i →  + sin ( θ )  j →  ] ,  



(2)




where δb is the deformation due to impact collision, m.



The angular velocity     ω →  k    and angular acceleration     α →  k    of the simplified flexible rod of lump coal can be expressed by Equation (3) and Equation (4), respectively:


    ω →  k  =   θ ˙  c   k →  ,  



(3)






    α →  k  =   θ ¨  c   k →  ,  



(4)




where     ω →  k   ,     α →  k    are angular velocity and angular acceleration.



The velocity     v →  E    and acceleration     a →  E    at the contact point E of the falling collision are shown in Equation (5) and Equation (6), respectively:


    v →  E  =    d   r →  c    d t    +   ω →  k  × (   r →  E  −   r →  c  ) ,  



(5)






    a →  E  =     d 2    r →  c    d  t 2     +   α →  k  × (   r →  E  −   r →  c  ) +   ω →  k  × [   ω →  k  × (   r →  E  −   r →  c  ) ] ,  



(6)




where     v →  E   ,     a →  E    are velocity and acceleration.



Based on the Newton–Euler metric, the dynamical equations of the simplified flexible rod for coal briquettes can be obtained by calculations, as shown in Equations (7) and (8):


         m k     d   r →  c    d t    =  F  k t    i →  + (  F  k n   −  G c  )  j →         J c    α →  k  = (   r →  E  −   r →  c  ) × (  F  k t    i →  +  F  k n    j →  )       ,  



(7)






   F  k t   = −  μ w   F  k n        v →  E   i →        v →  E   i →       ,  



(8)




where mk is the mass of the impacted coal block, kg; and Jc is the rotational inertia of the impacted coal block, kg  ·  m2.



With access to the relevant information [15,16], the collision impact process between objects can be divided into three main phases: the elastic phase, the elastoplastic phase, and the recovery phase. During the elastic and recovery phases, the coal block and the middle groove follow the Hertz contact theory. In the elastoplastic phase, the process is governed by the Jackson–Green theoretical model.



The equivalent radius and equivalent elastic modulus for the impact process of the coal block with the central chute during the elastic stage are shown in Equation (9):


          1   E d     =    1 −  v k 2     E k     +    1 −  v f 2     E f             1   R d     =   1   R k     +   1   R f           ,  



(9)




where Ef and Ek are the modulus of elasticity of the center channel and coal block, respectively, Pa; and Rf and Rk are the Poisson’s ratio of the center channel and coal block, respectively.



During the elastic–plastic stage of the impact process between the coal block and the middle groove, the relationship between the yield deformation δy and the yield strength Sy of the coal block can be calculated using Equations (10)–(12):


   δ *  =   δ   δ y     ,  



(10)






   δ y  =   (    π  C j   S y    2  E d     )  2   R d  ,  



(11)






   C j  = 1.295  e  0.736  v k    ,  



(12)




where δy is the deformation at the onset of yielding in the impact process of the coal block, m; and Sy is the yield strength of the coal block, Pa.



At the beginning of the elastic–plastic phase of the impact process, the value of δ* is ideally 1, but its true value is ≥1.9, and the contact force Fkep between the coal block and the central chute can be calculated by Equation (13):


   F  k e p   =  F  k c   [  e  − 0.25   (  δ *  )     5  12        ⋅   (  δ *  )   1.5   +    4  H G     C j   S y     ( 1 −  e  − 0.04   (  δ *  )     5 9       ) ⋅  δ *  ] ,  



(13)







According to the above equation, there is again


  B ′ = 0.14  e  (    23  S y     E d     )   ,  



(14)






   r a  =    R d   δ y    (   δ  1.9  δ c     )   B ′     ,  



(15)






      H G     S y     = 2.84 − 0.92 [ 1 − cos ( π     r a     R d     ) ] ,  



(16)






   F  k c   =   4 3     (     R d     E d     )  2    (    π  C j   S y   2   )  3  ,  



(17)




where HG is the average positive stress, Pa; and Fkc is the critical contact force, N, at the onset of yielding when the collision between the coal block and the center channel occurs.



