Kinematic and dynamic analysis of belt conveyor tensioning and roller mechanisms with flexible elements
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Abstract. The article develops a calculation scheme for a belt drive consisting of a tensioning roller mechanism of a belt conveyor belt, as well as formulas for calculating the rigidity of the belt bushing. The dependences of the change in the rigidity coefficient of the belt bushing of the tensioning roller mechanisms of the tensioning roller mechanisms on its radius and friction coefficient are obtained, and the recommended parameters are determined. The formula expressing the law of the change in the transfer function of the conveyor belt is determined, the graph of the dependence of the change in the transfer function on the angular velocity of the tensioning roller mechanism and the formulas for calculating the deforming force and the rigidity coefficient of the belt element are determined, the graphs of the dependence of the deforming force on the angular velocity and radius of the tensioning roller mechanisms of the belt conveyor, and the graphs of the change in the transverse vibration amplitude of the belt section interacting with the tensioning roller mechanisms of the tensioning roller mechanisms of the belt conveyor are obtained, and the recommended values are developed.
INTRODUCTION
In the development of science today, one of the main issues of mechanical engineering in particular is the design and implementation of high-quality, reliable, modern, and economically efficient machines and mechanisms. It should be noted that the development of science and technology is closely related to the design of new resource-saving machines and mechanisms. In particular, the introduction of advanced technologies into production and the effective use of modern equipment created on the basis of the latest achievements of science and technology are gaining importance in order to provide mining enterprises with affordable and high-quality products.
Mining enterprises are conducting extensive targeted research and development to increase the productivity of technological machines and improve product quality by developing resource-efficient belt conveyors and improved designs of their components for transporting rock. In this direction, the creation of new designs of belt conveyors for transporting products at all manufacturing enterprises is an important issue, which is to ensure long-term operation of conveyor spare parts, high productivity, prevent wear of spare parts from vibration and friction, and to justify the parameters of working bodies.
LITERATURE REVIEW
The requirements for the technologies used by mining enterprises are to design new designs of compact and beautiful, high-quality, reliable, competitive machines and equipment and to widely introduce them into production. Among the large number of enterprises operating in foreign countries and our republic, the contribution of mining enterprises in particular is very large. In recent years, technical and technological innovations and modern modernization work have been carried out at a rapid pace in all sectors of mining enterprises. A large number of scientific research studies are being conducted to develop and improve efficient, resource-saving designs of technological machines and equipment in all industrial enterprises. In particular, many scientists are making their contribution to the development of mining enterprises in our republic and foreign countries.
The main structural element of belt conveyors is an endless belt rotating around the drive and tension drums. Along the entire length of the conveyor, the belt is supported from below by roller supports of the load-bearing and idler networks. The design of the conveyor also includes drive, belt tensioning and cleaning devices, holders, special roller supports, and elements for automatic control and management of the belt movement [1].
Various types of bearings are widely used in the design of bearing units of roller mechanisms that provide belt tension on conveyors. The use of bearings is associated with low friction losses; high efficiency; low friction torque during start-up; compact overall dimensions in the axial direction; ease of maintenance and repair of the equipment due to the interchangeability of bearings. Most often, ball and roller radial support tapered single-row bearings are installed in the bearing units of roller mechanisms. The efficiency of bearings in roller mechanisms is mainly determined by the design of the mechanism, the accuracy of the manufacturing surfaces of parts, the working load, the type of lubrication and operating conditions [2].
One of the main reasons for the failure of bearings installed in the belt tensioning roller mechanisms of the linear part of the conveyor structure is the wear of the bearing friction surfaces (outer and inner rings, rolling elements) due to the constant and variable load forces arising from the weight of the transported load over a long period of time. During the movement of rocks, the failure of the bearing units of the roller mechanisms controlling the belt tension on the conveyor at loading points can occur due to loads exceeding the static strength of their working parts. In rare cases, bearings can jam due to the ingress of large abrasive particles into them, as well as due to the failure of the separators. This type of wear occurs due to the factors listed above or as a result of improper use of rollers and bearings that do not take into account the influence of operating conditions [3].
DISCUSSION
As is known, belt drives, which are the main structural mechanism of a belt conveyor, which is a transport equipment used in mining enterprises, are used to transmit rotary motion over a long distance. In a conveyor, the belt has the ability to transmit greater power than other structural mechanisms, and its advantages are high in durability and accuracy in transmitting the law of motion. One of the main factors leading to increased belt wear and a decrease in the FIK in belt drives is the failure of the support and tensioning roller mechanisms. Therefore, much attention is paid to the belt tensioning devices, that is, roller mechanisms, in the conveyor. The main disadvantage of row tensioning roller mechanisms is that their failure during operation leads to the creation of an additional resistance moment in the belt. To maintain the belt tension in the conveyor at a constant level, the tensioning roller mechanisms must move in a sufficiently vertical direction. Therefore, while maintaining the simplicity of the design, we recommended making the tension roller structural, with the upper shell made of a rubber bushing, and a sliding bearing instead of a rolling bearing (shown in Figure 1).
The recommended belt tensioning roller mechanism with a composite belt element deforms the belt bushing during operation, somewhat smoothing out the loads from belt vibration. The degree of this normalization mainly depends on the belt bushing elasticity coefficient. However, an increase in the belt bushing deformation leads to failure of the supports and an increase in friction between the belt and the belt bushing, which leads to a decrease in the transmission resistance [4, 5].
For a belt conveyor with a belt element roller mechanism with average linear speeds (v ≤ 12 m/s), it is recommended that the deformation of the belt bushing does not exceed 2 – 3 mm. For this, it is necessary to determine the rigidity of the belt bushing [6, 7].
According to the above calculation scheme (from Fig. 1), MKO3 from
,					(1)
From this, the length of the belt overlap with the tension roller mechanism MN can be determined:
,					(2)
where,  – is the radius of the tension roller;  – is ½ of the coverage angle.
The relative weight of the belt in the zone of influence of the tension roller mechanism (in the range MN):
,				(3)
where, q – is the weight of the strip per unit length, N/m.
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FIGURE 1. Calculation scheme of a belt transmission consisting of a composite tension roller mechanism (Belt conveyor)

