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Abstract

:

Intermediate linear booster drive can solve many problems of transport by long route conveyors. At the same time, operating costs are significantly reduced. There are solutions using intermediate belt drives, usually involving friction coupling in the carry belt. From a theoretical point of view, it is possible to transmit the friction force on an additional section in the return belt. The article presents a theoretical and experimental analysis of this solution and a comparison with a drive operating in a conventional solution. The transferred forces, the variability of the belt tension as well as the efficiency and stability of the drive for both solutions were compared. The use of additional coupling in the return belt makes it possible to increase the transmitted friction force and achieve a better rate of electricity consumption. The solution can be useful in currently existing intermediate drives, where it is possible to support the return side and transmit power.
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1. Introduction


In belt conveyors, due to the beneficial distribution of the tension force in the belt [1,2], it is recommended to use distributed drives without centralizing all the power in one position, e.g., near the head pulley [3,4]. Selection of the right drive solution considering the belt tension is particularly important in the case of long conveyors [5]. The right solution must provide certain friction coupling on the drums [6], which involves the need for a significant, pre-tension of the belt [7,8]. This adversely affects the starting of the conveyor and the durability of the belt [9]. The use of belt intermediate drives results in a reduction of tension forces in the belt. It is possible to use a textile belt instead of a steel one [10], which significantly reduces the cost [11]. This solution allows the drive power transmission by using the coupling friction between the top cover of the intermediate belt drive and the bottom cover of the main conveyor belt, distributing the drive power along the length of the conveyor route [1,12]. The pressure of the coupled belts is generated by the weight of the transported material and the weight of the belt. This type of drive allows the use of a main belt with a strength lower by 25–30% [13,14] or extending the route of a single conveyor, which can eliminate transfer points [15]. Elimination of the material transfer points reduces dust and abrasive wear of the belt [16,17], resistance to motion [10,18,19], electricity consumption [20], related costs [21,22] and carbon dioxide emissions [23]. In the operation of belt intermediate drives, it is necessary to control the motors both in steady and transient motion, i.e., variable material flow and start-up [24,25,26,27]. One of the solutions is the use of control systems based on vector inverters, with separate control of engine rpm and torque [28,29,30]. These types of solutions are successfully used in various types of real installations [12,31,32,33,34].



For years, research has been carried out aimed at optimizing the operation of intermediate drives [35,36,37,38]. The most important issues related to this are the determination of the friction force, the determination of the zone of increase and decrease of belt tension and the impact of slip and transverse vibration of the belt on coupling friction [1,39]. In the analysis of the belt intermediate drive, the lengths of the tension increase, while the tension decreases over the coupled belt’s section length are taken into account [40]. Goncharov and Grishin focused on studying the length of the slip zone as a function of the tension force of the intermediate drive belt for variable conveyor capacities [41]. The same authors in other papers analyzed the range of the transmitted friction force by measuring the tension increase and decrease zone (slippage) on the coupling belt section length using a thermal imaging camera [42]. Trufanova and Lavrenko worked on the issue of selecting the length of the intermediate drive depending on the slope of the conveyor route [43]. In addition to reducing belt forces in long and inclined conveyor systems, intermediate drive allows the belt to be operated safely on horizontal arcs with a small radius [44]. The possibility of using a ferromagnetic drive mechanism with housed magnetic blocks to the intermediate drive belt was also analyzed [45]. Gładysiewicz and Król presented a concept where two rubber and steel flat ropes were used in the intermediate drive [46]. For this solution, the characteristics of the coupled components rope-belt are also presented [47]. The modification is characterized by a lighter and simpler construction. It also reduces the complexity of the pre-tension and bending pulley system of the intermediate drive belt. Friction coefficient tests for coupling work conditions have shown the influence of many factors such as pressure (between the belts), speed of movement, temperature, humidity, condition of friction surfaces, contact geometry and properties of the material from which the cooperating frictions of the belt cover are made [48].



Despite many developments, indirect drives still need to be optimized, due to the technological challenges faced by modern industry, including mining [49]. The optimization directions are improving the conditions for transmitting friction force on the friction coupling section, reducing belt slip, and increasing the efficiency of drive [50] and belt cooperation (coupling friction), transposing directly into electricity consumption. Considering various suggestions from manufacturers of intermediate drives, the article analyzes one of the new optimization proposals—additional friction coupling on the return side of the intermediate drive. The standard solution is an intermediate drive with coupling in the carry belt. The lack of analyses concerning the operation of the drive in the carry and return belts and also the interest of the industry is the motivation to conduct such an experiment. Experimental research on such a solution has not been conducted before. A full theoretical analysis of this solution was presented, and research was carried out on a laboratory conveyor. The purpose of the study was to show that it is possible to transmit power at the return side of the intermediate drive, in accordance with the theoretical relations.




