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ABSTRACT: The interaction mechanism between the star wheel arm and coal particles is 
the theoretical basis for the research of the feeder star wheel device. Based on the discrete element 
theory, the motion equation of coal particles in the process of coal harrowing with the feeder star 
wheel was established. With the aid of EDEM software, the coal model of the continuous miner 
with the simulation structure of coal wall, ground, feeder star wheel, and coal pile was 
reconstructed. The influence of the parameters includes the number of the arm of the star wheel, 
the height of the arm, and the inclination angle of the feeder on the loading efficiency and energy 
consumption of the feeder star wheel was revealed. The results have been shown that the fluidity 
effect of coal particles in the active zone of the material pile has been observed. The loading 
efficiency and torque of the feeder star wheel have been affected by this effect. The loading 
efficiency and energy consumption have been increased with the increase in the number of arm 
and height of the arm. The loading efficiency of feeder inclination angle 14° is the highest and the 
energy consumption is the lowest. 

Keywords：Continuous miner; Feeder star wheel; Discrete element method; Coal fluidity; 
Loading efficiency; Energy consumption 

1  Introduction 

Continuous miner equipment plays an important role in underground mining(Zhang et al. 
2016; Gao and Ma 2017), and it is applied in the thin coal and rock seam, medium-thick coal and 
rock seam, and thick coal and rock seam(Yang et al. 2020). Among them, the feeder star wheel is 
one of the main working mechanisms of the continuous miner. Its function is to collect and rake 
the broken coal and rock of the cutting mechanism to the intermediate conveyor. Improving 
loading efficiency and reducing energy consumption is the premise of improving the performance 
of continuous miners(Zhang 2019). Generally speaking, the research on loading efficiency and 
energy consumption of the feeder star wheel is mainly based on physical prototype experiments 
and theoretical calculation. Its shortcomings are mainly manifested in the coal and rock loading 
experiment on the physical prototype, which has great structural limitations in parameter change. 
It is difficult to use the continuum theory to deal with the problem of bulk materials directly and it 
needs to be estimated by combining the relevant empirical coefficients. As a new method of bulk 
material analysis, the discrete element method has been widely used in the field of the shearer. It 
also provides a powerful supporting tool for simulation, analysis, and observation of particle flow 
movement(Wang et al. 2010). The discrete element method is applied to the simulation research of 
shearer drum performance in domestic and foreign research institutions(Mao et al. 2017; Linh et al. 
2019). The complex simulation of the cutting and loading process and the accurate analysis of the 
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effect of multi-parameter loading are realized. It also provides a new method to study the loading 
performance of the feeder star wheel of the continuous miner. 

On the research trends of loading efficiency and energy consumption of continuous miner, 
Nosenko et al. (2017) applied for a patent that can adjust the arm height of the star wheel to reach 
the loading efficiency and energy consumption of the adjustable feeder star wheel. Otrokov et al. 
(2015) deduced the calculation formula of the loading efficiency and energy consumption of the 
star wheel without considering the traveling speed of the roadheader and taking the number of star 
wheel arm, structure form of the star wheel, and height of the arm as variables. Wang (2005) 
conducted experimental research on the parameters of the feeder star wheel of the roadheader. It is 
concluded that the loading effect of the knife-shaped star wheel with a speed over 50 r / min is 
better. Zhang (2006) proposed a method for determining the structural dimensions such as the 
number of arms and the height of the arm and the approximate calculation method for the loading 
power of the feeder wheel star. Through theoretical analysis, Ji (2010) concluded that the smaller 
the inclination angle of the feeder, the smaller the loading power required by the feeder star wheel. 
Zhang (2012) studied the influence of insertion depth on loading efficiency. Li (2011) proposed to 
make the scraper conveyor the most forward position relative to the feeder star wheel to improve 
self-loading efficiency. Yang (2017) introduced the discrete element method to analyze the loading 
efficiency. It is concluded that a smaller loading angle is easier to solve the problem of unbalanced 
loading. 

