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Abstract:

 This paper presents a solution for the detection and control of coal loads that is more accurate and convenient than those currently used. To date, no research has addressed the use of a grinding medium as the controlled parameter. To improve the accuracy of the coal load detection based on the kinetic energy of balls in a tubular ball mill, a Discrete Element Method (DEM) model for ball kinematics based on coal loads is proposed. The operating process for a ball mill and the ball motion, as influenced by the coal quality and the coal load, was analyzed carefully. The relationship between the operating efficiency of a coal pulverizing system, coal loads, and the balls’ kinetic energy was obtained. Origin and Matlab were utilized to draw the variation of parameters with increasing coal loads in the projectile and cascading motion states. The parameters include the balls’ real-time kinetic energy, the friction energy consumption, and the mill’s total work. Meanwhile, a method of balanced adjacent degree and a physical experiment were proposed to verify the considerable effect of the balls’ kinetic energy on coal loads. The model and experiment results indicate that a coal load control method based on the balls’ kinetic energy is therefore feasible for the optimized operation of a coal pulverizing system.
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1. Introduction

Ball mills, which grind coal to a target size prior to boiler combustion, are important auxiliary equipment in thermal power plants. Their coal grinding efficiency is closely related to the economy of the power plant, as discussed by Masiuk, et al. [1]. The control requirement for a pulverizing system is to guarantee that the coal load in the ball mill is close to the optimum level. Therefore, accurately measuring and controlling the coal load of a ball mill is key to maintaining the proper boiler feed. Currently, the various detection methods include the differential pressure method, the vibration method, the noise method, the ultrasonic method, the power method and different combinations of these methods. In the differential pressure method, the coal load is expressed in terms of the pressure difference between the inflow and outflow of a ball mill, and the measuring precision is finite and determined by the air rate. The fundamentals of vibration method are to analyze the relationship between the vibration strength of the bearing and the coal load at a constant rotational speed of the ball mill. However, this method has poor linearity and low accuracy. In detecting the coal load, the noise method utilizes ball mill noise, which has poor anti-interference and large deviations due to the effect of environmental noise on the audio signals. The ultrasonic inspection method realizes coal detection by building relations in the sending-receiving interval between the ultrasonic sensor and the interface. The shortcomings of this method are a high system cost, demanding environmental requirements, and the lack of stability and reliability. In the power method, material levels are detected by the power transformation rule of the coal load. Nevertheless, the sensitivity of this method needs to be improved, and it may be difficult to estimate the coal load when the electric power of a ball mill decreases. The above mentioned methods cannot truthfully reflect the coal load in ball mills because they have many limitations and low accuracies [2,3].

The motion of the ball mill’s medium can directly influence the power consumption of grinding and is associated with the grinding mechanism [4,5]. Davis [6] and Lu, et al. [7] studied projectile motion in ball mills and established the ball’s motion equations by numerical modeling, and they developed a systematic theory for grinding coal. Ying [8] studied the influence of the mill’s rotation rate, the ball filling ratio, and many other factors on balls’ motion. Afterwards, many domestic and overseas scholars performed numerical modeling and developed theories of medium movement states, such as the two-phase movement theory [9,10,11]. Although there is already a considerable amount of research on the medium’s motion track and how the mill’s working parameters influence the medium’s motion in different distribution areas, there are only a few studies on using the grinding medium as a controlled parameter.

The above-mentioned findings and discussions reveal that there has not been a unified, rigorous and complete mathematical theory for a ball mill grinding process, and this theory lacks a more complete and accurate method for supervising and controlling the coal load. The research on improving the mill’s efficiency and lowering energy consumption has not provided breakthrough progress. The aim of this study is to obtain the relationship between the ball motion and coal loads and realize a better coal load control method based on the balls’ kinetic energy. To improve the performance of the coal load control method, a Discrete Element Method (DEM) is used to analyze the kinematics of the balls under the influence of the coal load. A method of balanced adjacent degree and a physical experiment further confirms that the balls’ kinetic energy can reflect the coal load more accurately. In this paper, the balls’ kinetic energy is utilized to detect and control the coal load, and this method avoids the influence of other factors and enhances the accuracy of coal detection.