2. Materials and Methods


2.1. Analysis of Tensile Forces in the Belt of an Intermediate Drive


The idea of an intermediate belt drive is based on friction transmission of the drive at the point of contact of two belts. Transferring the friction force from the driving belt (from the intermediate drive belt) to the driven belt (main conveyor belt) is possible only in the case of a speed difference between the belts and depends on the tensile forces in the belts. The drive is always transferred from a belt with a higher speed. It is about very small speed differences resulting from the creep (elastic slip), which is the effect of elastic deformations of both cooperating belts. The transmission of force takes place along the entire length of the intermediate drive, causing a decrease in the tensile force in the driven belt of the main conveyor and an increase in the tensile force (exceeding the increase caused by resistance to motion on the route) in the belt of the intermediate drive. Simple calculation models assume that the reduction of the tensile force in the main conveyor belt is linear and takes place along the length of the carry side of the intermediate drive belt. The value of the decrease in the tensile force in the main drive belt results from the transmitted friction force. Stable and safe operation of the intermediate drive occurs in the range of creep elastic deformations. Slippage is related to the lost friction coupling. Optimal working conditions of the intermediate drive occur when working with a constant flow of material because such a situation results in stable conditions of the pressure between the belts, thus stabilizing the friction force in time [1]. Figure 1 shows the theoretical distribution of tensile forces in the entire loop of the intermediate drive belt when there is friction coupling in the carry side (in the section between points 8 and 5). As a starting point for the calculation, the average force in the belt   T  a v g    is assumed to be constant as the length of the belt loop does not change.



The analysis of force in the belt of the intermediate drive is to determine the relationship between the   F g   and   F d   friction forces and the belt tensile forces measured at the return pulley of the   T p  . It is assumed that the forces   T 7   and   T 8   are equal, and their sum is the measured tension force of the driven belt. Therefore, it is possible to assess the effects of friction cooperation in the intermediate drive on the basis of changes in the tension force of the return pulley. The tensile forces at successive points of the driving belt loop, determined in the direction of belt motion, will be:


   T 8  =  T 7  =  1 2   T p   



(1)






   T 5  =  T 8  +  F g  +  W g  =  1 2   T p  +  F g  +  W g   



(2)






   T 6  =  T 5  −  P 0  =  1 2   T p  +  F g  +  W g  −  P 0   



(3)




where   T 5   is the tension force in the belt at the intermediate drive pulley entry point,   T 6   is the tension force in the belt at the intermediate drive pulley exit point,   T 7   is the tension force in the belt at the tail pulley entry point,   T 8   is the tension force in the belt at the tail pulley exit point,   F g   is the friction force in the carry belt,   W g   is resistance to the motion of the carry belt,   P 0   is peripheral force and   T p   is the tensile force (take-up).



The average belt tension force, assuming linear changes of forces between the points, is equal to:


   T  avg    =  1 L  ·   1 2   L O  ·   T 8  +  T 5   +  1 2   L B  ·   T 5  +  T 6   +  1 2   L O  ·   T 6  +  T 7   +  L B  ·  T 8    



(4)




where L is length of the loop of the intermediate drive belt,   L O   is length of the friction coupling section,   L B   is length of the belt at the pulley.



By introducing into Equation (4) the interrelations between the forces at marked points as a function of friction forces, resistances and peripheral force (1)–(3), it can be described as:


      T  a v g   =  1 2  a ·   1 2   T p        +  1 2   T p  +  F g  +  W g   +  1 2  b   1 2   T p  +  F g  +  W g  +  1 2   T p  +  F g  +  W g  −  P 0            +  1 2  a ·   1 2   T p  +  F g  +  W g  −  P 0  +  1 2   T p   + b ·  1 2   T p      



(5)




where   a =   L O  L    and   b =   L B  L    are the coefficients determining the ratios of the belt length in individual sections.



The consideration of the geometrical relation allows us to write Equation (5) in the following form:


   T  a v g   =  T p  ·  ( a + b )  +   F g  +  W g   ·  ( a + b )  −  1 2   P 0   ( a + b )   



(6)







In the next stage, it is necessary to consider the geometrical conditions and the average force in the belt caused by the take-up device:


     a + b =    L o  +  L B   L  =  1 2         T  a v g   =  1 2   T  p 0       



(7)




where   T  p 0    is the tensile force before starting the conveyor (defined as the force in the belt caused by take-up).