From the above analysis, at present, the research on loading efficiency and energy 
consumption of continuous miner has made some progress, but most of them are still at the stage 
of theoretical exploration or laboratory experiments. To accurately grasp the calculation method of 
loading efficiency and energy consumption of the feeder star wheel, the following bottleneck 
problems still need to be solved: 

 The model of coal and rock loading in the feeder star wheel of the continuous miner is 
not true enough. The traditional laboratory tests did not consider the effect of walking speed on 
loading coal and rock. The walking speed affects the movement state of the pile particles to a 
certain extent. 

 The research on loading efficiency and energy consumption is not comprehensive and 
only considers one of the indicators. Loading efficiency and energy consumption are the indicators 
that the feeder star wheel must consider to improve the performance of the whole machine. 

 The mechanism of interaction between the star wheel arm and coal and rock particles is 
not completely clear. The process of loading coal and rock by the feeder star wheel is 
accompanied by the movement of coal and rock particles. Unable to explain or judge the influence 
regularity of various variables on loading efficiency and energy consumption. Can not provide a 
theoretical basis for design improvement. 

Therefore, in response to the above problems, the author establishes a discrete element 
simulation model for loading coal and rock by the feeder star wheel of a continuous miner. Using 
EDEM post-processing to explore the mechanism of interaction between star wheel arm and coal 
and rock particles, and discuss the influence regularity of each main variable parameter on loading 
efficiency and energy consumption one by one. The above research is an attempt to apply the 
discrete element method to the study of the characteristics of the coal and rock loaded on the star 
wheel. Systematically consider the influence of the advancement of the walking unit. It is helpful 
to promote the fine research of coal and rock loading. 
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2  Materials and methods 

2.1  Mathematical model for star wheel loading 

2.1.1  Motion equation for coal and rock particles 

The process of loading coal and rock by the feeder star wheel can assume that the coal and 
rock particles are discrete bodies. The discrete bodies exhibit complex motion properties due to 
the mutual force. In the coal and rock particle system, take anyone particle ball i, it's affected by 
the j of the ball, is shown in Fig. 1. The motion equation of particle ball i is(Jiang et al. 2014) 

  𝑚i d𝑽id𝑡 = 𝑚i𝐠 + ∑ (𝑭n,ij + 𝑭t,ij)𝑛i𝑗=1   (1) 

where mi is the mass of the particle ball i, kg; Vi is the velocity of the particle ball i, m/s; t is time, 
s; g is the acceleration of gravity, m/s2; Fn,ij is the normal contact force between the particle ball i 
and j, N; Ft,ij is the tangential contact force between the particle ball i and j, N. 

In addition to the action of gravity and collision force, the particle ball i is also affected by 
two moments, namely the moment Tt,ij caused by the tangential force and the rolling friction 
moment Tr,ij. From the moment balance equation 

 𝐼i d𝝎id𝑡 = ∑ (𝑻t,ij + 𝑻r,ij)𝑛i𝑗=1  (2) 

where Ii is the moment of inertia of the particle ball i, kg•m2; ωi is the angular velocity of the 
particle ball i, rad/s. 

Under the action of the above forces and moments, the speed, rotation speed, and position 
change of the particle ball i under the time step Δt are expressed as 𝑽i = 𝑽i,0 + d𝑽id𝑡 ∆𝑡 

 𝝎i = 𝝎i,0 + d𝝎id𝑡 ∆𝑡 (3) 𝑥i = 𝑥i,0 + 𝑽i∆𝑡 
where Vi,0 is the initial velocity of the particle ball i, m/s; ωi,0 is the initial angular velocity of the 
particle ball i, rad/s; xi,0 is the initial position of the particle ball i. 

 

Fig. 1  Collision analysis of two spherical coal particles in the DEM model 

2.1.2  Evaluation index of loading performance 
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The theoretical loading efficiency of the feeder star wheel of the continuous miner is obtained 
by calculating the coal and rock loading area per revolution of a single arm and the average height 
of the arm, calculating the loadable mass of the single-arm, and multiplying the speed and the 
number of the arm of the star wheel. 