2. Results and Discussion

The device architecture is described in detail in the Modeling Section. The force and boundary conditions for the balls and the coal are limited, and the accumulation of particles appears naturally. The kinetic energy, the friction energy consumption, and the mill’s total work for any location and size are conveniently determined in the ball and coal accumulation system. A three-dimensional image of the balls and the coal can be directly generated. PFC3D tracks every particle’s motion periodically and repeatedly, thus obtaining the motion of the overall granular mixtures.

Based on the PFC3D model, the initial values of the coal load are an arithmetic progression whose a(1) = 100, d = 200 and a(7) = 1300. The mill rotates uniformly in 5.6 rpm. The modeling simulation results for four revolutions of the cylinder are as follows:


2.1. Effects of Db = 0.03 m and N0.03 = 200

Figure 1a indicates the balls’ distribution and motion of the mill when it is running in a steady state after adding coal particles of Dm = 6 mm and Nm = 700. Figure 1b illustrates the real-time variation curve of the balls’ kinetic energy after the rotation of the cylinder, and it concludes that the balls’ kinetic energy reaches the obvious peak value when the projectile ball and the coal come to a certain value. Moreover, there exists a regular fluctuation of kinetic energy with the circulating rotation of the cylinder.

Figure 1. (a) Simulation model of ball motion; (b) Real-time kinetic energy of balls.
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With increasing coal loads, the maximum and average value of the balls’ real-time kinetic energy, the energy consumption from sliding friction and the mill’s total work are shown in Figure 2 and Figure 3, where Kpj0/Ww0 represents the average value of the balls’ kinetic energy as a percentage of the mill’s total work when the mill rotates four revolutions without coal. In Figure 2, the balls’ work on the coal particles with different diameters is first increasing and then decreasing as the coal load increases. When Dm = 6 mm and Nm = 700, the balls’ kinetic energy accounts for 9.2831% of the mill’s total work, which is higher than the situation when there is no coal (6.4537%). That is, Kpj/Ww − Kpj0/Ww0 = 2.8294%. When Dm ≥ 12 mm, the increase of kinetic energy of the ball load becomes smaller and smaller as the coal load increases. When Dm = 16 mm, the projectile motion disappears, and the motion of the balls is mainly grinding and squeezing. Therefore, different ball mills and parameters are suitable for a limited range of coal diameters.

Figure 2. Parameters of ball motion of Db = 0.03 m and N0.03 = 200 for coal particles with different diameters with increasing coal loads.
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Figure 3. (a) Dm = 6 mm; (b) Dm = 8 mm; (c) Dm = 10 mm; (d) Dm = 12 mm; (e) Dm = 14 mm; (f) Dm = 16 mm.
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The maximum and average value of the balls’ kinetic energy for different coal particles’ diameters, energy consumption from the sliding friction and the mill’s total work with increasing coal loads are clearly demonstrated in Figure 3. To reflect the variation of the curve in the Figure 3, the maximum and average values of the balls are amplified by a factor of ten. The pink data points, shown in Figure 3, represents the difference between the mill’s total work and ten times the average value of the balls’ kinetic energy (Wn = Ww−Kpj*10). As a result, the variation of the friction energy consumption and the variation of the mill’s total work were fundamentally the same. When Wn was larger than its minimum, it increased gradually, and the mill’s total work rose while the balls’ kinetic energy remained almost the same. The minimum of the curve corresponded to the optimal coal load, which further indicated that when the coal load exceeded a certain value, both the mill’s useful work and the use ratio of the balls’ kinetic energy decreased. Therefore, the real-time kinetic energy of the ball motion closely relates to the coal load and the mill’s operational efficiency.



