Theoretical basis for developing a resource-effective design of variable parameter and flexible element gear transmissions of a belt conveyor reducer
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Abstract. The article deals with the development of a resource-saving design of a belt conveyor reducer with variable parameters and a flexible element gear transmission, the design of a flexible element gear transmission and a calculation scheme for the displacement deformation of the gear wheel bushing-damper. Based on the laws of change in angular velocities on the shafts of the belt conveyor electric drive rotor, gear wheels, leading and driven drums, and the drive load, graphs of the dependence of the angular velocities on the shafts of the conveyor electric drive rotor, leading gear wheel, composite gear wheel, leading gear wheel, and leading and driven drums, the load change in the drive, the change in technological resistance, the angular velocities of the gear wheels, leading and driven drums in the reducer drive, the unevenness coefficients, and the moments of inertia of the drive load have been developed and recommended values are presented.
INTRODUCTION
Today, the use of energy-saving, high-performance vehicles and mechanisms is taking a leading place in mining enterprises. Given the increasing production of modern vehicles and mechanisms and the emergence of high-speed equipment, the production of modern, high-power reducers is increasing, which requires the implementation of high-speed and vibration-damping gear mechanisms in various technological processes. This is largely due to the widespread use of energy-saving, high-performance and vibration-damping gear mechanisms in the drives of technological machines.
Research and development work is being carried out to develop new, resource-saving and efficient designs of gear and flexible link mechanisms widely used in reducers that are part of belt conveyors, to conduct structural, kinematic and dynamic analysis to substantiate their parameters, and to develop their scientific and technical solutions. In this regard, special attention is paid to the creation of modern designs of gear reducers with composite, flexible elements used in belt conveyor drives at mining enterprises, to reduce friction, wear and noise in gear mechanisms, and to substantiate their technological processes and parameters.
LITERATURE REVIEW
As a result of research conducted at industrial enterprises, in particular on the design of new structures of belt conveyor structural mechanisms, improvement of methods of mathematical modeling and analysis, determination of operational characteristics, creation of new structures of gear mechanisms with flexible elements, a number of scientific results were obtained, including the following [1]:
– methods for synthesizing new structural schemes of gear mechanisms were implemented;
– methods for mathematical modeling and analysis of the movement of gear mechanisms with variable parameters were proposed;
– operational characteristics of gear mechanisms in machines were optimized; optimal methods for designing and analyzing mechanisms were implemented;
– new structural schemes of gear mechanisms with variable parameters and flexible elements were recommended.
As a result of the theoretical explanation of the theory of involute gears, it is important to study the friction and wear of teeth in gear wheels. Because increased friction leads to wear. This negatively affects the kinematics and dynamics of the gear, reduces the service life and increases noise. Therefore, the profiles of the teeth are made involute curves. In this case, the teeth rotate overlapping each other without slipping, and the wear is very small [2].
The general technical application, dynamics and kinematics of gears, and wear issues have been the subject of research by a number of researchers. A number of scientists have conducted research aimed at solving the problems of lubrication of gears in the production machine and protection from various environmental influences, accuracy and durability. However, the changes in the geometric characteristics of gear parts as a result of wear were not taken into account. They mainly focused on the issues of slowing down the wear process when the gear parts are sufficiently lubricated, and mainly studied the technical characteristics of the gear [3].
Taking into account the weight of the gear and the speed of movement, the mathematical model of the forced transverse vibrations of the gear involute, depending on the eccentricity of the tooth edges, is considered. The equation of the true trajectory of the tooth is constructed. The problem of transverse vibrations is considered for a simplified two-mass system. There is a number of technical literature on methods for calculating the strength of teeth. Depending on the characteristics of the gear parameters used, the calculation of strength is carried out in various ways [4].
DISCUSSION
It is known that the analysis of machine mechanisms is divided into the following types: structural, kinematic and dynamic [5, 6].
Structural analysis of mechanisms is of great importance, in which the degree of mobility of the mechanism is determined. The degree of mobility of the mechanism allows you to determine the number of moving links, kinematic pairs, as well as the number of gears. It is known that the degree of mobility of mechanisms is determined by the Chebeshev formula [7, 8]. It should be noted that when using the Chebeshev formula, the joints of the mechanism are considered absolutely rigid, elastic connections and connections are not taken into account.
Figure 1 below shows the construction of gear transmissions: the wheel, that is, the driven wheel structure has a flexible element.
So, let us consider a systematic analysis of the gear mechanisms shown in Figure 1. The degree of mobility of the mechanisms under consideration is determined according to the methodology presented in [9, 10]:
				(1)
where, n – is the number of moving links; P5 – is the number of fifth-class kinematic pairs; P4 is the number of fourth-class kinematic pairs.