When the coal block impacting the central chute is in the recovery stage, the contact force Fkr between the coal block and the central chute can be expressed by Equation (18):


   F  k r   =   4 3    E d   R r  0.5     ( δ −  δ r  )   1.5   ,  



(18)







Style


   δ r  =  δ m  ( 1.02   1 −         δ m  /  δ y  + 5.9   6.9        − 0.54     ) ,  



(19)






   R r  =   1    (  δ m  −  δ r  )  3       (    3  F  k m     4  E d     )  2   



(20)




where Fkm is the maximum contact force during the elastic–plastic stage of the impact process, N; δm is the maximum deformation of the coal block during the elastic–plastic stage, m; δr is the deformation of the coal block during the recovery stage, m; and Rr is the radius of curvature during the recovery stage, m.




2.2. Adams-EDEM Coupling Model Creation


To ensure the smooth execution of the coupling simulation, the model was simplified. The simplified model includes the central groove, bottom plate, 120 chain rings, 10 scraper plates, a driving sprocket, and a driven sprocket, as shown in Figure 2a; the red border represents the boundary range. The particle factory setup in EDEM 2020 generates coal particles for simulating the scraper conveyor’s working process under no-load and coal-conveying conditions. To achieve this, two-particle factories were added to the EDEM model. Particle Factory 1 simulates the coal mining machine’s roller, continuously generating coal particles that fall onto the scraper conveyor to mimic coal flow. Particle Factory 2 generates large pieces of coal that impact the chain drive system. The corresponding coupled model of the scraper conveyor is shown in Figure 2b. The coal blocks cut by the mining machine have not undergone precipitation and screening, resulting in varying shapes, sizes, and qualities. These coal blocks also contain broken wood, gangue, and other impurities, forming irregular shapes when bonded with loose coal. Simulating and generating all types of raw coal shapes is challenging. To address these issues, the shape of coal particles is simplified to balance simulation speed and accuracy considerations. Since EDEM software version 2.6 can only generate spherical particles, the coal particles are set as a four-particle model to combine actual working conditions with simulation accuracy. The physical radius of a single particle is 23.29 mm, as shown in Figure 3.



The basic parameters of the material properties of coal particles are shown in Table 1.



Actual coal blocks typically have irregular and sharp edges, and simplified geometric models used in EDEM software (such as spherical particles) may not accurately reflect these complex shape differences, resulting in larger surface contact areas and higher friction forces, while spherical particle models may underestimate these factors. In addition, the irregular shape of coal blocks may affect particle accumulation and flowability, resulting in slight deviations between simulation results and actual situations. The research conducted in this article ignores the aforementioned impacts. Coal in real life comes in various sizes and usually follows a certain distribution range. In the simulation, the size distribution of the particle model can be adjusted to set the particle size distribution range to 0.5–1.5 times, making it as close as possible to the size of real coal, thus more accurately reflecting the coal particles under actual conditions.



To facilitate the analysis of the simulation results, the direction of the chain drive system is defined. The X direction is the running direction of the scraper chain, the Y direction is opposite to gravity (longitudinal direction), and the Z direction is perpendicular to both the X and Y directions and parallel to the central groove (transverse direction). The impacted chain ring, named A1, is taken as the research object. The running direction of the scraper chain is defined as the positive direction. The adjacent chain ring on the front side of A1 is named A0, and the adjacent chain ring on the back side is named A2. For easier observation, the chain ring A1 is colored red in the EDEM model.





3. Results and Discussion


3.1. Simulation Programming


This paper conducts a simulation study on the stable running condition of the scraper conveyor, the unloaded coal impact condition, and the loaded coal impact condition. The study aims to understand the influence of the loaded coal pile on the dynamics of the chain drive system under these conditions. The findings provide a basis for the structural design and optimization of the chain drive system. The chain drive system produces violent vibrations during stable operation and when impacted by large coal. The contact force of the chain ring and the acceleration of the scraper fluctuate drastically. This paper primarily analyzes these fluctuations to study the vibration behavior of the system.



Combining the above analysis, a total of eight sets of comparison experiments need to be conducted. The specific parameters for each set of simulations are shown in Table 2.