2.2. Effects of Db = 0.04 m and N0.04 = 86

Figure 4a demonstrates the PFC3D distribution and the motion of coal particles of Dm = 6 mm and Nm = 700 corresponds to the 86 balls inputted, which reached their maximum kinetic energy when the mill cylinder rotated in steady state. Figure 4b demonstrates the real-time variation curve of the balls’ kinetic energy in Figure 4a after the mill rotates. Figure 5 and Figure 6 demonstrate the maximum and average value of the balls’ kinetic energy, the friction energy consumption and the mill’s total work with increasing coal loads.

Figure 4. (a) Simulation model of ball motion; (b) Real-time kinetic energy of balls.
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Figure 5. Parameters of ball motion of Db = 0.04 m and N0.04 = 86 for coal particles with different diameters with increasing coal loads.
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Figure 6. (a) Dm = 6 mm; (b) Dm = 8 mm; (c) Dm = 10 mm; (d) Dm = 12 mm; (e) Dm = 14 mm; (f) Dm = 16 mm.
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In the comparison between Figure 2, Figure 3, Figure 5 and Figure 6, increasing ball diameter by 0.01 m, the growth rate of the balls’ kinetic energy reduces with increasing coal particles’ diameters. However, when Dm ≤ 12 mm, the balls’ kinetic energy increases in the beginning and then decreases with increasing coal loads. The larger the coal particle’s diameter is, the less the optimal coal load corresponds to the maximum of the balls’ kinetic energy. Wn increases with increasing coal loads but has a minimum point. Therefore, the motion space of balls inside the mill is limited. When the coal load exceeds the optimum value, the balls’ impact strength gradually decreases, and their grinding effect on coal loads plays a leading role. Because it is influenced by the ball’s diameter and the coal particle’s diameter, the optimal coal load possesses different functional values [12,13].





2.3. Effects of Coal Size Distribution

Coal particles are of different sizes during the grinding process of a ball mill. To further simulate actual operation conditions of a ball mill, PFC3D models were respectively conducted on coal particles (6–16 mm) with a uniform distribution and a Gaussian distribution. The random numbers were drawn from coal particle number (such as Nm = 100) with coal particle diameters between 6 mm and 16 mm. In addition, the balls’ strain energy was researched. Figure 7a shows the PFC3D motion of the coal particles with Nm = 100 with a uniform distribution corresponding to the balls of Db = 0.03 m and N0.03 = 200, which reached their maximum kinetic energy when the mill was running in a steady state. Figure 7c shows the PFC3D motion of the coal particle Gaussian distribution with Nm = 500 under otherwise identical conditions. Figure 7b,d demonstrate the real-time variation curve of the balls’ kinetic energies in Figure 5a,c, respectively. Figure 8 and Figure 9 show the maximum and average value of the balls’ kinetic energy, the strain energy, the friction energy consumption and the mill’s total work with increasing coal loads.

Figure 7. (a) Simulation model of ball motion with uniform distribution; (b) Real-time kinetic energy of balls with uniform distribution; (c) Simulation model of ball motion with Gaussian distribution; (d) Real-time kinetic energy of balls with Gaussian distribution.
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Figure 8. Parameters of ball motion with coal particle size distribution with increasing coal loads.
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Figure 9. (a) Coal particle uniform distribution; (b) Coal particle Gaussian distribution.
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These results show that strain energy of the balls was much smaller than the balls’ kinetic energy and the mill’s total work. Consequently, the strain energy of the balls was amplified a hundred times to reflect the variation of the parameter values in the figure. Balls were less affected by the kinetic energy of the cylinder rotation movement. Assuming the dynamic and temperature effects were not considered in the process of deformation, the work performed by the mill’s total work on the balls would be all stored in the coal in the form of strain and stress, and the work would be transformed into strain energy. The balls’ energy was almost all utilized to impact coal particles.





