Analysis of the results of experimental studies of a modernized belt conveyor
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Abstract. The article presents a modernized experimental device of a belt conveyor with a roller mechanism, the bearing support of which consists of a rubber bushing, and presents ideas on installing rubber bushings with rubber elements in the bearing housings, which provide a support for the roller mechanism, providing smooth rotational movement. According to the results of the study, the vibration of the roller mechanism is compared with the vibration of a conventional roller mechanism, and according to the results of the comparison, it is possible to prevent the premature failure of the proposed roller mechanism by reducing vibrations in the mechanism.
INTRODUCTION
Today, it is difficult to imagine the operation of modern industrial enterprises without belt conveyors - they allow you to automate the production process and make it more efficient. A belt conveyor is a continuously moving vehicle and is the most common type of conveying machinery. Belt conveyors are used in almost all industries, ensuring the continuity of transportation of various types of cargo and materials. At the same time, the advantage of belt conveyors over other transportation methods is that due to the significant speed of the belt, high efficiency and productivity of technological processes are ensured with low energy consumption, simplicity of the device design, reliability and durability. For optimal operation of conveyors, they are recommended to be used at temperatures from – 40 to + 45 °C. Depending on the characteristics and properties of the transported cargo, the angle of inclination of the working side of the belt can be set to 90°.
Continuously operating machines are characterized by the movement of bulk or piece goods along a certain route without stopping. Conveyors are highly reliable, easy to operate and maintain, have a long transport length, work automatically in conjunction with technological equipment and provide high productivity due to the continuity of the transport process. Some technological operations can be carried out simultaneously with the transportation of goods on belt conveyors. A belt conveyor is often one of the parts of the transport device of a machine or mechanical system.
LITERATURE REVIEW
Belt conveyors are conditionally divided into three groups according to their use: general-purpose (GOST 22644-77); special and underground, open-pit mining conveyors. Belt conveyors can be stationary or movable, they are designed for horizontal and inclined (up to 24°) transportation of piece and containerized cargo, this is provided by the possibility of organizing right and left, single and double-sided mounted - driven versions. They can be part of various construction, municipal and road machinery, as well as be part of waste formation equipment and material reloading equipment [1, 2].
Most belt conveyors in mining enterprises (coal, gravel, limestone, various ore rocks) operate in extreme conditions of temperature changes in winter, high humidity in summer and dust, and these factors affect different conveyor assemblies differently. Thus, in a three-roller support with rollers of equal length, the load on the middle roller is approximately 70 % of the total load per 1 m of the conveyor length, the weight of the belt and the rotating parts of the roller support. The side rollers account for approximately 30 % of the load, so the load on the middle roller bearings is 2.5 times greater than on the side rollers. Incorrect selection of the roller support design leads to premature failure of the belt and rollers. Increasing belt width leads to increased load on roller bearings, especially horizontal support rollers, which leads to an increase in the number of failures and a decrease in the overall reliability of belt conveyors [3].
When analyzing the reliability of belt conveyor units in various mines, gravel, limestone and other enterprises, conveyor units such as conveyor rollers and conveyor belts have the shortest resource and require the greatest labor and financial costs. According to statistics, conveyor rollers account for up to 40 % of all repair and maintenance costs and up to 30 % of the cost of the entire conveyor. The service life of conveyor rollers in loading units in mining enterprises is from 0.5 to 1 year, and in the rest of the conveyor - from 0.7 to 2.5 years, an average of 1.7 years. The estimated service life of the roller on the middle supports, as the most loaded, is on average from 25 to 35 thousand hours, which is several times higher than the actual service life. On average, each roller on a conveyor is replaced 3 to 5 times during its entire service life, meaning that the need for rollers is always there and increases as the length of the conveyors increases [4].
DISCUSSION
The purpose, objectives and methods of experimental research. The purpose of the experimental research is to determine the torques, rotation frequencies, vibration resistance and efficiency of the roller mechanism, the bearing support of which is formed by a belt bushing, on a pilot version of the proposed belt conveyor. In this case, the process of continuous transportation of minerals on the conveyor is studied, the movement of minerals on the belt surface, vertical vibrations due to depreciation and forces affecting friction are determined. The experimental research took into account the density of the transported mineral, the dependence of the friction coefficient of the material, the graininess of the material of different grades of rubber belts. The experiments were carried out on an experimental stand of a belt conveyor with rubber bushings of the 7B-54MBC, 7IRP13-46, 7IRP13-48 brands installed on the bearing supports for transporting and loading various materials [5,6].
The tasks of the ongoing research are: to determine the efficiency of a belt conveyor with a roller mechanism consisting of a bearing support consisting of a belt bushing; to study the dependence of the efficiency of a belt conveyor on the friction force of the transported mineral; to determine the laws of change of the torques and angular velocities of a roller mechanism consisting of a bearing support consisting of a belt bushing, to measure the rotation frequency, to study the effect of the vibration amplitude, torque and rotation frequency, and to recommend optimal values of the parameters based on full-factor experiments. The research also includes checking the compatibility of the results obtained with the results of theoretical studies.
A prototype of the modernized belt conveyor was prepared and existing methods for conducting experimental studies were used [7]. Figure 1 shows the prototype of the prepared belt conveyor.
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Note: This is a copy of a new experimental device for a belt conveyor: the author of the article's dissertation was prepared and test results were obtained at the NMB PPA, affiliated to the NMMC JC, for conducting experimental research.