The area of coal and rock loaded per revolution of a single-arm (Li et al. 2013) is 

 𝐴 = π(𝐷2)2 𝛼360° − π(𝑑2)2 𝛼360° (4) 

where A is the area of coal and rock loaded per revolution of a single-arm, m2; D is the diameter of 
the outer circle of the star wheel, m; d is the diameter of the inner circle of the star wheel, m; α 
is the angle between the star wheel arm, (°). 

The mass of coal and rock loaded per revolution of a single-arm is 

 𝑄1 = 𝐴× ℎ × ∅ × 𝜌 (5) 
where Q1 is the mass of coal and rock loaded per revolution of a single-arm, kg; h is the average 
height of the star wheel arm, m; φ is the loading factor, 0.68; ρ is the density of coal, kg/m3.  

The loading efficiency of 2 Z-arm star wheels per second is 

 𝑄 = 160 × 2 × 𝑍 × 𝑛 × 𝑄1 (6) 

where Q is the loading efficiency of 2 Z-arm star wheels per second, kg/s; Z is the number of star 
wheel arm; n is the speed of the star wheel, r/min. 

The calculation of energy consumption is mainly based on the analysis of the torque required 
by the star wheel in the process of raking coal, without considering the energy loss of the star 
wheel rotation, the surface friction of the star wheel body and the feeder. Star wheel torque T is 
calculated by extracting the torque of coal and rock particles acting on the star wheel shaft. The 
gravity of the coal and rock material loaded per revolution of the Z-arm star wheel is 

 𝑾Z = 𝑍 × 𝑄1 × 𝐠 (7) 
where WZ is the gravity of the coal and rock material loaded per revolution of the star wheel, N. 

The friction force to be overcome when the coal and rock material slides on the surface of the 
feeder is 

 𝑭 = 𝑾Z𝑓 (8) 
where f is the friction factor between coal and rock and feeder. 

The torque generated by the friction between the coal and rock material movement and the 
feeder is (Zhang 2006) 

 𝑻 = 𝑭 𝐷2  (9) 

2.2  Simulation model establishment and boundary conditions  

Taking a certain type of continuous miner's feeder star wheel as the research object. This type 
of continuous miner adopts a knife-shaped three-arm star wheel loading form. The feeder width B 
is 3150 mm, the position of the loading device below ground level is 165 mm, the star wheel 
rotation speed n is 51 r/min, the arm height h is 80 mm. The scheme of feeder star wheel rake coal 
and rock is shown in Fig. 2. According to the actual observation on the operation site of the 
continuous miner, the maximum H of the coal and rock pile at the front of the feeder is about 1.5 
m. This article is set to 1.0 m. The distance between the front end of the feeder and the coal and 
rock wall is calculated to be 1.5 m. Coal and rock form accumulation angle Ω according to the 
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natural accumulation state. The technical parameters related to simulation are set as follows. The 
number of star wheel arm Z is 1~7, the arm height h is 50 mm, 80 mm, and 110 mm, the 
inclination of the feeder β is 14 °, 19 °, and 24 ° respectively. Reference standard value: The star 
wheel rotation speed n is 51 r/min. When the loading device is located 165 mm below the ground, 
the angle β of the feeder is 24°. The arm height h is 80 mm. The depth S of the feeder inserted into 
the pile is 800 mm. The traveling speed V is 160 mm/s(Zhang et al. 2010). 

 

Fig. 2  Coal loading scheme of feeder star wheel 
It is necessary to set model parameters and material properties, and define the particle 

properties to create the discrete element model of the feeder star wheel of the continuous miner. 
The properties of the material are coal, Poisson's ratio is 0.3, density is 1400 kg/m3, and shear 
modulus is 2×108 Pa. The material properties of the feeder star wheel of the continuous miner are 
steel, Poisson's ratio is 0.3, density is 7800 kg/m3, and shear modulus is 8×1010 Pa, and define the 
interaction between the materials, the coefficient of restitution between coal and coal is 0.5, the 
coefficient of static friction is 0.6, and the coefficient of rolling friction is 0.05. The coefficient of 
restitution between the coal and the feeder star wheel is 0.5, the coefficient of static friction is 0.4, 
and the coefficient of rolling friction is 0.05(Wang et al. 2010). According to the requirements of 
the simulation model, the particle size of coal particles is set to 20~50 mm, and the size is 
randomly distributed. Set particles and particles, geometry and geometry as no-slip contact models 
(Hertz-Mindlin). 

