

  minerals-13-00585




minerals-13-00585







Minerals 2023, 13(5), 585; doi:10.3390/min13050585




Article



Effect of External Moisture Content on Screening Performance of Vibrating Flip-Flow Screen and Circular Vibrating Screen



Runhui Geng[image: Orcid], Chi Yu, Yixin Wang, Xinwen Wang *, Xiaokun Zhang[image: Orcid] and Ruile Li





School of Chemical and Environmental Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China









*



Correspondence: xinwen.w@cumtb.edu.cn







Academic Editor: Chiharu Tokoro



Received: 19 March 2023 / Revised: 19 April 2023 / Accepted: 20 April 2023 / Published: 22 April 2023



Abstract

:

Moisture content has an important influence on the stratification and screening of materials on the surface of screens, and materials with different external moisture concentrations present different screening characteristics. A vibrating flip-flow screen (VFFS) is a two-body vibration system with a high-vibrating-strength screen surface developed based on a circular vibrating screen (CVS), which offers significant advantages in terms of handling sticky fine particles. To better understand the difference in screening performance between a VFFS and CVS under different external moisture concentrations, it is necessary to conduct a comparative study on the distribution characteristics of materials on the screen’s surface. In this paper, a CVS dynamic model considering the stiffness force and position of the damping spring is proposed, and the influence of different arrangements of damping springs on the amplitude and angular displacement of the screen is analyzed. Under different external moisture concentrations, the screening percentages of the 3–1 mm sized fractions in sections I–IV of a VFFS and a CVS are greater than those of 1–0 mm sized fractions. The screening efficiencies of CVSs and VFFSs are 92.54% and 92.19%, respectively, at an external moisture content of 4.30%, so the screening effect of a low-vibration-intensity screen surface is better in the case of better material stratification. When the external moisture content of the material was increased from 4.30% to 8.19%, the screening efficiency of the VFFS and the CVS decreased by 33.85% and 41.32%, respectively. The screening efficiency of the CVS is more sensitive to the external moisture content of a material.
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1. Introduction


Screening is an important measure used in the industrial process, and vibrating screening equipment has been widely used in mining, metallurgy, agriculture, the development of building materials, solid waste treatment, and other industries [1,2]. With the continuous improvement in the degree of mechanization of coal mining, the content of fine coal in raw coal has increased [3]. Due to the application of dustproof spraying in mining and natural rainfall during transportation, the external moisture content in raw coal tends to be high. In the screening of materials with high external moisture content, traditional screen surfaces often suffer from a blockage of the screen hole, resulting in a decrease in screening efficiency, for which the screening machine cannot complete the screening operation in serious cases [4,5]. Although the wet screening of fine particles offers high screening efficiency [6], its widespread application is limited due to the requirement for large amounts of water, which makes the high-efficiency deep screening of sticky fine particles an urgent problem to be solved [7,8].



The screening process of particle groups on the screen surface includes three process: loose, layered, and transparent [9,10]. Screening performance is related to the working parameters (such as amplitude and frequency), the screen’s surface characteristics (such as the screen plate’s pore diameter, the material of the screen’s surface, and the shape of the screen’s holes), and material characteristics (such as particle shape, feed composition, granular moisture and density, and feed rate). Cleary et al. [11,12] simulated a full-industry-scale double-layer banana screen using the discrete element method (DEM) to obtain the velocity and particle size distribution of a material under different peak acceleration conditions. Dong et al. [13,14] used the discrete element method (DEM) to numerically study the particle flow on a banana screen and determined the influence of the operational conditions and geometric characteristics, such as amplitude, frequency, the screen surface movement mode, and screen hole shape, on screen performance. Davoodi et al. [15] explored the variation of screening performance under different screen deck materials. With regard to vibrating screens, insights into the factors influencing screening performance help engineers optimize screening equipment. Ramatsetse et al. [16,17] proposed a new type of vibrating screen called a Reconfigurable Vibrating Screen and analyzed the failure mechanisms that occurred in its various components in order to improve its design. Shanmugam et al. [18] developed a new type of circular vibrating screen for the dry screening of 3–1 mm moist coal. Jiang et al. [19,20] designed a single-deck equal-thickness vibrating screen (ETVS) and established its dynamic equation.