3.2. Simulation and Analysis of Chain Drive System under Stable Operating Conditions


First, the working conditions of the scraper conveyor in steady-state operation are simulated. Simulations are conducted for both unloaded and loaded conditions. The particle generation speed of Particle Factory 1 is set to 0 kg/s for the unloaded condition and 30 kg/s for the loaded condition. The simulation process for both conditions is illustrated in the schematic diagram in Figure 4.



3.2.1. Chain Ring Contact Force Analysis


A comparison of the three-way contact force between the statistical chain ring A1 and the rear side chain ring A2, under unloaded and loaded conditions, is shown in Figure 5.



As shown in the Figure 5, the transverse contact force between chain rings under no-load conditions is essentially zero. The longitudinal contact force is also nearly zero during the smooth operation stage, except for force spikes caused by the polygonal effect during the sprocket chain ring engagement. The contact force in the operational direction is relatively smooth, with smaller fluctuations compared to the loaded condition, except during the engagement stage. Under loaded conditions, the transverse contact force between the chain rings fluctuates slightly at 4.09 s, with an amplitude of 338 N, as chain ring A1 engages with the sprocket and re-enters the middle groove area. The longitudinal contact force and running direction contact force between chain rings changes earlier than under no-load conditions. This is due to the resistance in the chain drive system after the coal pile is loaded onto the scraper conveyor, which tensions the chain, leading to an earlier change in the longitudinal and running direction contact forces. During the stable operation stage, the longitudinal contact force is smaller than that of the no-load condition, as the coal pile reduces the longitudinal jumping of the chain. The running direction contact force between chain rings remains larger compared to the no-load condition. This is because the loaded coal pile creates resistance in the chain drive system. Based on the operating principle of the scraper conveyor, the loaded coal pile is pushed forward by the scraper, which is fixed to the scraper chain. Consequently, the scraper chain is under tension in the running direction, resulting in a larger contact force between the chain rings.



The contact forces in the transverse, longitudinal, and running directions of the chain ring under no-load conditions are recorded and shown in Table 3 and Figure 6. It is evident that regardless of the load, the contact force in the running direction of the chain ring is greater than in the transverse and longitudinal directions. This indicates that the scraper conveyor experiences the greatest force in the running direction under both conditions. Therefore, deformation such as stretching is most likely to occur first in the running direction of the chain.




3.2.2. Scraper Vibration Acceleration Analysis


The acceleration data of the scraper on the back side of the impacted chain ring A1 were recorded and their dynamic characteristics were analyzed. The acceleration of the scraper in the transverse, longitudinal, and running directions is shown in Figure 7.



As seen in Figure 7, the vibration acceleration of the scraper in all directions under no-load conditions fluctuates less. The acceleration vibration of the scraper in the three directions under the load condition is greater than that under the no-load condition, consistent with the chain ring’s vibration. The scraper’s vibration acceleration in the running direction fluctuates drastically at 4.8 s, caused by the sudden loading of coal onto the scraper conveyor at a speed of 30 kg/s. This impact affects the chain drive system, causing the scraper’s acceleration to fluctuate in all directions. Comparing the vibration acceleration in three directions under no-load and loaded conditions, it is evident that the running direction has the largest acceleration, followed by longitudinal and, lastly, transverse vibration acceleration. This indicates that the running direction is the primary direction for acceleration fluctuation. Numerically, except for the larger acceleration fluctuation during the coal pile loading stage, the fluctuations at other times are relatively small.





3.3. Simulation and Analysis of Shock in Chain Drive System under No-Load Condition


To simulate and analyze the dynamic characteristics of the scraper conveyor under impact conditions with no load, the particle generation speed of Particle Factory 1 in EDEM is set to 0 kg/s. Particle Factory 2 generates one particle with the simulation time set to 10 s. The coal particles are generated at the 5.9-second mark to simulate large lumps of coal or gangue impacting the scraper conveyor during coal mining. Figure 8 shows the impact simulation schematic of the chain drive system under no-load conditions. Finally, the simulation results are exported, and data processing is carried out.