For the gear mechanisms presented below, the degree of mobility is equal to one [11, 12]. At the same time, it is important to identify redundant connections in mechanisms that can significantly reduce the working resource due to increased friction, vibrations, and unnecessary reactions (Figure 1).
Redundant links are determined by the following formula:
			(2)
In order to reduce friction in kinematic pairs in a reducer with a belt conveyor component mechanism and increase the operating cycle of the mechanism, we recommend using a gear part with a composite elastic element. For this purpose, a formula is recommended that takes elastic elements into account when determining redundant links in the mechanism [13, 14]:
					(3)
where,  – is the number of flexible elements in the mechanism.
As can be seen from formula (3), each flexible element included in the mechanism reduces the redundant link by one. 
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n = 2, nu = 1, p4 = 2, p5 = 2, w = 1
FIGURE 1. Structural diagram of gears with flexible elements

To completely eliminate redundant links in the gear train, it is recommended to install rubber bushings in the housing for mounting on the bearing on the drive gear shaft.
RESULTS
Calculation of the displacement deformation of a gear wheel bushing-damper with a belt element in a belt conveyor reducer. As is known, gear transmissions are widely used in technological machines [15, 16]. The main disadvantages of these mechanisms are the direct transmission of loads to the shafts of the gears due to the tight interaction of the gear teeth and the change in the load.
In the proposed new scheme (see Fig. 1), the gear 4 and the gear 1 are brought into an inseparable position, in which the shock absorber-bush is inserted into the gear wheel under special pressure and fixed.
In this case, the thickness of the shock absorber-bush is selected depending on the gear ratio [17, 18].
							(4)
where,  ,  – outer and inner diameters of the shock absorber-bush, gear;  ,  – outer and inner diameters of the shock absorber-bush, wheel;  and  – radii of the main circles of the gear and wheel;  and  – are the angular velocities of the gear and wheel;  is the gear ratio of the transmission.
Figure 2 below presents a structural diagram for determining the displacement deformation of the belt element - bushing of the proposed belt conveyor reducer gear wheel with a belt element.
Due to the deformation of the rubber placed between this gear wheel, the outer bushing of the shock absorber rotates at an angle, in which the displacement angle of the bushing with the elastic element is equal to the following equation [19]:
						(5)
In this case, the sliding surface of the selected bushing with a sliding element will be as follows:
						(6)
The length of the inner circumference of the bushing with a flexible element, where l is the length of the bushing (gear).
The rotational shear force of the flexible element in use is equal to:
						(7)
where, G is the shear modulus of the elastic element, N/m2.
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FIGURE 2. Calculation scheme for determining the displacement deformation of the 
bushing with a flexible element of a gear wheel of a belt conveyor reducer

External turning moment value:
					(8)
By redistributing from (8), we can obtain:
				(9)
The same expression can be obtained from :
					  (10)
The gear ratio of the gears is variable and is determined by the following formula:
						(11)
The initial values of the parameters in the numerical solution are: M1 = 9.2 Nm; M2 = 7.2 Nm; π = 3.14; 
l = 26.4·10-3 m; r1 = 4.2·10-2 m; r2 = 5.8·10-2 m.
Calculations were made based on the numerical solutions of the above problem.
In Figure 3, graphs of the dependence of the change in the shear deformation of the belt element on the belt conveyor belt conveyor gear wheel on the change in the bushing shear modulus and the values of the externally applied torques were obtained. The turning torque is 0.42 ꞏ 102 Nm, and  = 0.098 ꞏ 10-1 rad increases from 0.28 ꞏ 10-1 rad, and the displacement angle  increases to 0.406 ꞏ 10-1 rad for r1 = 2.4 ꞏ 10–2 m and r1 = 3.4 ꞏ 10–2 m. Accordingly, the displacement angle of the gear wheel rubber bushing increases to  = 0.74 ꞏ 10-1 rad, r1 = 3.7 ꞏ 10–2 m and 
r1 = 5.2 ꞏ 10–2 m,  = 1.04 ꞏ 10-1 rad. At relatively large values of  and , in order to reduce the shock effects arising from the mutual engagement of the gear wheels of the transmission, it is advisable to take the values of the torques M1 = (0.026 ÷ 0.029)·102 Nm, M2 = (0.04 ÷ 0.038)·102 Nm. To reduce the values of the angular displacement deformation of the rubber bushings, it is recommended to take the shock absorber displacement modulus in the range (0.35 ÷ 0.45)·103 N/m2.