When VFFSs work stably, the main and floating screen frames move relative to the action of the shear spring, thereby causing the polyurethane elastic sieve mat to periodically stretch and relax and generate great acceleration. Therefore, VFFSs offer superior advantages in terms of the screening of fine-grained materials [21,22]. The dynamic analysis of a VFFS is the basis for studying its dynamic characteristics. Wu et al. [23] established the dynamic equations of the screen under no-load and load conditions for the crank-link type of flip-flow screen. Gong et al. [24] established a nonlinear rubber shear spring model and studied the influence of rubber shear spring dynamic characteristics on the dynamic response of a VFFS. Yu et al. [25,26] proposed an improved VFFS dynamic model that was experimentally proven to be reasonable under no-load and loaded material conditions. The dynamic response of the elastic screen mat of a VFFS is related to frequency and amplitude, and the study of VFFSs’ kinetic characteristics can provide a deeper understanding of the material movement properties on the elastic screen mat. Xiong et al. [27] established a mathematical model of the vibration characteristics of an inclined flip-flow screen panel based on the catenary theory. Chen et al. [28] proposed a new dynamic model of an elastic screen panel based on a string vibration model and the energy equation. The screening performance of VFFS has also been evaluated. Hamid Akbar et al. [29] evaluated the dry screening performance of a Liwell flip-flow screen. Li et al. [30] constructed a dynamic model of a flip-flow screen with a crankshaft-link structure (FFSCLS) and studied the screening performance of moist fine coal under different working conditions of FFSCL.



Moisture content has an important influence on the stratification and screening of materials on a screen’s surface, and materials with different external moisture concentrations present different screening characteristics [31]. The dynamics of a screen and the vibration intensity on its surface have a great influence on the screening of materials [32,33]. However, few previous studies systematically evaluated the distribution of materials on elastic screen mats with different vibration intensities and studied the influence of the external moisture content of the materials on the screening. Following the introduction, this paper begins by addressing the dynamics of CVSs and proposes a dynamic model considering the position of the damping spring. The influence of different damping spring positions on the amplitude and angular displacement of the screen is analyzed. The screening performance of materials on CVSs and VFFSs under different external moisture concentrations was compared. This paper provides a reference for the optimization of vibration intensity when an elastic sieve surface interacts with materials with different external moisture concentrations.




2. Experiment


2.1. Experimental Apparatus


Figure 1 shows the kinetic test system and the screening experimental system, comprising a feeding unit, a VFFS, a frequency conversion control unit, a dynamic testing and analysis unit, a connecting unit, and a multi-stage reclaiming screening performance evaluation unit. The frequency conversion control unit comprises a circuit breaker and a frequency converter. The dynamic test and analysis unit consists of an acceleration sensor, a DASP acquisition instrument, and a computer with analysis software installed. The multi-stage reclaiming screening performance evaluation unit consists of a multi-stage receiving device under the screen and a series of standard sieves. The connection unit consists of bolts and nuts that can be used to fix both the main frame and the floating screen frame, thus enabling the conversion of VFFS to CVS. The multi-stage receiving unit under the screen consists of five sections. Each section has been assigned a numeral ranging from I to V in accordance with the materials’ moving direction. Sections I–IV were used for the collection of undersized materials, while Section V was used to collect oversized materials. There are 8 elastic sieve mats installed in the 0827 VFFS, and each elastic sieve mat has an array of key slot holes, with each hole being 3 mm wide and 10 mm long (aligned in the direction of flow along the screen). As shown in Figure 1, each section from I to IV corresponds to two elastic sieve mats on the screen.



A schematic of the VFFS is shown in Figure 2, which is mainly composed of elastic sieve mats, a main screen frame, the beams of the main screen frame, a floating screen frame, the beams of the floating screen frame, damping springs, shear springs, an inertial vibration exciter, and stents. The main screen frame is supported on the stents by the damping springs, and the inertial vibration exciter is installed on the main screen frame. The main screen frame and the floating screen frame are connected by shear springs. The beams of the main screen frame and the floating screen frame are staggered, and the two ends of the elastic sieve mat are installed on the beam of the main screen frame and the adjacent beam of the floating screen frame. Moreover, when the inertial vibration exciter is rotated by the driving motor, relative movement occurs between the main screen frame and the floating screen frame, thereby causing the elastic sieve mat to slacken and stretch periodically.




2.2. Materials


The coal material used in this study was obtained from Zoucheng City, Shandong, China. The particle-size distribution and moisture content of experimental coal samples were analyzed using a standard sieve and a constant temperature drying oven. The characteristics of the coal samples including their particle-size distribution and external moisture content are shown in Table 1.



The dominant particle size fractions were 50–25 mm and 25–13 mm, with corresponding yields equal to 23.5% and 21.5%, respectively. The size fractions of 13–6 mm, 6–3 mm, 3–1 mm, and 1–0 mm accounted for less than 20% of each coal sample, and the corresponding yields accounted for 18.5%, 17.5%, 12.0%, and 7.0%, respectively. It is worth noting that with the decrease in particle size, the moisture content of the material continues to increase. We added 350 g, 600 g, 800 g, and 1000 g of water to 15 kg of coal samples; then, we mixed the water and coal samples and sealed them to obtain coal samples with external moisture concentrations of 4.30%, 5.83%, 7.03%, and 8.19%, respectively, which were used to study the influence of external moisture content on screening.