3.3.1. Chain Ring Impact Analysis


By observing the simulation model and process, the forces in the transverse, longitudinal, and running directions for the impacted chain ring A1 are extracted. The impact forces endured by the chain ring under no-load conditions, with coal briquettes weighing 20 kg, 40 kg, and 60 kg, are illustrated in Figure 9.



From the above figure, it is evident that under unloaded conditions, the scraper conveyor experiences significant impact forces when struck by falling coal. The impact force on the transverse direction of chain ring A1 is 1255.06 N with 20 kg coal, 10,038.59 N with 40 kg coal, and 20,161.88 N with 60 kg coal. The longitudinal impact force is 8127.48 N with 20 kg coal, 68,941.46 N with 40 kg coal, and 138,400 N with 60 kg coal. The impact force in the running direction is 2260.55 N with 20 kg coal and 8188.12 N with 40 kg coal.



It can be observed that the impact force in all three directions surges when the chain drive system is hit by falling coal. Among them, the longitudinal impact force exhibits the largest amplitude, while the running direction impact force shows the smallest amplitude. This indicates that longitudinal vibration is the primary cause of chain ring failure during coal impact events. Meanwhile, from the above figure, it can be seen that when the chain ring is subjected to the impact of different masses of coal blocks, as the mass of the impacted coal blocks increases from 20 kg to 60 kg, the three-way impact force that the chain ring is subjected to is growing bigger and bigger, and the amplitude of the impact force in the transverse, longitudinal and running directions is counted, as shown in Figure 10.



From the above figure, it can be seen that as the mass of the impacting coal block increases, the impact force experienced by chain ring A1 demonstrates a strong linear relationship. By performing linear fitting on the amplitude of the longitudinal impact force, as shown in Figure 11, the coefficient of determination (R2) is 0.99853. This indicates a strong linear correlation between the mass of the coal block and the longitudinal impact force on the scraper conveyor’s chain ring:   F = 3256.81 x − 58449.54  .




3.3.2. Chain Ring Contact Force Analysis


When the scraper conveyor is impacted by large lumps of coal, the chain ring experiences a sudden and significant impact load, causing abrupt changes in the three-way contact force between the chain rings. For instance, the statistics for a 20 kg lump coal impact show the variation in the three-way contact force between chain ring A1 and its adjacent chain ring A2, as depicted in Figure 12.



From the figure, it is evident that the contact forces in the three directions of the chain ring during a 20 kg lump coal impact exhibit varying degrees of change. The transverse contact force increases from 0.566 N to 971.68 N, resulting in a rise of 971.11 N. The longitudinal contact force changes from −66.29 N to −1360.80 N, with an amplitude of 1294.51 N. The running direction contact force shows cyclic variations with a significant range: the minimum value is 13,014.83 N, the maximum is 20,936.28 N, and the amplitude is 7921.45 N.



Among these, the running direction contact force is the largest, while the transverse contact force is the smallest. This indicates that the chain rings experience the greatest force in the running direction during impacts, leading to increased pitch and potential chain breakage. This suggests that the chain rings are most likely to suffer failure, such as increased pitch and link breakage, under impact conditions. Statistical chain ring A1 under 40 kg and 60 kg lump coal impact conditions and chain ring A1 and its rear side chain ring A2 three-way contact force changes are shown in Figure 13.



From the figure, it is observed that under the impact of a 40 kg coal block, the contact forces between the chain rings change significantly: the transverse contact force increases from 0.12 N to 876.99 N, with a rise of 876.87 N; the longitudinal contact force rises from 20.74 N to 1720.22 N, resulting in an increase of 1699.48 N; and the running direction contact force increases from 12,578.78 N to 20,839.33 N, with an increase of 8260.55 N. In the case of a 60 kg coal block impact, the changes are even more pronounced: the transverse contact force increases from 2.39 N to 2237.17 N, an increase of 2234.78 N; the longitudinal contact force rises from 38.47 N to 12,568.59 N, showing an increase of 12,530.12 N; and the running direction contact force goes up from 12,611.61 N to 22,635.98 N, an increase of 10,024.37 N. This demonstrates that with the increase in the mass of the impacting coal block, the contact forces in all directions (transverse, longitudinal, and running) increase substantially, indicating a higher impact load on the chain rings.