In this case, taking into account the fact that the tension force in the leading link of the belt is mainly generated by the friction force between the tension roller mechanism and the belt, and the research results in [8, 9], we derive the following expression:
,			(4)
where,  – is the friction coefficient of the belt with the tension roller mechanism,  – is the slack of the belt, and  – is the length of the belt drive chain.
If the vertical forced vibrations of the belt occur mainly under the influence of the tension roller mechanisms, then taking into account the dependence of the natural vibration frequency  on the belt mass and the given elasticity coefficient
,						(5)
where,  – the number of elements of the belt that are affected by the tension roller mechanism,  – the frequency of rotation of the tension roller mechanism,  – the coefficient of proportionality.
The frequency of natural vibrations:
,						(6)
where,  – is the elastic coefficient of the belt in tension,  – is the length of the part of the belt that interacts with the tension roller mechanism.
Taking into account the above, we derive a formula for calculating the rigidity of the belt bushing of the tension roller mechanisms [10, 11]:
,				(7)
where,  – is the deformation value of the belt (rubber) bushing of the tension roller mechanism.
During the operation of the conveyor belt transmission, the rigidity of the belt element of the tension roller mechanisms mainly depends on the rubber structure, the impact force of the belt, the friction coefficient, the radius of the roller mechanism and the angle of coverage.

RESULTS
As a result of the research, graphs of the dependence of the belt bushing stiffness of a belt conveyor on the radius of the tension roller mechanisms and the coefficient of friction with the belt were obtained (Fig. 2). Analysis of the obtained graphs showed that with an increase in the radius of the tension roller mechanism, the belt bushing stiffness coefficient increases in a nonlinear manner (Fig. 2, a). 
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a – the rigidity of the belt bushing of the tension roller mechanism, depending on the roller radius
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b – dependence on the coefficient of friction between the belt and the roller mechanism
	where, 
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FIGURE 2. Graphs of the dependence of the radius of the tension roller mechanisms of the belt conveyor belt bushing on the friction coefficient between the belt and the roller mechanism