The cumulative particle size characteristic curves of the coal samples of 50–0 mm are shown in Figure 3. The abscissa axis of the cumulative particle size characteristic curve represents the particle size of the material, and the vertical axis represents the cumulative yield above (or below) the sieve used to obtain the positive (or negative) cumulative particle size characteristic curves, which are symmetrical with respect to one another. Here we divide the undersized particles into three categories: (1) small undersized particles, whose sizes are less than 50% of aperture size; (2) medium undersized particles, whose sizes are equal to or greater than 50% but smaller than 85% of aperture size; and (3) near-mesh undersized particles, whose sizes are equal or greater than 85% but less than 100% of aperture size. When the cut size is 3 mm, it can be seen that small undersized particles, medium undersized particles, and near-mesh undersized particles coarse particles are 1.50–0 mm, 2.55–1.50 mm, and 3.00–2.55 mm. At this stage, the shape of the positive cumulative particle size characteristic curve is concave, indicating that the fine particle content in the material is high.




2.3. Evaluation


In this study, the screening efficiency and total amount of misplaced material were employed to evaluate screening performance. Screening efficiency can be calculated using Equation (1), and the total misplaced material can be determined using Equation (2). Multistage sampling and multilayer screening were employed to analyze the particle size of each section’s screening product [34].


       E c  =    γ o  ×  O c     F c r    × 100      E f  =    F f r  −  γ o  ×  O f     F f r    × 100     η =  E c  +  E f  − 100      



(1)






         M o  =  M c  +  M f         M c  = 100 ×  γ o   O f         M f  = 100 ×  γ u   U c         



(2)







In the equation above,     γ   o     is the yield of oversized product (%),     γ   u     is the yield of undersized product (%),     O   f     is the fraction of fine particles in the oversized product (%),     O   c     is the fraction of coarse particles in the oversized product (%),     F   c   r     is the fraction of coarse particles in the feed (%),     F   f   r     is the fraction of fine particles in the feed (%),     U   c     is the fraction of coarse particles in the undersized product (%),     E   c     represents the effective placement efficiency of the coarse particles (%),     E   f     denotes the effective placement efficiency of fine particles (%),   η   is the screening efficiency (%),     M   o     is the total misplaced material (%),     M   c     is the misplaced material of coarse particles (%), and     M   f     is the misplaced material of fine particles (%).





3. Dynamic Model of CVS


Some research gaps still exist with respect to the effect of the position of the damping spring on the dynamic characteristics of the screen. In this paper, while considering the stiffness force when establishing the CVS dynamic model, the influence of the damping springs’ position on the dynamic characteristics of the screen is also considered. It should be analyzed as a single mass when studying the kinetic response of a CVS, which can be simplified to the dynamic model shown in Figure 4. The coordinate system is established at the centroid of the screen, where the x-axis was set along the direction of the screen’s surface, while the y-axis was set along the direction perpendicular to the screen’s surface.



The damping of the screen only has a slight impact on its amplitude–frequency response in the far-resonance frequency region [24]. With regard to the analysis of the dynamic response of the CVS in the far-resonance frequency region, as the damping force is small relative to the stiffness force, the damping effect is ignored. A force analysis of the CVS was performed using the D’Alembert principle to obtain the following differential equation (Equation (3))


      M  x ¨  +  k x  x −    k x   2  Δ x =  m 0   ω 2  r sin ω t     M  y ¨  +  k y  y +    k y   2  Δ y =  m 0   ω 2  r cos ω t     J  φ ¨  −      k x   2  x −    k x   2  d φ     d −      k x   2  x −    k x   2  b φ   b +      k y   2  y +    k y   2  c φ   c +      k y   2  y +    k y   2  a φ   a     =  m 0   ω 2  r   −  l  e y   sin ω t −  l  e x   cos ω t        



(3)




where   ∆ x =   s   2   φ =   d + b   φ ∆ y =   s   1   φ =   c + a   φ   are the displacements along the x- and y-axes caused by screen rotation.   M   is the total vibrational mass (kg).     m   0    , and r denote the weight of the exciters (kg) and the eccentric radius of the exciters (m), respectively.     k   x     and     k   y     are the stiffness of the damping spring along the x-axis and y-axis, respectively (N/m).   J   is the rotational inertia of the screen around the center of mass (kg m2). x and y are the displacements of the centroid of the screen along the x- and y-axes, respectively (m).     x  ¨    and     y  ¨    are the accelerations of the centroid of the screen along the x- and y-axes, respectively (rad/s2).   φ   is the angular displacement of the centroid (rad).     φ  ¨    is the angular acceleration of the centroid (rad/s2).     l   e x     and     l   e y     are the distances from the rotation center of the exciter to the centroid of the screen along the x- and y-axes (m). a and c are the coordinates of the front damping spring and the rear damping spring, respectively (m), along the x-axis. b and d are the coordinates of the front damping spring and the rear damping spring along the y-axis, respectively (m).   ω   is the angular frequency of the exciter (rad/s).