FIGURE 2 shows an electrotensometric diagram of a prototype of a belt conveyor with a roller mechanism consisting of a bearing support consisting of a belt bushing, designed for continuous transportation of fine-grained gold ore.
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1 – electric drive; 2 – belt; 3-reducer; 3, 4 - pulley; 5 – reducer; 6 - coupling; 7, 8 – leading and driven drum;
9 – roller mechanism; 10 – tape (tape); 11, 12, 13, 14, 15 – strain gauges; 16 – vibXpert special numerical switch device (laboratory equipment); 17 – computer.
FIGURE 2. Electrotensometric scheme of the experimental stand of a belt conveyor with a roller mechanism, the bearing support of which consists of a belt bushing

The experimental device was equipped with a synchronous electric drive of the 4A 112UA 843 type with a power of P = 2.2 kW and a speed of n = 700 rpm. When the experimental stand is started, the electric drive 3, 4 pulleys transmit the movement to the reducer 5 through a belt 2, to the driving drum 8 through a clutch 6, and to the driving drum 7 through a belt 10. In this case, there are 9 roller mechanisms that provide belt tension and support rotational movement, which are fixed to the frame [8,9].
To measure the required values, magnetic sensors are installed on the bearing housing and frame, respectively, and the data is transmitted to the computer via the VibXpert II special sensor device (Figure 1).
When the electric motor starts rotating, the belt conveyor starts, and these universal sensors allow you to measure the vibration speed, vibration acceleration, vibration amplitude, torque, and angular velocities of the roller mechanism with high accuracy. In order to increase the accuracy of the results obtained, the experiments were repeated 3 times in the same mode. As mentioned above, in order to increase the operational performance of the belt conveyor, a roller mechanism consisting of a bearing support and a belt bushing was used. As a result, the torques, angular velocities, accelerations, and vibration amplitudes of the roller mechanism were determined sequentially.
Experimental studies were conducted on an existing belt conveyor with a new design of bearing supports made of rubber material 7B-54MBC, 7IRP13-46, 7IRP13-48 [10, 11], with a roller mechanism consisting of a belt bushing. In the manufacture of a bearing support with a belt element, leucanate glue was applied between the hub and the outer ring through a special press mold and filled with chrome-plated rubber (Fig. 3).
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FIGURE 3. Bearing support bushing detail in a roller mechanism
The technical characteristics of the recommended rubber material are given in Table 1. Then, the required pressure and temperature were maintained in a heating oven at a temperature of 120 °C for 35 minutes. The purpose of using rubbers of the 7B-54MBC, 7IRP13-46, 7IRP13-48 brands is to use technical rubbers that do not lose their properties in hot and cold weather and are resistant to petroleum products, lubricants [12,13].
These types of rubbers are used to make tires, cuffs, plugs, tubes and other products of various sizes that are resistant to friction and wear [14]. Such rubber products are considered to have high resistance to technical oils, ethanol and petroleum products and can be used in the temperature range from – 60 °C to +140 °C [15,16].