3.3.3. Scraper Vibration Acceleration Analysis


The statistics for the scraper conveyor in different mass falling coal impact, the impact chain ring A1 back side of the scraper acceleration data and the analysis of their dynamic characteristics, and scraper transverse, longitudinal, and running direction acceleration are shown in Figure 14.



From the figure, it can be observed that unlike the stable operation condition, when the scraper conveyor is impacted by falling coal under no-load conditions, the scraper’s acceleration experiences violent vibrations at the moment of impact, gradually recovering to zero afterward. The longitudinal direction is the primary vibration direction for the scraper’s acceleration. The longitudinal acceleration of the scraper under the impact of a 20 kg lump of coal is 4533.79 m/s2, under a 40 kg lump of coal is 8785.07 m/s2, and under a 60 kg lump of coal is 14,890.53 m/s2. This indicates a nearly linear increase in longitudinal acceleration with the mass of the falling coal. The figure also shows that although the maximum acceleration fluctuation occurs in the longitudinal direction, the transverse acceleration fluctuation persists the longest. This prolonged transverse vibration is attributed to model simplifications and the torsional effects in the chain drive system of the scraper conveyor during the coal impact. To enhance stability, the coordination between the scraper and the middle groove should be optimized to reduce torsional and swaying phenomena during impacts.





3.4. Simulation and Analysis of the Impact of Chain Drive System under Loaded Condition


Finally, the dynamics of the scraper conveyor under loaded conditions when impacted by different masses of coal blocks are analyzed. In the EDEM software, the number of particles generated by Particle Factory New Factory1 is set to unlimited with a particle generation speed of 30 kg/s, simulating the transported coal pile from the coal miner to the scraper conveyor under actual working conditions. The total number of particles generated by Particle Factory New Factory2 is set to 1, with the particle generation time set to 5.0 s and the simulation time to 10 s. The simulation process of the impact of large lumps of coal on the scraper conveyor under loaded conditions is shown in Figure 15.



3.4.1. Chain Ring Impact Analysis


Firstly, the impact force on the chain ring under loaded conditions is analyzed. Based on the previous analysis, large lumps of coal are generated at 5.9 s into the simulation. The chain ring impacted by the lump coal is numbered Lianhuan102 (equivalent to chain ring A1). The three-directional impact forces on chain ring A1 are examined for coal lumps with masses of 20 kg, 40 kg, and 60 kg. The three-way impact force under the condition of a 20 kg falling coal impact is shown in Figure 16.



The three-way impact force for the 40 kg falling coal impact condition is shown in Figure 17:



The three-way impact force for the 60 kg falling coal impact condition is shown in Figure 18:



The figure above shows the impact of falling coal on the chain drive system under load. When a 20 kg lump of coal hits the chain ring, it experiences a transverse force of 1072.44 N, a longitudinal force of 4887.14 N, and an impact force in the running direction of 462.82 N. With a 40 kg lump of coal, the chain ring faces a transverse force of 4629.79 N, a longitudinal force of 34,817.80 N, and an impact force in the running direction of 4828.05 N. For a 60 kg lump of coal, the transverse force is 4629.79 N, the longitudinal force is 34,817.80 N, and the impact force in the running direction is 4828.05 N. Finally, with the same 60 kg lump of coal, the chain ring endures a transverse impact force of 12,596.68 N, a longitudinal impact force of 79,985.56 N, and an impact force in the running direction of 7523.56 N.



Figure 19 shows a comparison of the amplitude of the three-way impact force on chain ring A1 under loaded and unloaded conditions.



Firstly, comparing the lateral impact force on the chain ring, the impact of a 20 kg lump of coal decreases from 1255.06 N in the unloaded condition to 1072.44 N in the loaded condition, a reduction of 14.55%. For a 40 kg lump of coal, the force drops from 10,038.59 N to 4629.79 N, a decrease of 53.88%. With a 60 kg lump of coal, the force changes from 20,161.88 N to 12,596.68 N, which is 37.52% less. The impact force of a 60 kg lump of coal decreases by 37.52% from 20,161.88 N in the unloaded condition to 12,596.68 N under load.