Equation (3) is rewritten into matrix form in Equation (4):


    M    X ¨   +  K   X  =  F            M   0   0     0   M   0     0   0   J            x ¨       y ¨       φ ¨       +        k x     0      −  k x    d + b    2       0     k y         k y    c + a    2        −  k x      d + b    2          c + a    k y   2       k x        d + b    2   4  +  k y        c + a    2   4             x     y     φ          =        m 0   ω 2  r sin ω t        m 0   ω 2  r cos ω t        m 0   ω 2  r   −  l  e y   sin ω t −  l  e x   cos ω t             



(4)




where     M     is the mass matrix,     K     is the stiffness matrix,       X  ¨      is the acceleration matrix,     X     is the displacement matrix, and     F     is the excitation force matrix. According to the mechanical vibration theory, the relationship between the acceleration matrix       X  ¨      and the displacement matrix     X     corresponds to that shown in the following equation.


    X ¨   = −  ω 2   X   



(5)







Incorporating Equation (5) into Equation (4) and simplifying the result yields Equation (6)


         k x  −  ω 2  M    0      −  k x    d + b    2       0     k y  −  ω 2  M        k y    c + a    2        −     d + b    k x   2          c + a    k y   2           d 2  +  b 2     k x  +    c 2  +  a 2     k y  − 2  ω 2  J  2             x     y     φ      =        m 0   ω 2  r sin ω t        m 0   ω 2  r cos ω t        m 0   ω 2  r   −  l  e y   sin ω t −  l  e x   cos ω t          



(6)







Equation (6) is a common form of a linear equation that contains three unknowns. By solving the dynamic equation, the displacement at the centroid of the screen can be determined; then, the displacement of any point       x   a   ,   y   a       on the screen can be calculated using Equation (7).


         X a  = x −  y a  φ        Y a  = y +  x a  φ        



(7)








4. Results and Discussion


4.1. Dynamic Analysis of CVS


The experimental equipment parameters are shown in Table 2. The parameters in the new model were set according to the parameters of the experimental equipment, and the dynamic response of the new model was obtained through theoretical calculation.



To show the overall dynamic response of the CVS in more detail, a total of three test points were set, which were designated as test points 1, 2, and 3. Test points 1, 2, and 3 are located at the discharge end, the centroid, and the feed end of the screen, respectively. The test points’ arrangement is shown in Figure 5.



The centroid of the screen is used as the coordinate origin to establish a Cartesian coordinate system. The directions of the x-axis and y-axis are consistent with the directions in the above dynamic characteristics analysis, and the coordinates of the measurement points are shown in Table 3.



To test the dynamic response of the CVS, the main frame and the floating screen frame were fixed as a whole using a connection unit so as to realize the conversion of the VFFS to a CVS. When the screen runs smoothly and operates at 13.125 Hz, the dynamic test and analysis unit acquires acceleration signals from each test point on the x-axis and y-axis. Using the principle of double integration, the displacement characteristics in the time domain were obtained from the measured steady-state acceleration signals. The actual tested displacement trajectories and theoretically calculated displacement trajectories are listed in Figure 6. It can be seen that the new theoretical model can better reflect the motion trajectory of the CVS.




4.2. Influence of the Damping Spring Position on Screen Dynamic Responses


In order to satisfy the requirements for stable screen operation, the damping springs were generally arranged symmetrically around the centroid of the screen along the x-axis, while the arrangement of the damping springs along the y-axis assumed no specific form. Therefore, under the condition of   a = − c  , Equation (6) was solved using Cramer’s law to obtain the motion equation (Equation (8)) of the centroid of screen, from which it can be seen that the position of the damping spring in the direction of the screen’s surface and the vertical direction of the screen’s surface has an effect on the dynamics of the screen. The position of the damping spring along the x-axis is fixed; then, its position along the y-axis is changed to analyze the influence of the damping spring position on the screen dynamics.