Table 1. Indicators of rubber grades used for bushings
	Characteristic of Rubber Material
7B-54MBC
	Unit of Measurement
	Indicator

	Relative elongation
	%
	130

	Hardness (by Shore A)
	Shore A
	74-76

	Hardness
	kg/cm²
	90,0

	Tensile strength
	MPa
	12

	Elasticity coefficient
	(N/m)
	0,42∙104

	Operating temperature
	°C
	-40 ... +100



	Characteristic of Rubber Material
7IRP13-46
	Unit of Measurement
	Indicator

	Relative elongation
	%
	120

	Hardness (by Shore A)
	Shore A
	75-80

	Hardness
	kg/cm²
	75-80

	Tensile strength
	MPa
	11

	Elasticity coefficient
	(N/m)
	0,25∙104

	Operating temperature
	°C
	-40 ... +100



	Characteristic of Rubber Material
7IRP13-48
	Unit of Measurement
	Indicator

	Relative elongation
	%
	110

	Hardness (by Shore A)
	Shore A
	85-90

	Hardness
	kg/cm²
	90-95

	Tensile strength
	MPa
	10

	Elasticity coefficient
	(N/m)
	0,51∙104

	Operating temperature
	°C
	-45 ... +100



A piezoelectric accelerometer with a wide frequency range was used to numerically describe mechanical vibrations in a belt conveyor. Piezo accelerometers have measurement errors and can detect them in a wide frequency range from 5 Gs to 15 thousand Gs. The mass of the sensor should be small compared to the mass of the objects being tested and should not affect the vibration characteristics.
In the process of measuring the vibration displacement, vibration velocity, the piezoelectric sensor was mounted in the vertical and horizontal directions on the bearing housing near the supports using a special magnet. The measurement results are processed by the «VibXpert II» microprocessor. Each experiment is carried out 3 times on the average, which guarantees the reliability of the measurements. The values of the vibrations at the frequency selected according to the measurement results were monitored on a personal computer using the «VibXpert II» controller, after transmitting the data, according to the available spectrum [17,18].
According to the experimental results, a satisfactory approximation of the parameters obtained from the analytical data of the eigenfrequency spectra of the belt conveyor was observed. The dependence of the roller mechanism vibration speed, vibration acceleration, roller mechanism rotation time, and vibration amplitude on the measuring instrument «VibXpert II» was determined and the dependence on the operating parameters of the belt conveyor was determined.
RESULTS
Initially, experiments were conducted on the vertical vibration speed and acceleration of the existing and new design of the belt conveyor, which consists of a roller mechanism with three different bearing supports and a belt bushing, at a rotation speed of 250 rpm (Figure 4).
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a - displacement, b - velocity, c - acceleration
FIGURE 4. The laws of variation of vibrations in vertical displacement, velocity and acceleration of a roller mechanism consisting of a belt bearing support and a belt bushing