Secondly, the longitudinal impact force on the chain ring decreases as follows: for a 20 kg lump of coal, it reduces by 39.87%, from 8127.48 N in the unloaded condition to 4887.14 N in the loaded condition. For a 40 kg lump, the force decreases by 49.50%, from 68,941.46 N to 34,817.80 N. With a 60 kg lump of coal, the impact force reduces by 42.21%, from 138,400 N to 79,985.56 N. This represents a 42.21% decrease from 138,400 N in the unloaded condition to 79,985.56 N under load.



Finally, the impact force in the running direction of the chain ring changes as follows: For a 20 kg lump of coal, it decreases by 79.53%, from 2260.55 N in the unloaded condition to 462.82 N in the loaded condition. For a 40 kg lump, the force reduces by 41.04%, from 8188.12 N to 4828.05 N. With a 60 kg lump of coal, the impact force decreases by 50.42%, from 15,175.98 N to 7523.56 N. This represents a 50.42% reduction for the 60 kg lump of coal, from 15,175.98 N in the unloaded condition to 7523.56 N under load.



The comparison shows that the impact force on the scraper conveyor in all three directions is smaller under loaded conditions compared to unloaded conditions. As the quality of the lump coal increases, the reduction in impact force becomes more significant. This occurs because when the scraper conveyor is impacted by lump coal, the force first hits the loaded coal pile. This pile absorbs some of the impact, resulting in less force being transferred to the chain ring. With larger coal lumps, the coal pile absorbs more of the impact force, further reducing the force that reaches the chain ring compared to the unloaded condition.




3.4.2. Analysis of Contact Force in Chain Links


Figure 20 shows the change in contact force between chain ring A1 and its rear side chain ring A2 when the chain drive system is impacted by a 20 kg lump of coal under statistically loaded conditions.



As shown in the figure, when the scraper conveyor is impacted by a 20 kg lump of coal, the contact forces between the chain rings change suddenly. The transverse contact force increases by 1259.5 N, from 2.34 N to 1261.84 N. The longitudinal contact force rises by 3190.19 N, from 156.8 N to 3346.99 N. The contact force in the running direction fluctuates cyclically with higher values. The minimum fluctuation is 12,599.96 N, the maximum is 20,839.33 N, and the fluctuation range is 8239.37 N. As in the no-load condition, the contact force in the running direction remains the largest, while the transverse contact force is the smallest. Compared to the no-load simulation, the running direction contact force is still the highest, and the longitudinal contact force is the lowest. Therefore, under loaded impact conditions, the contact force in the running direction is the main cause of deformation in the impacted chain ring.



Figure 21 shows the variation in the three-way contact force between chain ring A1 and the rear side chain ring A2 under the impact conditions of 40 kg and 60 kg lump coal.



From the figure, it can be seen that under the impact condition of a 40 kg lump of coal, the transverse contact force between the chain rings changes from 240.94 N to 3346.5 N, an increase of 3105.56 N. The longitudinal contact force changes from 635.81 N to 10,040.51 N, an increase of 9404.7 N. The contact force in the running direction fluctuates with a minimum of 14,135.60 N, a maximum of 56,024.11 N, and a fluctuation range of 41,888.51 N; Under the impact condition of a 60 kg lump of coal, the transverse contact force changes from 230.4 N to 4234.17 N, an increase of 4003.77 N. The longitudinal contact force changes from 714.32 N to 22,568.59 N, an increase of 21,854.27 N. The contact force in the running direction fluctuates with a minimum of 12,760.93 N, a maximum of 75,475.05 N, and a fluctuation range of 62,714.12 N.



The amplitude of the three-way contact force is counted when the chain ring is subjected to impact under loaded and unloaded conditions, and a comparison is made as shown in Figure 22.