      x =    m 0   ω 2  r      k x  −  ω 2  M             2    d 2  +  b 2     k x  + 2    c 2  +  a 2     k y  − 4  ω 2  J − 2  k x    d + b    l  e y     sin ω t       +   − 2  k x    d + b    l  e x     cos ω t             2    d 2  +  b 2     k x  + 2    c 2  +  a 2     k y  − 4  ω 2  J −       d + b    2   k x    2     k x  −  ω 2  M               y =    m 0   ω 2  r      k y  −  ω 2  M     cos ω t     φ =         − 4  m 0   ω 2  r  l  e x     cos ω t +     2  m 0   ω 2  r   d + b    k x     k x  −  ω 2  M   − 4  m 0   ω 2  r  l  e y     sin ω t       2    d 2  +  b 2     k x  + 2    c 2  +  a 2     k y  − 4  ω 2  J −       d + b    2   k x    2     k x  −  ω 2  M          



(8)







In Equation (8), it can be seen that the displacement along the x-axis and the angular displacement of the centroid are related to the damping spring positions, and the amplitude along the y-axis is independent of the damping springs’ positions.



The dimensionless treatment of spring positions b and d yields     S   b   = b /   a   ;   S   d   = d /   a    . Let d and b assume values every 0.05 m from −1 m to 1 m, and calculate the amplitude of the screen centroid along the x-axis and the angular displacement of the centroid. Employing     S   b     as the x-axis and     S   d     as the y-axis, draw the three-dimensional surface of the amplitude X and the angular displacement   φ   (see Figure 7).



To facilitate the observation of the variation in amplitude and angular displacement with the position of the damping spring, the three-dimensional surface was projected on the x–y plane to obtain the two-dimensional plot in Figure 7b.



Analyzing Figure 7 shows that when     S   b     and     S   d     have opposite signs, the points       S   b   ,   S   d       belong to the second and fourth quadrants of the x–y plane. As the absolute values of     S   b     and     S   d     increase, the amplitude decreases, and the curved surface shows a downward curving trend. When       S   b     =     S   d     = 1.21  , the minimum amplitude of 3.514 mm is obtained. When     S   b     and     S   d     have the same signs, the points       S   b   ,   S   d       correspond to the first and third quadrants of the x–y plane. When the absolute values of     S   b     and     S   d     increase, the amplitude increases, and the curved surface presents an upward warping trend. In terms of the curvature of three-dimensional surfaces, the first quadrant is higher than the fourth quadrant. At     S   b   =   S   d   = 1.21  , the amplitude reaches a maximum of 4.138 mm.



The variation in the angular displacement is very different from that of the amplitude. As shown in Figure 7, the increases in     S   b     and     S   d     cause the angular displacement to increase continuously, and the three-dimensional surface shows an upward trend during the change of       S   b   ,   S   d       from (−1.21, −1.21) to (1.21, 1.21), where the angular displacements achieves a maximum at (1.21, 1.21) and a minimum at (−1.21, −1.21), with corresponding values of 0.1226° and 0.0893°, respectively.



When       S   b     =     S   d     = 1.21  , the amplitude and angular displacement assume extreme values. Analyzing the force on the screen shows that as the position of the damping spring moves away from the centroid of the screen, the torque of the stiffness force on the centroid of the screen to increase, resulting in an increase in the angular displacement of the screen. It can be seen from Equation (7) that the displacement at the position of the damping spring is related to the angular displacement of the screen, and the stiffness force of the damping spring is related to the amplitude of its position, so the variation in the position of the damping spring affects the amplitude of the screen.



When using Equation (7) to calculate the dynamic responses at any point on the screen, the dynamic responses at locations away from the centroid of the screen are more sensitive to the location of the damping spring. In summary, the screen’s operation is more stable when the damping springs are symmetrically arranged up and down around the centroid of the screen. If a more positive form of motion is pursued, the damping springs can all be installed above the centroid of the screen in accordance with the prerequisite of meeting the stable operation of the screen.




4.3. Comparison of Screening Performance between CVS with VFFS under Different External Moisture Concentrations


The VFFS is a two-body system developed based on a single-body CVS, wherein the main and floating screen frames drive the VFFS’s polyurethane elastic sieve mat to periodically stretch and relax. The vibration intensities of the CVS’s and VFFS’s screen bodies are similar, but the vibration intensity of the elastic screen surface of the VFFS can reach 30–50 g. To analyze the screening performance of screen surfaces of different vibrating intensities when treating materials with different external moisture concentrations, which is of great significance to improving the screening efficiency of VFFS, a rigid screen surface with elastic screen mats instead of a CVS is approximated as an elastic screen surface with low vibration intensity, and multistage sampling and multilayer screening are used to analyze the yield of each material section of the VFFS and CVS [35]. The operating conditions for the screening experiments are listed in Table 4.