According to the obtained results, the following conclusions were drawn. Based on the analysis of the obtained oscillograms (Figure 4), it was determined that the vertical displacements ∆z1 of the roller mechanism with an elastic bushing bearing support ranged within (2.5 ÷ 3.5)·10⁻³ m when the rotational speed was nv = 250 rpm and the productivity was 650 kg/s during gold ore transportation. Correspondingly, the velocity values varied within (6.7 ÷ 8.5)·10 m/s, and the acceleration values ranged within (0.67 ÷ 0.85)·10² m/s².
Figure 5 shows graphs of the dependence of the vertical displacement speed and vibration amplitudes of the roller mechanism axis of the belt conveyor bearing support consisting of a rubber bushing on the displacement, speed, and acceleration amplitudes of the bearing rubber bushing.
When analyzing the graphs, it can be seen that the axial displacement z1, speed and acceleration of the roller mechanisms consisting of a belt bushing of a belt conveyor bearing support follow a nonlinear law. In this case, when the coefficient of rigidity of the rubber bushing of the bearing support increases from 2.2 102 N/m to 6.2 102 N/m, the values of ∆z1 decrease from 3.47 10-3 m to 1.34 10-3 m in a nonlinear law. In this case, the values of the vertical displacement speed decrease from 0.128 10 m/s to 0.074 10 m/s, respectively, and the indicators decrease from 0.34 102 m/s2 to 0.19 102 m/s2. In this case, the eccentricity of the belt tensioning roller mechanisms is 1.6 10-3 m, i.e., in order to increase the vertical vibrations of the roller mechanism of the belt conveyor bearing support, it is necessary to reduce the belt support stiffness. Therefore, it is recommended to take the belt support stiffness of the roller mechanism of the belt support support in the range c1 ≤ (3.5 ÷ 4.5) 102 N/m, i.e., the bushing is made of rubber grade 7IRP13-48. In this case, the z1 values are provided in the range of less than (8.5 ÷ 10.5) 10-3 m. At these indicators, the values of and ∆z1 are high, which accelerates the transportation of gold ore. The proposed belt conveyor bearing support consists of a roller mechanism consisting of a belt bushing, in addition to vertical vibrations, transverse vibrations play a special role. In this case, the intensity of product displacement is high only if the amplitude of the vibrations is larger than that at the outlet.
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productivity 1125 kg/h, (when transporting gold ore) l = 1.5·10-3m
FIGURE 5. Graph of the dependence of the displacement, speed, and acceleration ranges of the roller mechanisms consisting of a belt conveyor bearing support and a rubber bushing on the friction coefficient of the input bearing

Figure 6 shows graphs of the dependence of the vertical displacement speed and vibration amplitude of the roller mechanism axis of the belt conveyor bearing support consisting of a rubber bushing, the displacement, speed, and acceleration amplitudes at the output section on the stiffness coefficient of the bearing rubber bushing. In this case, when the coefficient of friction of the rubber bushing increases from 3.2·102 N/m to 10.9·102 N/m, it can be seen that the values of  decrease from 3.22·10-3 m to 0.52·10-3 m in a nonlinear pattern. At the same time, the vertical displacement speed of the roller mechanism decreases from 0.90·10 m/s to 0.30·10 m/s, and the values decrease from 0.287·102 m/s2 to 0.110·102 m/s2 in a nonlinear pattern. 
It is desirable to make the vertical displacement vibration range of the shaft in the bearing support smaller. Therefore, in order to ensure that the difference between the vertical displacements of the roller mechanism axis on the supports is within the range  ≥ (4.5 ÷ 8.5), it is desirable that the range of displacement vibrations of the roller mechanism axis on the output support be  values (3.5 ÷ 4.5)·10-3 m, and the coefficient of rigidity of the bearing support rubber bushing is within the range (8.5 ÷ 11.5)·102 N/m. In this case, it is recommended to make the bearing support belt bushing from 7IRP13-48 rubber. Also, the values and also change in a nonlinear manner, allowing for intensive transportation of products.
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[bookmark: _Hlk93173518]1 –  = f (c1); 2 –  = f (c2); 3 –  = f (c3)
productivity 650 kg/h; (for gold ore transportation) l = 1.5·10-3 m
FIGURE 6. Graph of the dependence of the displacement, speed, and acceleration ranges of the roller mechanisms consisting of a belt conveyor bearing support and a rubber bushing on the friction coefficient of the bearing