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1, 2 – φ1 = f (M1); 3, 4 – φ2 = f (M2); 1 – r1 = 2,4·10-2 m; 2 – r1 = 3,4·10-2 m; 3 – r1=3,7·10-2 m; 4 – r1 = 5,2·10-2 m
FIGURE 3. Graphs of the dependence of the change in the displacement deformation of the belt element in the gear wheel of the belt conveyor reducer on the change in the values of the bushing displacement module and the externally applied torques

It is known that in a number of technological machines of manufacturing enterprises, special shock-absorbing belt elements are used to reduce vibrations, transmission torques and vibration amplitudes, that is, to dampen them. In particular, rubber bushings are now used in mechanisms that are components of belt conveyors used in mining enterprises. The main requirement for these rubber bushings is that their roughness is evenly distributed over their surfaces. Figure 4 shows the kinematic scheme and principle of operation of the recommended belt conveyor.
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1 – electric drive, 2, 8 – coupling, 3 – reducer, 4, 5, 6, 7 – gear,
9 – driving drum, 10 – driven drum, 11 – belt, 12 – roller mechanism
FIGURE 4. Kinematic diagram of the proposed belt conveyor
Based on the proposed belt conveyor kinematic scheme, the equipment operates as follows. The power is transmitted from an electric drive 1 with a capacity of 24 kW, n = 1000 rpm, to a reducer 3 through a clutch 2. The reducer is two-stage and is transmitted through a gear wheel 4 to a gear wheel with a belt element consisting of 5 components. In this case, the wheel 5, in turn, transmits the clutch 8 to the leading drum 9. From the leading drum 9 to the leading drum 10 through a belt 11. In this case, the tension of the belt 11 and the supporting rotational movement are provided by roller mechanisms.
It is known that during the operation of any transport vehicle, for example, belt conveyors, the main noise and vibration is generated by the reduction gear. In order to prevent such situations, it is possible to reduce “” by increasing the drum mass. However, this will significantly increase the power consumption. In this case, it would be possible to use belt and chain transmissions. However, due to the large power transmitted, the service life of these transmissions is greatly reduced. Therefore, in order to reduce the torque, speed fluctuations, and noise in the reduction gear, we made the middle gear of the two-stage reducer a composite gear and added a flexible element. When using this flexible element bushing, it was possible to provide the gear with the required rigidity, thereby reducing the amplitudes of speed and torque fluctuations, as well as noise.
In a belt conveyor, the gear wheel wears out quickly due to friction and load changes during the transmission of motion, which results in increased noise and a reduced service life of the reducer. After installing a flexible bushing as a component of the intermediate gear wheel of the reducer, the shock in the couplings decreases, the amplitudes of the load oscillations decrease, and the movement stabilizes. As a result, the service life increases. Therefore, it is important to determine the parameters of the proposed flexible element, the required values of the transmission operating modes, and to justify the inertial-dissipative parameters.
The laws of variation of the angular velocities of the electric drive, gear wheels, and leading and trailing drums, as well as the driving load, were obtained from the calculated values of the initial conditions and parameters. Figure 5 shows the laws of variation of the angular velocities of the electric drive rotor, gear wheels, and leading and trailing drums, which are considered as structural mechanisms of the belt conveyor, and the laws of variation of the angular velocities of the driving load and the driving load.
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	a – Med = 182 Nm; Mres = 135 Nm
	b – Med = 185.5 Nm; Mres = 176 Nm


FIGURE 5. Angular velocities on the shafts of the belt conveyor electric drive rotor, gears, driving and driven drums, and the laws of change in the drive load

Based on the obtained laws (see Fig. 5, a), the resistance is taken as 135 Nm, and (see Fig. 5, b) as 185 Nm. Analysis of the obtained results shows that when the load is 135 Nm, the average value of the angular velocity on the electric drive shaft is between 96.8 c-1 and almost the same as on the first gear shaft of the reducer, 95.7 c-1. In this case, the average angular velocity of the second gear shaft with a composite belt element is 84.3 c-1, while the angular velocity of the output gear shaft and the shaft driven by the driving and driven drums is 53.2 c-1. In this case, the torque on the rotor shaft of the electric drive is in the range of 86.8 Nm. Accordingly, with an increase in technological resistance, that is, the tape damper connecting the leading and trailing drums, in which the tape thickness increases, or when a tape with a high density and stiffness is used, the load on the drive also increases. That is, it was determined that when Mres = 176 Nm, it will be in the range of Med = 185.2 Nm. In this case, the resistances arising from additional friction were calculated by taking the calculated values.