4.3.1. The Screening Percentages of Different Size Fractions of VFFS and CVS


With the increase in the external moisture content of the material, the screening percentages of the 6–0 mm size fractions in different sections of the VFFS and CVS decrease, while the screening percentages of the 6–0 mm size fractions in different sections on the CVS decrease more significantly than those of the VFFS, so the screening percentages of the 6–0 mm size fractions of the CVS are more affected by the external moisture content of the material. From the feed end to the discharge end (I–IV), the sticky and wet materials undergo continuous desorption and depolymerization under the action of the screen surface, the layering state of the material continues to improve, and the screening percentages of the 1–0 mm and 3–1 mm size fractions on the VFFS and CVS under different external moisture concentrations from sections I to IV show an increasing trend, while the screening percentages of the 3–1 mm size fractions in sections I–IV of the VFFS and CVS are greater than those of the 1–0 mm size fractions. In sticky and wet materials, the liquid bridge force is proportional to the difference in particle size, and particles of the 1–0 mm size fractions are more difficult to detach from large particles and the surface of the screen than particles of 3–1 mm size fractions; thus, it is difficult for the particles of the 1–0 mm size fractions to pass through the surface of the screen.



Interestingly, when the external moisture concentrations of the material are 4.30%, 5.83%, 7.03%, and 8.19%, the screening percentages of the 3–1 mm size fractions on VFFS section I are 33.70%, 31.18%, 27.65%, and 18.50%, and the screening percentages of the 3–1 mm size fractions on CVS section I are 29.04%, 20.094%, 21.64%, and 14.58%, respectively. It can be seen that under different external moisture concentrations, the screening percentages of the 3–1 mm size fractions at the feeding end of the VFFS are higher than that at the feeding end of CVS. This is because the VFFS screen surface with high vibration intensity can quickly loosen and spread the incoming material, and the large vibration intensity screen surface is also conducive to the depolymerization and stratification of sticky and wet materials, providing a good environment for the penetration of particles. Compared with a CVS, a VFFS with high-vibrating-strength screen faces has more advantages at the feed end.



In Figure 8, it is evident that when the external moisture concentrations are 4.30%, 5.83%, 7.03%, and 8.19%, the screening percentages of 3–1 mm size fractions in section IV of the CVS are 93.85%, 81.36%, 77.09%, and 39.14%, while the screening percentages of the 3–1 mm size fractions in section IV of the VFFS are 87.15%, 83.24%, 35.28%, and 36.95%, respectively. Except for the case of an external moisture content of 5.83%, the screening percentages of the 3–1 mm size fractions in section IV of the CVS are greater than those of section IV of the VFFS. This is because as the material reaches the discharge end, the layering state of the material on the screen’s surface is better, and the advantage of the low vibration intensity of the CVS screen surface begins to appear. When the vibration intensity is low, the number of times the material contacts the screen surface increases, which gives the material more opportunities to pass through the screen’s surface. At the same time, the angle between the oval trajectory along the long axis of the discharge end of the screening machine and the direction of material movement is an obtuse angle, which will hinder the discharge of the material, allowing the material at the discharge end to be inspected and screened. At the discharge end of the CVS, the elliptical trajectory dominates the action of the material, while the high-vibration-intensity screen surface of the VFFS will weaken the influence of the elliptical trajectory of the discharge end. These all lead to greater advantages in the screening of materials by the CVS at the discharge end.




4.3.2. The Distribution of Material on VFFS and CVS under Different External Moisture Concentrations


It can be seen from Figure 9 that as the external moisture content of material increases, the overflow partition curves shift to the left, resulting in a gradual decrease in the distribution of particle sizes. Among them, under the conditions of external moisture concentrations of 4.30%, 5.83%, 7.03%, and 8.19%, the particle size distribution of the VFFS was 3.28 mm, 3.26 mm, 3.09 mm, and 2.95 mm, and the particle size distribution of the CVS was 3.40 mm, 3.37 mm, 3.32 mm, and 2.95 mm, respectively. Under different external moisture concentrations, the particle size distribution of the CVS was greater than that of the VFFS, but the difference in the particle size distribution between the two was not large.



Within the selected external moisture content range, with the increase in the external moisture content, the adhesion between the particles is continuously enhanced, and the adhesion between the medium undersized particles (2.55–1.5 mm) and large-sized particles (>3 mm) is less than that between the small undersized particles (<1.5 mm) and large-sized particles (>3 mm), resulting in the distribution rate of the medium undersized particles on the VFFS and CVS being lower than that of the small undersized particles. As the external moisture content increases, the adhesion between the particles increases. Since small undersized particles do not easily detach from large particles, a large number of small particles adhere to large-sized particles and enter the overflow product; this leads to increased upward warping on the left side of the overflow partition curves. At the same time, it can also be seen from the overflow partition curves that it is difficult to screen out small undersized particles with moisture, whether using a VFFS or a CVS.