In Figure 1, Figure 4 and Figure 7, balls’ kinetic energy gradually reached its maximum, the impact strength of balls on coal loads is highest, the use ratio of balls is also highest, and the maximum useful work of the ball mill is done to obtain the qualified pulverized coal. Therefore, the projectile motion is a ball’s optimal motion state, the mill obtains the optimal coal load, which corresponds to the mill’s highest grinding efficiency. In Figure 2 and Figure 5, when the coal particles’ diameter and coal load are proper, the average value of the balls’ kinetic energy as a percentage of the mill’s total work gradually increased and then decreased in comparison with the situation when there was no coal. In Figure 3 and Figure 8, when the coal particles’ diameter is proper and the coal load increased, the difference between the mill’s total work and balls’ work on the coal experienced a minimum point and then increased. It is obtained that the balls and coal in the mill were going through a cascading motion, a projectile motion of several balls, a projectile motion of most of the balls, and a circular motion of almost all balls, respectively. In addition, the use ratio of the balls’ kinetic energy increased first and then decreased, and the mill’s efficiency likewise increased first and then decreased. In the comparison between Figure 2, Figure 3, Figure 8 and Figure 9, with increasing coal loads, the increasing range of the energy consumption of the friction and the mill’s total work for coal particle diameter with a uniform distribution and a Gaussian distribution was larger than for a situation with coal particles of equal size. The use ratio of the balls’ kinetic energy similarly increased in the beginning and then decreased with increasing coal loads. In conclusion, the balls’ real-time kinetic energy can indicate the mill’s coal load in a more precise way, and the mill obtains the optimal coal load when the balls reach a maximum kinetic energy, corresponding to the highest grinding efficiency. The energy consumption of the friction and the mill’s total work further indicate the use ratio of the balls’ impact force, thus demonstrating the mill’s grinding efficiency in indirect ways.





2.4. Ball Kinematics

The coal load inside the mill is a significant factor in influencing ball motion. Figure 10 is the spatial distribution diagram describing that when the mill is rotating uniformly around a center axle O, the balls inside the mill would realize different motion with increasing coal loads. Where,

Figure 10. Distribution diagram of ball motion.
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	Ω1 is the area where the balls undergo circular motions or cascades. When the coal load inside the mill is small or even empty, the possibility of collisions among the balls is larger. The friction force among the balls, the coal, and the mill’s liner is enhanced, and they are mainly affected by grinding in this area, and the friction force is enhanced, thus leading to unnecessary abrasion of the balls and liner and low grinding efficiency.


	Ω2 is the projectile motion area. When the coal load is normal and not exceeding the dropping point B of the balls’ outermost layer, the motion between the balls and the coal in the underneath area is mainly a striking motion. Therefore, this motion realizes a periodic collision between the balls and the coal, and it has a high efficiency.






Suppose that the volume of all the moving balls is Ω = Ω1 + Ω2, L is the mill’s effective length, R is the distance between a ball regarded as a particle and the center of the ball mill, and the ball filling ratio Ψ = Ω/(πR2L) is the ratio of the balls’ loose volume and the mill’s effective volume. For the ball in the ith layer, σi is its central angle, αi is the included angle between OAi, which is the line that connects the mill’s center and the departure point, and the positive vertical axis Y. βi is the included angle between OBi, which is the line that connects the point of dropping and the center of the mill, and the positive horizontal axis X. According to the arc length computational formula, we can infer that dΩ1 = πRiLσi/180°dRi. The integration of the radius between the outermost layer R and the innermost layer R1 is:
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(1)




And we can obtain that:
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(2)




where σi = 270° − αi − βi = 360° − 4αi, i = 1,2, ···.

	3.

	In the area around the mill’s center region Ω3, the balls’ circular motion and projectile motion are blended. Because space is limited, grinding and impact effect is weak.



	4.

	In the empty area Ω4, balls do not move or undergo circular motion. When the coal load inside the mill is excessive, it would waste energy and cause operational troubles because the balls’ moving space is limited, and the balls are relatively still relative to the mill [14].