Experimental determination of angular velocities and loads on the shafts of the driving and driven drums of roller mechanisms consisting of a belt conveyor bearing support and a belt bushing. As a result of experimental studies, the laws of change of angular velocities and torques of the drive, leading and driven drum shafts of a belt conveyor [14] in various operating processes were determined. 
These laws of change were determined by the oscillograms presented in Figure 7. Based on the analysis of the determined oscillograms, it can be noted that the laws of change of angular velocities of the drive shaft, leading and driven drum shafts are close to each other, but it can be noted that the amplitudes of oscillations of the angular velocities of the drive shaft are significantly larger than the amplitudes of oscillations of the angular velocities of the drive and driven drum shafts. It can be noted that the average values of the angular velocity on the driving shaft are smaller than the average values of the angular velocity on the leading and driven drum shafts, as can be seen from the oscillograms representing the obtained laws of motion. At the same time, the values of the turning moment Med are larger, and the vibration amplitude ∆Med is larger than Md and larger than ∆Md, respectively. It is known that a decrease in speed leads to an increase in the turning moment [17].
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с2 = 350 Nm/rad; i. u. = 650 kg/s; l = 1,5·10-3 m
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с2 = 250 Nm/rad; i.u = 1150 kg/s; l = 2,5·10-3 m
FIGURE 7. Patterns of angular velocities and torques on the shafts of the driving, leading and driven drums of a belt conveyor

By reworking the above-obtained laws of motion and load changes, several connection graphs were constructed. The graphs of the dependence of the load on the belt conveyor drive, leading and driven drum shafts and their vibration amplitudes on the conveyor performance are presented in Figure 8 below.
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1 – ∆Мyu = f (kg/s); 2 – Мyu = f (kg/s); 3 – Мb = f (kg/s); 4 – ∆Мb = f (kg/s);
tyu = 2tk = (25 ÷ 35)·10-3 m; ht = (3,5 ÷ 5,0)·10-3 m
FIGURE 8. Graphs of the dependence of the load on the belt conveyor drive, leading and driven drum shafts and their vibration amplitudes on the conveyor performance

According to the analysis, when transporting gold ore using a belt conveyor equipped with a roller mechanism whose bearing support consists of an elastic bushing, the productivity increases from 0.8 ÷ 10³ kg/s to 2.3 ÷ 10³ kg/s. Correspondingly, the torque on the drive shaft rises in a nonlinear relationship from 3.11 ÷ 10 Nm to 5.85 ÷ 10 Nm, while the Md values increase from 2.4 ÷ 10 Nm to 5.75 ÷ 10 Nm. Furthermore, it can be observed that the amplitude of torque fluctuations on the driving and driven drum shafts also increases nonlinearly, ranging from 0.84 Nm to 2.35 Nm. It is well known that as productivity rises, the values of Med and Md1d2, as well as the power consumption, increase accordingly.
As noted, the values of Med and Md1d2 depend on the law of variation of the work output, as well as on the dimensions of the eccentricity of the belt drive tension roller mechanisms. Figure 9 shows graphs of the dependence of the angular velocities of the belt conveyor drive and the leading and driven drums and their vibration ranges on the work output. An increase in the work efficiency leads to a decrease in the corresponding case and  in a nonlinear manner. The peculiarity is that the difference between them increases with increasing work efficiency and at 1.4·103 kg/s the value of  reaches (1.2 ÷ 1.5) c-1. This is especially noticeable in the transportation of gold ore.
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ted = 2tk = (25 ÷ 35)·10-3; ht = (3,5 ÷ 4,8)·10-3
FIGURE 9. Graphs of the dependence of the angular velocities of the belt conveyor drive and the leading and trailing drums and their vibration ranges on the performance

Figure 10 shows graphs of the dependence of the vibration range of the angular velocities on the shafts of the belt conveyor electric drive, leading and driven drums on the belt rotational stiffness coefficient. 
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1, 2 – experimental graphs; 3 – theoretical graph; 1, 3, 4 –  = f (c2); 2, 5 -  = f (c2);
1, 2 – l = 2,5·10-3 m; 4, 5 – l = 1,25·10-3 m
FIGURE 10. Graphs of the dependence of the angular velocities of the belt conveyor electric drive, driving and driven drum shafts on the belt circumferential stiffness coefficient