It can be seen from Figure 9 that for the external moisture concentrations of 4.30%, 5.83%, 7.03%, and 8.19%, the distribution rates of 1–0 mm size fractions on the VFFS are 10.24%, 27.26%, 51.33%, and 63.21%, and the distribution rates of the 1–0 mm size fractions on the CVS are 6.22%, 53.22%, 65.84%, and 68.03%, respectively. When the external moisture content is 4.30%, the distribution rate of the 1–0 mm size fractions on the CVS is lower than that of the VFFS, and the CVS has a lower screen surface vibration intensity than the VFFS, so the particles on the CVS have more contact with screen’s surface, which is more conducive to the particles passing through the screen’s surface. When the external moisture content is greater than 4.30%, the distribution rate of the 1–0 mm size fractions on the CVS is greater than that of the VFFS, and when screening wet materials with greater viscosity, the screen surface with the large vibration intensity offered by the VFFS is more conducive to the dispersion and stratification of viscous wet materials.




4.3.3. Effect of External Moisture Content on the Screening Performance of VFFS and CVS


During the screening of the VFFS and CVS, with the continuous increase in the external moisture content, the total number of misplaced materials and the misplaced materials of fine particles increased, and the misplaced materials of coarse particles showed a decreasing trend, among which the change of fine-particle misplaced materials determined the change trend of the total misplaced materials. Due to the increase in the external moisture content, the agglomeration and adhesion between the particles are serious, resulting in particles smaller than the aperture size adhering to the large particles and following them into the overflow product; at the same time, the external moisture content increases, and the agglomeration of particles makes it more difficult for the particles near the screen apertures that are larger than these apertures to pass through the screen’s surface, thus reducing the phenomenon in which overflow product enters the underflow product.



It can be seen from Figure 10, when the external moisture content was 8.19%, the total misplaced materials of the VFFS and CVS reached the maximum values, which were 9.02% and 11.49%, respectively. Under different external moisture concentrations, there were more fine-particle misplaced materials of the CVS than the VFFS. When the external moisture content was 4.30%, the quantities of fine-particle misplaced materials of the VFFS and CVS were 2.40% and 3.89%, and the difference between the two was the largest. The particles on the CVS screen’s surface have more contact time with the screen’s surface, resulting in an increase in the possibility of lamellar particles in large particles passing through the screen’s surface, which is more obvious under the condition of low external moisture content, such as 4.30%.



For the VFFS and the CVS, with the increase in external moisture content, the screening efficiency and effective placement efficiency of fine particles continue to decrease, while the effective placement efficiency of coarse particles increases. When screening materials with different external moisture concentrations, the effective placement efficiency of coarse particles in the VFFS is greater than that of the CVS. It can be seen from Figure 11, when the external moisture content is 4.30%, the screening efficiencies of the CVS and VFFS are 92.54% and 92.19%, respectively, rendering the screening performance of the CVS better than that of the VFFS. With the external moisture content increasing to 5.83%, 7.03%, and 8.19%, the screening efficiencies of the CVS were 72.27%, 67.05%, and 51.22%, and the screening efficiencies of the VFFS were 85.48%, 67.10%, and 58.34%, showing that the screening performance of the VFFS was better than that of the CVS. It is easier for materials with low external moisture content to loosely stratify, and a screen surface with low vibration intensity can also loosen material. The particles on the screen’s surface with small vibration intensity have more contact with the screen’s surface, and the material has a greater chance of passing through the screen surface, so the CVS with low vibration intensity has more advantages. In materials with high external moisture content, the adhesion between particles is large, and a screen surface with high vibration strength is required to destroy the adhesion between particles to achieve the depolymerization and loosening of particles, so the screening effect of the VFFS is better when screening materials with larger viscosity. When the external moisture content of the material increased from 4.30% to 8.19%, the screening efficiency of the VFFS and CVS decreased by 33.85% and 41.32%, respectively. It can be seen that the screening efficiency of the VFFS and the CVS are affected by the external moisture content of the material, but the screening efficiency of the CVS is more sensitive to the external moisture content of the material, and the screening performance of the CVS deteriorates more seriously.