2.5. Verification of Parameter Correlation


2.5.1. Correlation Degree and Balance Degree Method

The correlation degree combined with the balance degree is utilized to verify that the balls’ kinetic energy is applicable for the control of the coal load in a ball mill. Correlation degree is a measure of the correlation degree of the factor variation trends between two systems with the increase of time or other variables. We judge the correlation degree between the reference data sequence and the comparison data sequence according to the geometrical relation and similarity of the generated data curves. The more approximate the variation trends of curves are, the bigger the correlation degree of the corresponding sequence is, and vice versa.

The reference data sequence reflects the behavioral characteristics of system,
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(3)




the comparison data sequence affects the factors of system performance,
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(4)




the absolute difference between [image: there is no content] and [image: there is no content]:
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(5)




and the correlation coefficient of [image: there is no content] and [image: there is no content]:
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(6)




Among all sequences, [image: there is no content] and [image: there is no content] are the maximum and minimum absolute difference, generally with [image: there is no content]. The distinguishing coefficient is [image: there is no content]. The correlation degree between the reference data sequence and the comparison data sequence is calculated by the following formula [15]:
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(7)




To reduce the association tendency of local points, the balance degree is further adopted to measure and compare the correlation degree of the data sequence’s correlation coefficient series [16,17]. Supposing the correlation coefficient series of the jth comparison data sequence and the ith reference data sequence is [image: there is no content], then the correlation coefficient distribution map is [image: there is no content]
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(8)




where [image: there is no content]. We can define the following equation based on Equation (8):
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(9)




The above equation is the correlation coefficient’s entropy of the jth comparison data sequence and the ith reference data sequence, and the balance degree is (10):
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(10)




where [image: there is no content] is expressed as Ln(sequence number), and it is the largest entropy in the jth comparison data sequence. Thus, the balanced adjacent degree is:
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(11)




where [image: there is no content].
The correlation degree between each comparison data sequence and reference data sequence is ordered by the balance adjacent degree. Finally, we can determine the relationship between the comparison parameter and the reference parameter, and obtain the effective theory, which is based on the meaning of parameters.



2.5.2. Correlation Analysis of the Coal Load and Balls’ Kinetic Energy

From the DEM simulation’s results, analysis of the ball motion with increasing coal particles with different diameters clearly demonstrates that there exists a close relationship between the coal load and the balls’ real-time kinetic energy in the operational process of a ball mill. According to the above study, a balanced adjacent degree between the coal load and the balls’ kinetic energy is proposed.

The coal load in modeling data was selected as the reference data sequence, while other parameters, such as the balls’ kinetic energy, the energy consumption from sliding friction and the mill’s total work, were comparison data sequences. Ba1(Xi,Xj) represents the balance degree between the coal load and other parameters when Db = 0.03 m when the balls possess optimal projectile motion. Ba2(Xi,Xj) represents the balance degree between the coal load and other parameters when Db = 0.04 m and when the balls possess optimal projectile motion. The results in Table 1 show that every parameter’s balanced adjacent degree exceeds 0.6, and every parameter’s sensitivity to the variation of the coal load was high. While the balanced adjacent degree between the balls’ kinetic energy and the coal load was slightly higher than the energy consumption from sliding friction and the mill’s total work, it could better explain the coal load and reflect the working efficiency.

Table 1. Balanced adjacent degree of parameters and coal loads.