As a result of processing the obtained laws, graphs of the relationship between the parameters were constructed. Figure 6 shows graphs of the dependence of the angular velocities of the belt conveyor electric drive rotor, driving gear, composite gear, driven gear and shafts of the driving and driven drums on the load change in the drive, and the technological resistance change. Based on the analysis of the constructed graphs, it can be noted that when the distributed resistance increases from 0.39∙102 Nm to 2.27 102 Nm, the angular velocity of the electric drive rotor shaft decreases in a nonlinear manner from 97.8 c-1 to 77.8 c-1, and it can be observed that the angular velocity of the belt element gear shaft decreases from 83.2 c-1 to 67.8 c-1.
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1 – Med = f (Mres) – Jed = 0,27 kgm2; 2 – Med = f (Mres) – Jed = 0,215 kgm2;
3 –  = f (Mres); 4 –  = f (Mres); 5 –  = f (Mres); 6 –  = f (Mres)
FIGURE 6. Graphs of the dependence of the angular velocities of the rotor, drive gear, input gear, driven gear and shafts of the drive and driven drums of a belt conveyor electric drive, load changes in the drive, and technological resistance changes

The angular velocities of the leading and driven drums decreased from 54.7 c-1 to 47.8 c-1 in a nonlinear manner. Accordingly, it was found that the load on the electric drive increased from 0.09∙102 Nm to 0.76∙102 Nm in a nonlinear manner when Jed = 0.215 kgm2. When the moment of inertia of the first mass of the belt conveyor machine unit was observed to be 0.27 kgm2, the load on the electric drive increased to 1.10∙102 Nm. Therefore, to ensure that the load on the electric drive did not exceed (0.10 ÷ 0.97) 102 Nm, it was recommended that the technological resistance Mres ≤ (155 ÷160) Nm.
It is known from the theory of machines and mechanisms that smoothing the movement of rotating working bodies is achieved by increasing their moments of inertia. However, excessive increase in the moment of inertia increases the load, power consumption, and the machine’s service life is also reduced. Figure 7 shows graphs of the angular velocities of the gear wheels, leading and driven drums in the belt conveyor reducer drive, the unevenness coefficients, and the inertia moments of the drive load.
These dependence graphs were considered for each mass, the effect of the moment of inertia of this mass. In this case, the moments of inertia of the masses were taken equal in the calculation values. In particular, when the moments of inertia of the leading and driven drums increase from 0.6 kgm2 to 3.2 kgm2, the coefficient of unevenness of the angular velocities of their shafts decreases from 0.167 to 0.066. The coefficient of unevenness of the angular velocity of the gear wheel with a flexible element  decreases in a nonlinear manner from 0.125 to 0.05. It was found that the coefficient of unevenness of the rotor shaft of the electric motor  decreases from 0.043 to 0.019. It should be noted that, based on the results of experimental studies, it is possible to implement the technological process requirements in such a way that the angular velocities of the leading and driven drums do not exceed the unevenness coefficients (0.06 ÷ 0.09).
Based on the recommended parameters, it should be noted that while it is recommended to take the moments of inertia of the first three masses of the belt conveyor machine assembly higher than the design values, it is advisable to reduce the moments of inertia of the fourth mass, that is, the working drums, compared to the design values.
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1 –  = f (Jr + Jm); 2 –  = f (Jed + Jg`1); 3 –  = f [Jg`2 + (Jg`3 + Jm)]; 4 –  = f (Jm + Jg`4 + Jb1 + Jb2); 
5 – Med = f (Jed) – Mres = 125 Nm; 6 – Med = f (Jed) – Mres = 176 Nm
FIGURE 7. Graphs of the relationship between the angular velocities of the gears, leading and driven drums, unevenness coefficients, and the moments of inertia of the drive load in the belt conveyor reducer drive
CONCLUSION
Therefore, in modern machine mechanisms, it has become essential to design and develop components that ensure a reduction in the peak vibration amplitudes of gear transmission shafts, an increase in their service life, and a decrease in noise levels while maintaining efficient performance at high speeds and under a wide range of technological loads. The proposed gear transmission with an elastic composite element allows the elastic bushing to deform during operation, thereby partially equalizing the load variations caused by gear tooth vibrations. The extent of this damping effect mainly depends on the elasticity coefficient of the elastic bushing.
In this study, a belt conveyor system was selected as the object of analysis. Based on the variations in angular velocities and drive loads of the electric motor rotor, gears, and both the driving and driven drum shafts, the relationships between the angular velocities of the electric motor rotor, driving gear, composite gear, driven gear, and the driving and driven drums were examined. Additionally, the changes in transmission loads, technological resistance, and the nonuniformity coefficients of the angular velocities of the gears and drums within the gearbox drive were analyzed. Graphs illustrating the dependencies between these parameters and the moments of inertia were developed, taking into account the recommended values for optimal performance.
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