5. Conclusions


1. A model of a CVS’s dynamics considering damping springs has been presented. It has been shown that the arrangement of the damping springs influences the amplitude and angular displacement of the screen when the vertical distance between the front and rear damping springs and the center of mass of the screen is the same. When the front and rear damping springs are arranged above the centroid, below the centroid, and symmetrically around the centroid, the amplitude of the centroid of the screen continuously decreases, and the angular displacement of the centroid decreases first and then increases.



2. As the external moisture content of the material increases, the screening percentages of the 6–0 mm size fractions in section I–IV on the CVS decrease more significantly than those of the VFFS. In section I, the screening percentages of the 3–1 mm size fractions in the VFFS are higher than those of the CVS, and the opposite is true for section IV. The VFFS, offering large vibration intensity at the feeding end, is more conducive to the loosening and spreading of material, while the CVS, with its small vibration intensity at the discharge end, will increase the number of times the material contacts the screen’s surface.



3. As the external moisture content increases, a large number of small particles adhere to large particles and enter the overflow product, which leads to an increase in upward warping on the left side of the overflow partition curve. It is also evident from the overflow partition curve that it is difficult for VFFS or CVS to screen out small undersized particles with moisture.



4. When the external moisture content is 4.30%, the screening efficiencies of the CVS and VFFS are 92.54% and 92.19%, respectively. With the external moisture content increasing to 5.83%, 7.03%, and 8.19%, the screening efficiencies of the CVS were 72.27%, 67.05%, and 51.22%, and the screening efficiencies of the VFFS were 85.48%, 67.10%, and 58.34%, thus demonstrating that the screening performance of the VFFS was better than that of the CVS. When the external moisture content of the material increased from 4.30% to 8.19%, the screening efficiency of the VFFS and the CVS decreased by 33.85% and 41.32%, respectively. The screening efficiency of the CVS is more sensitive to the external moisture content of the material.
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Figure 1. Kinetic test system and the experimental screening system. 
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Figure 2. Schematic illustration of the VFFS: 1. Elastic sieve mat; 2. main screen frame; 3. beam of the main screen frame; 4. floating screen frame; 5. beam of floating screen frame; 6. damping spring; 7. shear spring; 8. inertial vibration exciter; 9. stents. 
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Figure 3. Cumulative particle size characteristic curves of coal samples. 
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Figure 4. Dynamic model of CVS. 
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Figure 5. Test points of acceleration sensor. 
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Figure 6. Comparison of the experimental and theoretical trajectory: (a)—experimental test trajectory; (b)—theoretical calculation of the new model. 
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Figure 7. Variation of amplitude and angular displacement with     S   b     and Sd: ((a)—3D; (b)—2D). 
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Figure 8. The screening percentages of different size fractions in different sections under different external moisture concentrations: (a) the VFFS and (b) the CVS. 
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Figure 9. The overflow partition curves obtained under different external moisture concentrations: (a) the VFFS and (b) the CVS. 
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Figure 10. Misplaced materials under external moisture content: (a) VFFS and (b) CVS. 
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Figure 11. Screening efficiency under external moisture content: (a) VFFS and (b) CVS. 
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Table 1. Particle-size distribution and external moisture content of coal samples.
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	Size Fraction (mm)
	50–25
	25–13
	13–6
	6–3
	3–1
	1–0
	Total





	Yield (%)
	23.5
	21.5
	18.5
	17.5
	12.0
	7.0
	100



	Moisture content (%)
	0.90
	1.60
	2.00
	2.50
	3.60
	3.80
	2.07
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Table 2. 0827 VFFS parameters.
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	Symbol
	    M    
	      m   0      
	r
	      k   x      
	      k   y      
	lex





	Unit
	kg
	kg
	m
	N/m
	N/m
	m



	Value
	1226.66
	48.78
	0.08545
	602200
	947260
	0.05452



	Symbol
	ley
	   J   
	   a   
	   b   
	c
	d



	Unit
	m
	kg·m2
	m
	m
	m
	m



	Value
	0.40741
	1134.74
	−0.82404
	0.15473
	0.89045
	0.15459
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Table 3. Location of test points.
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	Test Point 1
	Test Point 2
	Test Point 3





	Discharge of the screen
	Centroid of the screen
	Feed of the screen



	(−1401.89 mm, 87.61 mm)
	(−19.59 mm, 166.09 mm)
	(1347.52 mm, 87.61 mm)
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Table 4. Summary of experimental operating conditions.
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	VFFS
	CVS





	Screen declination (  °  )
	15
	15



	Screen speed (r/min)
	787.5
	787.5



	Feed rate (kg/s)
	7.5
	7.5



	Feeding mechanism
	Silo feeding
	Silo feeding



	Screen deck material
	polyurethane
	polyurethane



	Screen surface Vibration intensity (g)
	14
	3
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