	Parameters Balanced adjacent degree
	Kmax
	Kpj
	Wf
	Ww





	Ba1(Xi,Xj)
	0.6920
	0.6936
	0.6926
	0.6929



	Ba2(Xi,Xj)
	0.6946
	0.6948
	0.6916
	0.6926














3. Experimental Verification


3.1. Experimental Apparatus

The practical ball motion is very complicated. The validity of the DEM model for ball kinematics with increasing coal loads is estimated by practical experiments. The experimental apparatus is shown schematically in Figure 11. It is a ball mill whose standard is Ø0.36 m × 0.2 m. The rough rubber lining plates are connected to 8 × 2 screw holes on the cylinder wall, which can change the number of lining plates. The electronic speed controller controls the working speed of the mill. An iron stent reduces vibration and increases the stability by connecting the bearing part with boards. The front cover and back cover are made up of thick flange and ribbed flange respectively. The front window glass and the mill cylinder are fixed by the front cover, and the middle rubber cradle is connected to avoid the damage of the front window. The diameter of balls is Db = 0.008 m, and the bulk density is ρ = 4.9 t/m3. Coal particles are replaced with the polypropylene plastic particles (EPP) in the experiment, which is similar to coal in physical characteristics, aiming at reducing the wear and tear of the mill cylinder and guaranteeing the visibility of the front glass window. Their bulk density is ρm = 0.75 t/m3, the rotation rate is Φ = 75% and the optimum ball filling ratio is Ψzj = 40%. Ψm is coal filling ratio. It is assumed that the ball filling ratio in the experiment satisfies that the balls can move in cascading or projectile motion.

Figure 11. (a) General schematic drawing of experimental apparatus; (b) Ball mill physical experiment.



[image: Energies 08 06859 g011 1024]







Based on the optimized configuration of the above operating parameters, the physical model of a ball mill was established. A high-speed camera was adopted to record the real-time variation of kinetic energy of balls and coal loads, the parameters are as follows: the camera body is CANON EOS 5D, 12.8 million pixels; the lens is CANON EF50MM, F1.4; the shutter speed is 1/256 S and the focal length is 105 mm. The initial values of the coal load are arithmetic progression whose a(1) = 10%, a(2) = 20% and a(3) = 50%. The mill rotates uniformly at 20 rpm. The physical experiment results are shown in Figure 12.

Figure 12. (a) The motion state of balls without coal loads; (b) The motion state of balls with 10% coal loads; (c) The motion state of balls with 30% coal loads; (d) The motion state of balls with 50% coal loads.
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The use ratio of balls’ kinetic energy is performed by impacting and grinding coal loads. When Ψm ＞30%, the number of the projectile balls tend to decrease with increasing coal loads. When Ψm = 50%, the motion space of balls inside the mill is limited, balls’ impact strength gradually decreases and the grinding plays a leading role. It concludes that the projectile motion reaches the obvious peak point when the balls and coal loads come to a certain value. Therefore, ensuring the optimal motion state of balls is significant to the coal pulverizing efficiency for limited coal loads.





3.2. Experimental Results

The position data of the balls and coal loads are shown in Figure 13 when the ball mill was running in a steady state. It further indicates that the ball motion is closely related to coal loads on equal conditions. In the process balls and coal loads in the mill are going through the cascading motion, the projectile motion of several balls and the one of most balls, their kinetic energy gradually reached its maximum. The projectile motion is the balls’ optimal motion state and it corresponds to mill’s highest grinding efficiency. However, balls do not move or undergo circular motion and the kinetic energy of balls decreased due to excess coal loads and the limited space.

Figure 13. (a) The scatterplot of ball motion without coal loads; (b) The scatterplot of ball motion with 10% coal loads; (c) The scatterplot of ball motion with 30% coal loads; (d) The scatterplot of ball motion with 50% coal loads.
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Figure 14 demonstrates the variation of balls’ kinetic energy with the coal loads based on the ball mill physical experiment. It is indicated that the more impact energy balls obtain in the projectile motion state, the higher the grinding efficiency is. The speed sensor and the torque will be utilized to measure the balls’ motion speed and the mill’ torque, and the relevant experimental study will be further designed in the future.

Figure 14. Balls’ kinetic energy with increasing coal loads.
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4. Modeling Section