It can be seen that when the belt rotational stiffness increases from 2.9·102 Nm/rad to 4.7·102 Nm/rad and l = 2.5·10-3 m, the values of  decrease from 2.65 c-1 to 1.45 c-1 in the nonlinear coupling (Figure 10, graphs 1, 2). When the correspondingly obtained graph is compared with the theoretical graph, the total difference does not exceed (4.5 ÷ 5.5) %. It was found that the vibration range of the angular velocities on the shafts of the leading and driven drums decreases from 2.3 c-1 to 0.9 c-1. When the eccentricity of the belt drive tension roller mechanism decreases to 1.27·10-3 m, the corresponding reduction in  goes from 1.8 c-1 to 0.51 c-1, and the values of  decrease from 1.4 c-1 to 0.45 c-1 in a nonlinear connection (Fig. 10, graphs 4, 5). To ensure that the angular velocity oscillation range of the leading and driven drums does not exceed (8.5 ÷ 13) % relative to its average value, it is recommended to select the belt drive rotational inertia in the range of (375 ÷ 415) Nm/rad and the eccentricity of the tension roller mechanism in the range of (1.7 ÷ 2.5)·10-3.
It should be noted that vertical and oblique vibrations of roller mechanisms with a bearing support with a flexible element lead to a change in the friction force in the supports. It is known that, according to the results of theoretical studies, with an increase in the stiffness and deformation value of the flexible support, the moment of friction force in the bearing also increases. Therefore, it is important to study the effect of the ratio of the stiffness of rubber bushings on the moment of friction force in experiments and reduce the load to their optimal values, ensuring  in the required range.
Figure 11 shows graphs of the dependence of the angular vibration range of roller mechanisms with a bearing support on the ratio of the stiffness coefficients of the supports.
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1, 2 – theoretical graph; 3, 4 – experimental graph; 1, 3 – working capacity 1125 kg/s;
2, 4 – working capacity 650 kg/s, nr = 188 rpm
FIGURE 11. Graphs of the dependence of the angular vibration range of roller mechanisms with a bearing support of a belt conveyor with a belt element on the ratio of the stiffness coefficients of the supports

Based on the analysis of the plotted graphs, as the ratio of c2/c1 increases from 1.34 to 2.35, the angular velocity fluctuation range  of roller mechanisms with an elastic bearing support increases nonlinearly from 1.55 c⁻¹ to 2.42 c⁻¹ at a rotational frequency of 188 rpm and a throughput of i.u = 650 kg/s. When compared with the theoretical relationship, the results show good agreement, with a deviation within the range of (8.5 ÷ 9.5) % (see Fig. 11, curves 2 and 4).
It should be noted that this deviation tends to decrease as the c2/c1 ratio increases. When the productivity decreases to i.u = 1125 kg/s, the values of  rise nonlinearly from 0.65 c⁻¹ to 1.85 c⁻¹, while the deviation from theoretical values reduces further and does not exceed (6.0 ÷ 7.0) %. Therefore, to ensure that the values of  do not exceed the range of (2.1 ÷ 2.5) c⁻¹, it is recommended to select the ratio c2/c1 within the interval of (1.45 ÷ 2.15).
CONCLUSION
Therefore, taking into account the rigidity of the bearing supports and the technological resistance of the transported gold ore, a mathematical model of the vertical vibration of the roller mechanism was obtained, and it was found that the vertical vibrations of the roller mechanisms depend on the displacement, rotation speed, and the vibration amplitude on the density of the transported gold ore. It was found that increasing the rigidity coefficient of the bearing support with a flexible element not only leads to a decrease in the vibration amplitude and speed of the roller mechanism, but also to an increase in the vibration frequency. This, in turn, also reduces the static deformation value of the bearing support with a flexible element. Due to the change in the rotational rigidity coefficient of the flexible supports, the vertical displacement of the roller mechanism shaft and the vibration amplitude of the speed change.
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