The three-dimensional model of the feeder star wheel established in Solidworks is imported 
into the discrete element software EDEM. Considering the actual situation of the model, its 
simulation is divided into two steps. First, a static pile is generated. After calculation, the total 
mass of the coal and rock particles factory is set to 3969 kg. Set the simulation time to 1.5 s. The 
final EDEM simulation model of the feeder star wheel is shown in Fig. 3. Then use the built-in 
simulation deck function in the software. The simulation state output at time 1.5 s is used as the 
starting zero time of the star wheel rake coal and rock movement. Adjust the size of the simulation 
area to ensure that the entire feeder star wheel is in the simulation area. Add the feeder for 
horizontal straight motion, and set its speed and direction. Because the rotary linear composite 
motion in the EDEM software varies with the settings, first add the star wheels as the horizontal 
linear motion along the forward direction of the continuous miner, and then add the rotary motion. 
The time step is 20% of the Rayleigh time step(Tekeste et al. 2020). The rake time is 4.81 s. 

Feeder   The star wheel  

rotation axis 
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Selectively save data and the save cycle is 0.1 s. 

 

Fig. 3  Coal loading reconstruction model of star wheel loading in EDEM 

3  Results and discussion 

3.1  Interaction mechanism between star wheel arm and coal particles 

In the process of raking coal, there is a complex interaction relationship between the star 
wheel arm and the coal particles. This relationship reveals the essence of changes in loading 
efficiency Q and energy consumption T by analyzing the movement law between coal particles 
and star wheel arm. The velocity vectors of coal particles at different moving moments of the star 
wheel arm are shown in Fig. 4. In Fig. 4. (a)(b)(c), Through EDEM post-processing, the coal 
particles are expressed in vector form, and the direction of the arrow indicates the direction of the 
particle velocity. The color is used to distinguish the velocity of the particles. Set the speed from 
low to high to blue and green respectively. As shown in Fig. 4. (a), the velocity of coal particles in 
the pile is close to zero, and the star wheel arm is not moving. The direction of the movement of 
coal particles is irregular and scattered. It can be seen from Fig. 4. (b) that when the arm 
movement of the star wheel is in contact with coal particles, the particles move away from the 
center of the star wheel, and the particles close to the upper side of the star wheel arm move 
upward. Besides, the larger the velocity of coal particles along the radial direction to the left of the 
star wheel arm indicates that the coal interaction with the star wheel arm is intense, and the coal 
fragmentation occurs accordingly. Fig. 4. (c) is the vector motion image of the particles when the 
star wheel arm leaves the coal. It is found that the coal particles appear to fall back. This indicates 
that the space formed after the star wheel rakes through the coal material pile needs to be 
supplemented by coal particles. Through EDEM post-processing observation and analysis, the 
general diagram of coal particle movement in the process of raking coal with the feeder star wheel 
is shown in Fig. 4. (d) (Otrokov et al. 2018). Take the sliding surface as the boundary to divide the 
material pile into two areas: movement area Ⅰ and movement area Ⅱ, and the red, blue, and 
green arrows represent the direction of movement of coal particles. It can be seen from Fig. 4. (d) 
that when the feeder star wheel is loaded with coal particles, the walking unit continuously pushes 
the feeder star wheel to the pile. As the next adjacent star wheel arm rake enters the pile, the coal 
particles in front of it begin to move. A part of the coal particles are pushed up, and at the same 
time, a part of the coal particles are held by the star wheel arm and away from the pile. The pile 
collapsed after the star wheel arm passed, in the first stage, the coal particles in the active layer 

Ground 

The pile of coal Star wheel 
Feeder 

Wall 

x 

z 
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pile fall vertically. In the second stage, the coal particles slide along the slip line, thus reducing the 
adhesion between coal particles. If the coal particles are captured by the next adjacent star wheel 
arm at this time, it indicates that the coal particles in the active layer of the pile have a fluidity 
effect(Otrokov et al. 2018). Besides, the moving coal particles in the movement zone I will have a 
vortex phenomenon. The reason is that the coal particles move in the direction of least resistance 
during the mutual interaction between the star wheel arm and the coal particles. This provides 
basic theoretical support for the analysis of star wheel loading performance. 