The comparison in Figure 22 shows the amplitude of the three-way contact force between chain rings under loaded and unloaded conditions. For a 20 kg lump of coal, the lateral contact force increases from 971.68 N (unloaded) to 1261.84 N (loaded), an increase of 29.86%. For a 40 kg lump, it rises from 876.99 N to 3346.5 N, an increase of 281.59%. For a 60 kg lump, it changes from 2237.17 N to 4234.17 N, an increase of 89.26%. The longitudinal contact force for a 20 kg lump changes from 1360.8 N (unloaded) to 3346.99 N (loaded), an increase of 145.96%. For a 40 kg lump, it increases from 1720.22 N to 10,040.51 N, a 483.68% increase. For a 60 kg lump, it changes from 1250.5 N to 10,040.51 N, also an increase of 483.68%.In the running direction, the contact force for a 20 kg lump rises from 15,936.28 N (unloaded) to 20,839.33 N (loaded), an increase of 30.77%. For a 40 kg lump, it goes from 20,839.33 N to 56,024.11 N, an increase of 168.84%. For a 60 kg lump, it changes from 12,568.59 N to 22,258.65 N, an increase of 77.10%. These results confirm that the amplitude of the three-way contact force is larger under loaded conditions compared to unloaded conditions. The loaded coal pile increases resistance, causing the chain to tense and resulting in higher contact forces between the chain rings. This supports the conclusion in Section 3.2 that the loaded coal pile intensifies the contact forces. The running direction force remains the largest, followed by the longitudinal and then the transverse forces, consistent with the no-load condition. This verifies the accuracy of the simulation results for the no-load condition.




3.4.3. Scraper Vibration Acceleration Analysis


Figure 23 shows the statistical data on the three-way acceleration of the scraper on the back side of the impacted chain ring A1 when the scraper conveyor is subjected to different masses of falling coal under loaded conditions.



As shown in the figure, unlike the unloaded condition, the three-way acceleration of the scraper under loaded conditions fluctuates to varying degrees before being impacted by the falling coal. This occurs because the simulation sets a higher speed for coal particles, causing smaller particles to become trapped beneath the scraper during coal transport. This results in irregular jumps and prevents the scraper from moving smoothly along the central slot. Consequently, the three-way acceleration fluctuates. When the chain drive system is impacted by falling coal, the three-way acceleration of the scraper changes abruptly, with the longitudinal acceleration being the highest and the transverse acceleration the lowest. Figure 24 presents the statistics and comparison of the three-way acceleration amplitude of the scraper under no-load and loaded conditions.



The figure shows that unlike the chain ring acceleration, the three-way acceleration amplitude of the scraper under loaded conditions is larger than under unloaded conditions. As the quality of the falling coal increases, the scraper’s three-way acceleration also increases. Among these, the longitudinal acceleration is the greatest. For a 20 kg lump of coal, the scraper’s longitudinal acceleration increases from 4533.79 m/s2 under unloaded conditions to 10,465.89 m/s2 under loaded conditions, an increase of 130.84%. For a 40 kg lump, the acceleration rises from 8785.07 m/s2 to 13,095.86 m/s2, also a 130.84% increase. For a 60 kg lump, the acceleration changes from 14,890.53 m/s2 under unloaded conditions to 28,605.82 m/s2 under loaded conditions, an increase of 92.11%. The longitudinal acceleration shows the most significant change, indicating that the loaded coal pile excites the three-directional vibration of the scraper, with the longitudinal effect being the most pronounced. To reduce scraper vibration and failure risk, optimizing the fit between the scraper and the central trough in the longitudinal direction is recommended.






4. Conclusions


In this paper, an impact coupling simulation model of the scraper conveyor chain drive system is established. The dynamic characteristics of the system under the impact of falling coal are systematically investigated using a “theory-simulation” approach. The contact force and impact force of the chain ring under different working conditions are compared and analyzed. The following conclusions are reached:




	(1)

	
The acceleration of the scraper in all three directions under loaded conditions is greater than under unloaded conditions, with the highest acceleration occurring in the running direction. The loaded coal pile increases the speed of the driven sprocket.




	(2)

	
As the mass of falling coal increases, the longitudinal impact force on the chain ring exhibits a clear linear relationship:   F = 3256.81 x − 58449.54  . The maximum acceleration fluctuation of the scraper occurs in the longitudinal direction, while the transverse acceleration fluctuation lasts the longest.