A 0.4 m diameter by 1.2 m long ball mill with steel liner plates was modeled by a cylinder with special material characteristics according to the ball mill’s performance. The cylinder’s boundary was truncated into the 1/6 of the initial 1.2 m long. Balls and the coal inside the mill were modeled by spherical discrete elements of certain material characteristics and size. The balls’ diameters were Db = 0.03 m and Db = 0.04 m, and their bulk density was ρgq = 4.9 t/m3. The coal particles’ diameters are Dm = 6, 8, 10, 12, 14, 16 mm, and their bulk density was ρm = 0.75 t/m3. In a particle and contact model, a “ball-ball” contact and a “ball-wall” contact were affected by the contact force. The parameters with the most influence on the contact force were the stiffness, the damping, and the friction factor. The stiffness represented the stress resistance of balls to elastic deformation, the friction factor affected the power consumption of ball mills, and the damping main influenced the accumulation process and the course of energy dissipation [18]. Some properties of other parameters for the model are given in Table 2, which combines the operating characteristics of a ball mill with different performance properties of the materials. The rotation rate Φ, the ratio of the working speed to the critical speed of the mill, was selected as Φ = 80%. With the parameters optimized by the estimate method for experiments, the ball mill model was established by setting the parameters related to the external appearance of ball mills, which included a mill cylinder and cylinder walls.

Table 2. Model parameters.


	Model Parameters
	Parameter Values





	Friction factor(ball-ball)
	0.142



	Normal stiffness(ball-ball)/(N/m)
	2.0 × 105



	Shear stiffness(ball-ball)/(N/m)
	2.0 × 105



	Friction factor(ball-wall)
	0.189



	Normal stiffness(ball-wall)/(N/m)
	4.0 × 105



	Shear stiffness(ball-wall)/(N/m)
	3.0 × 105



	Ball’s density/(kg/m3)
	7.8 × 103



	Normal damping
	0.3



	Tangential damping
	0.3










DEM is a numerical computation method for discontinuous medium mechanics and is used for solving and analyzing granular material’s equations of motion and kinetic parameters [19,20,21]. DEM separates granular mixtures to the set of discrete units, and the units themselves have certain geometrical, physical, and chemical properties. The medium motion is controlled by Newton’s second law, and it can be iteratively solved by dynamic or static relaxation method, which describes the whole medium’s law of motion by observing all units’ motion and location.

The particle i’s equation of motion according to Newton’s second law is as follows:
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(12)




where [image: there is no content], [image: there is no content] are respectively particle i’s accelerated velocity and angular acceleration, [image: there is no content], [image: there is no content] are respectively particle i’s quality and rotational inertia, [image: there is no content], [image: there is no content] are respectively the joint force and joint moment of force where the particle is in the center of mass. Central difference method is always used to do numerical integration for Equation (12), and it could obtain the updated speed which is expressed by the intermediate point of two iterative time steps, which is as follows:
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(13)




where [image: there is no content], [image: there is no content] are respectively particle i’s velocity and angular velocity, [image: there is no content] is time step, N is corresponding to time t. By integrating the Equation (13), we can get the Equation (14) which is with respect to displacement:
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(14)




where [image: there is no content], [image: there is no content] are respectively particle i’s displacement and angular displacement in this equation. Therefore we can compute the new force according to particle’s new value of displacement, and it satisfies the relationship of force-displacement. It tracks every particle’s motion periodically and repeatedly at any time, thus obtaining the motion of the overall granular mixtures. Fundamental assumptions are very important prerequisites for DEM analysis. The fundamental assumptions of this study are as follows:

	(1)

	The particle unit is regarded as a rigid body and a sphere.



	(2)

	Contacts happen over a tiny area, which is a point contact. There exists the maximum stress strength of contact-bonded model in the contact place.



	(3)

	The contact is a flexible contact. It allows a certain overlap, which is tiny in comparison with the particle size in the contact area, and it relates to contact force.



	(4)

	The time step is small. Any unit disturbance from indirect contact should be avoided, and the velocity as well as the accelerated velocity of any time step is constant.





DEM is used to simulate the ball mill with the optimized working parameters [22,23], and it records the real-time modeling simulation data of the balls’ kinetic energy by directly observing the ball motion when the mill’s coal load is different. The DEM model analyzes the ball kinematics with increasing coal loads under different parameter conditions.