 

Fig. 4  The velocity vector of coal particles at different movement times of star wheel arm 

(a) At rest (b) Movement of the instantaneous 

(c) Leave coal and rock 

The pile of coal  

Zone I 

Zone Ⅱ 

Sliding surface Edge of pile Feeder Star wheel arm The rotation axis of star wheel 

(d) One cycle of movement 
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3.2  Analysis of star wheel loading performance 

Based on the EDEM simulation model of the feeder star wheel shown in Fig. 3., respectively 
simulate and analyze the continuous forward working condition of the walking unit. The influence 
of three variable parameters of arm number Z, arm height H , and feeder inclination β on loading 
efficiency Q and energy consumption T in the process of rake coal. 

3.2.1  Analysis of star wheel loading efficiency 

Fig. 5. shows the Q curve of loading mass flow rate corresponding to different variable 
parameters. Fig. 5. (a) shows the loading mass flow rate Q change process when the arm height h 
is 80 mm, the feeder inclination angle β is 24°, and the number of star wheel arm Z is 1, 3, 5, and 
7. It can be obtained from Fig. 5. (a) the loading mass flow rate Q increases as the number of star 
wheel arm Z increases. The loading mass flow rate Q shows the characteristic of periodic change 
law. For a single arm star wheel, the period is about 1.18 s. This shows that the period of loading 
mass flow rate is related to the number of arm Z and the rotation speed n of the star wheel. At the 
same time, as the feeder moves forward continuously, the insertion depth S of the material 
increases, and the star wheel arm can rake the material fully, leading to the loading mass flow rate 
Q increasing with time t. Fig. 5. (b) shows loading mass flow rate Q under 3-arm star wheel, 24° 
feeder inclination angle, and different arm height h. It is found that the loading mass flow rate Q 
increases with the increase of arm height h. Because the pile is a certain amount of coal, the flow 
of coal is slow at the beginning (see Fig. 4. (d)). Moreover, the coal in the pile can not be 
replenished after the star wheel rake. The results show that the difference of wave peak of loading 
mass flow rate Q with three arm height h changes from small to large and then to small with time t. 
This shows that the size of the pile in front of the feeder and the material fluidity should be 
considered in the design of the star wheel arm height h. Fig. 5 (c) shows the loading mass flow 
rate Q under different feeder inclination angle β. That is, set the number of arm Z to 3 and the 
arm height h to 80 mm. The change of loading mass flow rate Q of the star wheel under the 
working conditions of 14°, 19° and 24° feeder inclination angle β. It can be seen from Fig. 5 (c) 
that the loading mass flow rate Q of the feeder star wheel increases with the decrease of the feeder 
inclination angle β. Due to the periodic loading of coal by star wheel, the coal falling on the 
scraper conveying device have a certain impact on the scraper chain. The protection of the scraper 
chain should be considered to enhance service life and stability of the scraper chain. 
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Fig. 5  Loading mass flow rate Q of feeder star wheel under various parameters 

3.2.2  Analysis of star wheel energy consumption 

The feeder star wheel torque T corresponding to each variable parameter is shown in Fig. 6. 
Fig. 6. (a) shows the changing process of torque T when the arm height h is 80 mm, the feeder 
inclination angle β is 24°, and the arm number Z is 1, 3, 5, and 7. It can be seen from Fig. 6. (a) 
that with the increase of the number of star wheel arm Z, the torque value T also increases. The 
more the number of star wheel arm Z, the smaller the torque period. 7-arm star wheel shows good 
load characteristics. That is, the more the number of arm Z, the more stable the load of the star 
wheel, the smaller the impact. Besides, for the single-arm star wheel torque T appears zero value. 
The reason is that there is an empty range in the process of star wheel raking coal, and the star 
wheel arm is no longer subject to the force given by coal. Fig. 6. (b) shows the star wheel torque T 
under different arm height h. With the increase of arm height h, the star wheel torque T also 
increases. However, the first torque peak of 2295 N·m with an arm height h of 80 mm is greater 
than the torque peak of 1367 N·m with an arm height h of 110 mm. The reason is that the star 
wheel with the arm height h of 80 mm is affected by the fluidity of the coal, and in the first turn of 
the rake coal are unstable. Fig. 6. (c) shows the star wheel torque T under different feeder 
inclination angle β. It is found that as the inclination angle β of the feeder decreases, the star wheel 
torque T decreases. Compared with the 3 feeder inclination angle β, the 14° feeder inclination 