	(3)

	
Compared to the unloaded condition, the loaded coal pile in the loaded condition reduces the three-way impact force and three-way acceleration fluctuations experienced by the chain ring due to its cushioning and stabilizing effects. However, the three-way contact force between the chain rings is greater than in the unloaded condition. Thus, under the impact of falling coal, the loaded coal pile has a damping effect on the vibration of the chain drive system but increases the contact force between the chain rings.









The findings indicate that the dynamic characteristics of the scraper conveyor vary significantly under different working conditions. By comparing and analyzing the impact force and contact force of the chain ring and scraper under various conditions, the accuracy of the impact coupling model of the scraper conveyor is confirmed. This provides a crucial theoretical basis for the design and optimization of the chain drive system, contributing to improved mining efficiency and enhanced safety in coal mining operations. However, due to limitations in the simulation conditions, there is a gap between the simplified model and the real environment. The current model does not fully simulate the impact of terrain changes on dynamic characteristics under impact working conditions. The future research will focus on improving the model to better reflect real environmental conditions and incorporating terrain factors to enhance the accuracy and applicability of the study.
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Figure 1. Schematic diagram of simplified model impact collision. 






Figure 1. Schematic diagram of simplified model impact collision.
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Figure 2. (a) Simplified model of scraper conveyor; (b) EDEM model of scraper conveyor. 
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Figure 3. Particle model for coal block simulation. 
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Figure 4. Schematic diagram of the simulation process for stabilized operation conditions. 






Figure 4. Schematic diagram of the simulation process for stabilized operation conditions.



[image: Machines 12 00648 g004]







[image: Machines 12 00648 g005] 





Figure 5. Comparison of three-way contact force between chain rings. 
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Figure 6. Average contact force in three directions for chain rings. 
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Figure 7. Acceleration of scraper three-way vibration. 
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Figure 8. Schematic diagram of the simulation process of impact under no-load condition. 
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Figure 9. Three-way impact force on the chain ring. 
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Figure 10. Amplitude of three-way impact force of chain ring. 
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Figure 11. Fitted plot of longitudinal impact force amplitude. 
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Figure 12. Chain ring contact force for 20 kg lump coal impact condition. 
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Figure 13. Chain ring contact forces for 40 kg and 60 kg lump coal impact conditions. 
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Figure 14. Acceleration of three-way vibration of scraper. 
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Figure 15. Simulation process of impact under loaded condition. 
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Figure 16. Three-way impact force on chain ring for 20 kg lump coal impact condition. 
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Figure 17. Three-way impact force on chain ring for 40 kg lump coal impact condition. 
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Figure 18. Three-way impact force on chain ring for 60 kg lump coal impact condition. 
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Figure 19. Comparison of impact force on chain ring under no-load–loaded condition. 
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Figure 20. Chain ring contact force for 20 kg lump coal impact condition. 
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Figure 21. Chain link contact force under impact conditions of 40 kg and 60 kg coal blocks. 
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Figure 22. Comparison of contact force between chain rings under no-load–loaded condition. 
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Figure 23. Acceleration of three-way vibration of scraper. 
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Figure 24. Comparison of scraper acceleration for no-load–loaded condition. 
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Table 1. Basic parameters of coal pellet materials.
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	Attribute
	Particle Radius (mm)
	Particle Density (kg/m3)
	Young’s Modulus (Pa)
	Shear Modulus (Pa)
	Poisson’s Ratio





	numerical value
	38.8
	7801
	  2.07 ×   1011
	  8.02 ×   1010
	0.29










 





Table 2. Simulation parameter settings.
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Groups

	
Operational State

	
Coal Transportation

	
Falling Coal Mass (kg)






	
1

	
Run smoothly

	
No-load condition

	
-




	
2

	
Loaded working condition

	
-




	
3

	
Impact condition

	
No-load condition

	
20




	
4

	
40




	
5

	
60




	
6

	
Loaded working condition

	
20




	
7

	
40




	
8

	
60











 





Table 3. Average contact forces in three directions.
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	Type of Working Condition
	Orthogonal
	Vertically
	Running Direction





	No-load condition
	0.12382 N
	160.01 N
	9876.1 N



	Loaded condition
	2.5852 N
	137.82 N
	10,829 N
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