In particular, when the radius of the tension roller mechanism increases from 2.2 ꞏ10–3 m to 5.2 ꞏ10–3 m, the stiffness increases from 1.2 ꞏ103 N/m to 5.8 ꞏ103 N/m. This can be explained by the fact that with an increase in the radius of the tension roller mechanism, the impact of the belt on the belt bushing also increases, as a result of which its deformation also increases. The angle of coverage also increases accordingly. As a result of the research, it was found that the increase in friction between the belt and the tension roller mechanism of the belt bushing leads to an increase in stiffness in a linear manner. Figure 2, b shows these graphical relationships. In the case of a friction coefficient of 0.12 and  = 0.432 rad, the stiffness of the belt bushing is equal to 1.87 103 N/m. In the case of friction, the stiffness of the belt bushing is 7.97 103 N/m.
Calculation scheme and mathematical model of chain vibrations. The service life of a belt drive on a conveyor depends on the operation of the support roller mechanisms and tension roller mechanisms. In many cases, the hardening or long-term operation of these mechanisms depends on the vibrations of the belt. Figure 3 calculation scheme of transverse vibrations of the conveyor belt affected by the tension roller mechanism.
To develop a mathematical model of the tasmanine oscillation, we use Langrage’s II order equation [12]:
,				(8)
where, T, P – kinetic and potential energy of the system, x – generalized coordinate, R – Reley’s dissipative function, Qy – generalized external force.
According to the calculation scheme, the kinetic energy of the considered conveyor belt transmission due to transverse vibrations
.					(9)
Potential energy:
 .						(10)
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FIGURE 3. Calculation scheme of transverse vibrations of the conveyor belt affected by the tension roller mechanism

Dissipative function:
.					(11)
where, x3 – is the displacement of the belt in transverse vibrations, CT – is the rigidity of the belt bushing, bT – is the dissipation coefficient of the belt bushing, m3 is the mass of the part of the belt affected by the tension roller mechanism.
According to the obtained expressions (9), (10) and (11), we determine the integrals of the Lagrange equation:
		 вТ.			(12)
Substituting the obtained expression (12) into expression (8), we obtain a differential equation expressing the transverse vibrations of the part of the belt drive that interacts with the tension roller mechanism:
.				(13)
Considering the expression (7) for determining the stiffness coefficient of the belt bushing of the conveyor tension roller mechanism, the mathematical model representing the vibration of the belt is as follows:
.		(14)
The law of change of the acting force is based on Figure 4:
.				(15)
We expand the resulting expression (15) into a Fourier series based on [13]:
	(16)
where, n = 1, 2, 3
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where, Q1 – is the constant component of the impact force, Q0 – is the amplitude of the force oscillation,
 – is the angle of coverage of the tension roller mechanism for a full change in force
FIGURE 4. Graph of the change in force acting on the belt section interacting with the conveyor tension roller mechanism

It is known [14, 15] that in vibrating systems the dissipation coefficient mainly allows to reduce the amplitude of vibrations and to accelerate the processes. However, it does not affect the frequency of vibrations. Therefore, it is appropriate to observe the maximum amplitude of vibrations of the tension roller mechanisms of the considered belt transmission under the influence of the belt bushing. Therefore, the problem was solved without taking into account the dissipation coefficient in (15). As a result, taking into account (16), the equation of transverse vibration of the belt becomes:

  
.			(17)

The solution of the derived differential equation (17) was obtained using the solution method presented in [16]. The solution of equation (17) consists of the sum of the solutions for each term presented in (16), i.e.

			(18)

From the solution to the problem, it can be seen that the transverse vibrations of the conveyor belt drive due to the interaction of the tension roller mechanism with the belt bushing follow a harmonic law.
Analysis of the dependence of conveyor belt vibrations on the parameters of the roller mechanism with a belt element. Let us consider the analysis of the vibrations of the proposed conveyor belt transmission parameters when they are affected by the tension roller mechanism. Based on the numerical solution of the obtained expression (17), the law of transverse belt vibration was determined.
Figure 5 shows the diagrams of the dependence of the transverse displacement, speed and acceleration changes over time under the influence of the tension roller mechanisms of the conveyor belt with different angular velocities.
The vibration frequency of the conveyor belt mainly varies depending on the angular velocity of the tension roller mechanisms. In this case, the vibration amplitude is 0.76 mm at an angular velocity of 20 c-1, and at an angular velocity of 30 c-1, the amplitude decreases to 0.65 mm. That is, with an increase in the impact velocity, the deformation time of the tension roller mechanisms (shell) decreases and the impact angle increases. Therefore, the vibration amplitude decreases (see Fig. 5, a, b and c). Also, when the rotation speed is 27 c-1, the lower component of the belt vibration frequency is 12.5 Gs, and the upper frequency is 45.68 Gs. Similarly, with a tension roller mechanism with an angular velocity of 30 c-1, the upper frequency of the belt vibration is 42.6 Gs, and the lower frequency is 8.5 Gs.
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where, 1 –  = 20 c–1; 2 –  = 25 c–1; 3 –  = 30 c–1.
a – the law of belt vibration, b – the speed of belt vibration, v – the acceleration of belt vibration with respect to time, its change depending on the angular velocity of the roller mechanism.
FIGURE 5. Diagrams of the dependence of the transverse displacement, speed and acceleration of the tensioning roller mechanisms on the time of the tensioning roller mechanisms