(a) Different numbers of arm Z (b) Different heights of arm h 

(c) Different inclination angles of feeder β 
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angle β requires the smallest torque T to rake coal. Due to the fluidity characteristics of coal, the 
peak torque of the star wheel exhibits a fluctuating law with time t. The control research on the 
drive device should be increased to enhance the stability and performance of the motor and 
reducer. 

 

Fig. 6  Torque T of feeder star wheel under various parameters 

Compare the loading mass flow rate Q (Fig. 5. (a)) and the star wheel torque T (Fig. 6. (a)) of 
different star wheel arm Z. It is found that the more the number of arm Z, the higher the loading 
efficiency Q, but the greater the torque T. Comparing Fig. 5. (b) and Fig. 6. (b), it is concluded 
that the higher the star wheel arm h, the higher the loading efficiency Q but the greater the torque 
T. That is, the number of arm Z and the height of the arm h are positively related to the loading 
efficiency Q and the energy consumption T. Comparing Fig. 5. (c) and Fig. 6. (c), it is found that 
the feeder inclination angle β = 14° has the highest loading efficiency Q and the lowest energy 
consumption T. 

4  Conclusion 

In this paper, the discrete element theory is used to establish the motion equation of coal 
particles in the process of feeder star wheel rake coal, and the theoretical calculation method of 
feeder star wheel loading efficiency Q and energy consumption T is given. With the help of 
EDEM software, the continuous miner feeder star wheel loading model was reconstructed. 

(a) Different numbers of arm Z (b) Different heights of arm h 

(c) Different inclination angles of feeder β 
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Discussed the movement characteristics of coal particles. The influence of the parameters, such as 
the number of arm Z, the height of arm h , and the inclination angle β of the feeder, on the loading 
efficiency Q and energy consumption T of the star wheel, are revealed. The main conclusions are 
as follows: 

(1) The coal action in contact with the star wheel arm is intense, and the crushing coal occur 
accordingly. The space formed after the star wheel rakes through the coal pile needs to be 
supplemented by coal particles. During the interaction between star wheel arm and coal particles, 
coal particles move in the direction of least resistance. Coal particles slide along the sliding line, 
reducing the adhesion between coal particles. If the coal particles are captured by the next adjacent 
star wheel arm at this time, the coal particles in the active layer of the pile exhibit fluidity effects. 
These influence the variation law of the loading efficiency Q and torque T of the feeder star wheel. 

(2) The arm number Z and arm height h are positively correlated with loading efficiency Q 
and energy consumption T. Under the premise of satisfying the loading efficiency Q, the number 
of star wheel arm Z and the star wheel arm height h should be considered comprehensively to 
reduce energy consumption T. The rake coal loading efficiency Q is the highest and the energy 
consumption T is the smallest when the feeder inclination angle β is 14°. 

(3) The loading mass flow rate Q and torque T both exhibit periodic fluctuations. As a result, 
the conveyor scraper chain and star wheel are greatly impacted by coal. In-depth research is 
needed on the protection of the scraper chain and the control of the star wheel drive device. To 
improve the service life and stability of scraper chain and improve the performance of motor 
reducer. Further, improve coal transportation performance. 
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Figures

Figure 1

Collision analysis of two spherical coal particles in the DEM model
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Figure 2

Coal loading scheme of feeder star wheel

Figure 2
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Figure 3

Coal loading reconstruction model of star wheel loading in EDEM
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Figure 4

The velocity vector of coal particles at different movement times of star wheel arm
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Figure 5

Loading mass �ow rate Q of feeder star wheel under various parameters
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Figure 6

Torque T of feeder star wheel under various parameters
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