Recently [24,25] PFC3D was used to simulate the motion and interaction between the balls and the coal by DEM. The pulverized coal with dry hot air is discharged and coal particles are added simultaneously, which is a process of dynamic equilibrium. The balls inside the mill are discontinuous, and the PFC3D model, which is based on a command driving mode, is good at processing discontinuous problems because it can demonstrate ball motion in a natural way, as discussed by Geng, et al. [26]. The PFC3D model uses an explicit difference algorithm and the theory of discrete element simulation to calculate the balls’ kinetic energy for coal particles with the coal pulverization and particle size distribution with increasing coal loads.

The contact patterns in the PFC3D model include a “ball-ball” contact and a “ball-wall” contact. Supposing that we can simulate the three-dimensional motion of a particle system by setting the contact model of the balls and the coal, the boundary conditions, and the force as well as particle properties [27], there exists an optimum value in the ball filling ratio Ψzj that corresponds to a rotation rate Φ, that is:



[image: there is no content]



(15)




then the optimum weight of ball charge is:
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(16)




The approximation calculation equation for the number of balls is [28,29,30,31]:



[image: there is no content]



(17)




where L is the mill’s effective length, D is the inner diameter of mill, and Ψ is the ball filling ratio of ball mill. After the calculation, the number of simulated balls for diameters of 0.03 m and 0.04 m were N0.03 = 200 and N0.04 = 86, respectively. With coal loads, the variation tendency of the kinetic energy, the strain energy, the energy consumption from sliding friction and the mill’s total work was analyzed based on these two parameter conditions that are effect of Db = 0.03 m and N0.03 = 200 and effect of Db = 0.04 m and N0.04 = 86.


5. Conclusions

The balls’ kinetic energy is utilized as the controlled variable of coal loads. Meanwhile, to study the relationship between the operating efficiency of the coal pulverizing system, the coal load and the balls’ kinetic energy, DEM ball motion simulation modeling was carried out for different coal weight, coal loads, and coal particle size distributions. Several important conclusions may be drawn:


	(1)

	Results of the DEM modeling showed that the use ratio of the balls’ kinetic energy increased in the beginning and then decreased with increasing coal loads. The projectile motion is the optimum state for the balls to obtain the maximum kinetic energy. A close relationship between the coal load of the ball mill and ball movement was found.



	(2)

	The real-time kinetic energy of the balls was modeled by Origin and Matlab to reflect the coal load of the ball mill accordingly. With an increase of the coal load, the spatial distribution states of the balls were obtained. It is further indicated that the effect of the balls’ kinetic energy on the coal load was considerable by using the method of balanced adjacent degree.



	(3)

	A real physical experiment was performed to verify the close correlation between balls’ kinetic energy and coal loads. A coal load control method based on the balls’ kinetic energy is applicable for control of coal loads for ball mills.
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Abbreviation








	D
	inner diameter of a ball mill, m




	Db
	a ball’s diameter, m




	Dm
	a coal particle’s diameter, m




	E
	strain energy of balls, J




	G
	optimum weight of ball charge, t




	L
	effective length of a ball mill, m




	Kmax
	maximum of balls’ kinetic energy, J




	Kpj
	average value of balls’ kinetic energy, J




	N
	number of the ball




	Nm
	number of coal particles




	R
	effective radius of a ball mill, m




	Wf
	friction energy consumption, J




	Ww
	the mill’s total work, J




	αi
	included angle between OAi and the positive vertical axis Y
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	balance degree
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	balanced adjacent degree




	βi
	included angle between OBi and the positive horizontal axis X




	γ
	correlation degree




	Δmax
	maximum absolute difference




	Δmin
	minimum absolute difference
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	correlation coefficient’s entropy
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	largest entropy in the jth comparison data sequence




	ρgq
	balls’ bulk density, t/m3




	ρm
	coal particles’ bulk density, t/m3




	σi
	central angle of the ball in the ith layer




	Φ
	rotation rate of a ball mill, %




	η
	distinguishing coefficient,




	Ψ
	ball filling ratio, %




	Ψzj
	optimum value of the ball filling ratio, %.
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