It should be noted that the displacement of the conveyor belt from a static position with tension roller mechanisms is on average 2.6 mm, respectively, according to (18) (Fig. 5). It is known that in oscillatory motion, a change in the vibrating mass directly affects its amplitude.
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a – the transverse vibration of the conveyor belt, b – the transverse vibration speed of the conveyor belt, c – the transverse vibration acceleration of the conveyor belt with time and the mass of the belt in the range of influence;
where, 1 – m3 = 0.020 kg; 2 – m3 = 0.040 kg; 3 – m3 = 0.060 kg
FIGURE 6. Diagrams of the dependence of the law of transverse vibration of the belt conveyor belt, the change in speed and acceleration on the mass of the roller mechanisms

Figure 6 shows diagrams of the dependence of the transverse vibration law (a), speed (b) and acceleration (v) of the belt conveyor belt on the mass of the roller mechanisms with tension. It can be seen from the obtained vibration laws that increasing the mass of the part of the conveyor belt affected by the tension roller mechanisms also leads to a decrease in the amplitude of vibration, velocity and acceleration amplitudes. However, the frequencies of displacement, velocity and acceleration vibrations remain almost unchanged. For example, when the mass is 0.020 kg, the vibration amplitude is 1.40 mm, respectively, the amplitude of the velocity vibration reaches 0.245 m/s, and the amplitude of the acceleration vibration reaches 8.86 m/s. 
When the mass of the transversely vibrating part of the chain increases by 0.047 kg, its vibration amplitude decreases to 0.89 mm, the velocity amplitude decreases to 0.170 m/s, and the acceleration amplitude decreases to 3.16 m/s. It should be noted here that the amplitude of the high-frequency component of the belt vibration also decreases accordingly. Research has shown that the effect of angular velocity on tension roller mechanisms is important in studying the effect of mass on belt vibrations.
Figure 7 shows graphs of the change in the transverse vibration amplitude of a belt section interacting with the tension roller mechanisms of a belt conveyor as its mass changes.
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	 45 c–1.


FIGURE 7. Graphs of the change in the amplitude of transverse vibrations of a belt conveyor with a change in the mass of the belt section interacting with the tension roller mechanisms

Based on the analysis of the obtained graphs, it was found that the vibration amplitude of the belt conveyor tension roller mechanisms at an angular velocity of 35 c-1 and m3 = 0.06 kg was 1.75 10–3 m, and when the mass increased to 0.08 kg, the vibration amplitude became 0.95 10–3 m. Also, when the angular velocity was 45 c-1, the vibration amplitude decreased from 0.75 10–3 m to 0.55 10–3 m with an increase in the mass to 0.08 kg. That is, the mass value has little effect on the change in the vibration amplitude with an increase in the angular velocity. To reduce the vibration of the conveyor belt, it is advisable to take the angular velocity of the tension roller mechanisms in the range of 35 ÷ 45 c–1, and the mass of the belt in this section in the range of (0.50 ÷ 0.60) 10–1 kg. In this case, the vibration range (doubled amplitude) does not exceed (1.6 ÷ 2.0) 10–3 m. The characteristics of the conveyor belt vibrations also depend to a large extent on the change in the radius of the tension roller mechanism affected by it.
CONCLUSION
Formulas for calculating the stiffness of the belt bushing of the tensioning roller mechanism of a belt conveyor belt were developed. The dependences of the change in the stiffness coefficient of the belt bushing of the tensioning roller mechanisms of the tensioning roller mechanisms on its radius and friction coefficient were obtained, and the recommended parameters were determined. The formula expressing the law of change in the transfer function of the conveyor belt was determined, and the graph of the dependence of the change in the transfer function on the angular velocity of the tensioning roller mechanism was obtained. Formulas for calculating the deforming force and stiffness coefficient of the belt element of the tensioning roller mechanisms were determined, and the graphs of the dependence of the deforming force on the angular velocity and radius of the tensioning roller mechanisms of the tensioning roller mechanisms of the belt conveyor, and the graphs of the change in the transverse vibration amplitude of the belt section interacting with the tensioning roller mechanisms of the tensioning roller mechanisms of the belt conveyor were obtained, and the recommended values were developed.
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