Considering the conditions (7) in Equation (6), after sorting out,   T  p 0    can be defined as:


   T  p 0   =  T p  +   F g  +  W g   −  1 2   P 0   



(8)







Performing an analogous cycle of calculations in the entire loop, but for the direction opposite to the belt movement, the force in the belt at individual points can be represented by the equation:


   T 6  =  T 7  −  W d  −  F d  =  1 2   T p  −   W d  +  F d    



(9)






   T 5  =  T 6  +  P 0  =  1 2   T p  −  W d  −  F d  +  P 0   



(10)




where   F d   is the friction force in the return side,   W d   is the resistance to motion of the return side.



Using similar substitutions as in Equation (5), the average tensile force of the belt can be defined as:


   T  a v g   =  T p  ·  ( a + b )  −   F d  +  W d   ·  ( a + b )  +  1 2   P 0   ( a + b )   



(11)







Considering the conditions of (7), Equation (11) takes the form:


   T  p 0   =  T p  −   F d  +  W d   +  1 2   P 0   



(12)







In the absence of friction coupling between the belts of the intermediate drive, i.e., for the operation of a separate drive, there is no transfer of the friction force (   F g  =  F d  = 0  ). By analyzing the variant of the decoupled drive, on the basis of dependences (8) and (12), it is possible to determine the resistance to motion of the carry side and the return side of the intermediate drive:


       W d  =  1 2   P 0  −   T  p 0   −  T p           W g  =  1 2   P 0  +   T  p 0   −  T p        



(13)







The dependencies (13) indicate the possibility of determining the resistance to motion of the intermediate drive separately for the carry and return side, based on the measurements of the peripheral force and changes in the tension force of the return pulley. The correctness of dependency (13) confirms:


   W d  +  W g  =  P 0   



(14)







The known values of resistance to motion with their division into the carry side and the return side allows us to estimate the value of the transmitted friction forces. To ensure traction of the belts in all possible drive operation states, the condition must be met [1]:


   F max  ≥  P 0  −  W p   



(15)




where   F max   is maximum friction force,   W P   is part of the resistance to motion of the intermediate drive, including the resistance of the return side and secondary resistance at the pulleys (without resistance to motion of the carry side, which are determined together with the resistance of the drive belt).



In the case of classic intermediate drives, where the belts are coupled only in the carry side of the conveyor, the friction force transmitted in the return side is equal to    F d  = 0  . The value of the friction force transmitted in the carry side can be determined by solving the following system of equations:


       T  p 0   =  T p  +   F g  +  W g   −  1 2   P 0          T  p 0   =  T p  −  W d  +  1 2   P 0       



(16)







With the known values of the resistance to motion of the intermediate drive, determined in the previous step, we obtain the formula describing the transferred friction force in the carry side:


   F g  =  1 2   P 0  +   T  p 0   −  T p   −  W g   



(17)







In the case of transmitting the friction force on both sides, the system of equations is correct:


       T  p 0   =  T p  +   F g  +  W g   −  1 2   P 0          T  p 0   =  T p  −   F d  +  W d   +  1 2   P 0       



(18)







The friction forces in the case of coupling at both sides are:


   F g  =  1 2   P 0  +   T  p 0   −  T p   −  W g   



(19)






   F d  =  1 2   P 0  −   T  p 0   −  T p   −  W d   



(20)







Accordingly, the resultant friction force can be written as:


  F =  F g  +  F d  =  P 0  −  (  W g  +  W d  )   



(21)







On the basis of the derived dependencies, it is possible to determine the transmitted friction forces in the belts based on the measured values of the peripheral force on the intermediate drive and changes in the tension force of the return pulley (take-up system). Based on the theoretical assumptions presented above, research was carried out for two variants of the drive operation of the laboratory rig.




2.2. Test Rig


The test rig consists of two conveyors with flat belts (Figure 2). The main conveyor with a drive belt is 12 m long and equipped with a head drive (5.5 kW) and a tail (brake) drive (5.5 kW). The applied drive control system allows for braking in motion with the tail drive of this conveyor. The built-in intermediate drive conveyor with a driving belt is 5 m long. The drive of this 5.5 kW conveyor is located at the head pulley. The head pulley of the main conveyor and the head pulley of the intermediate drive are covered with a rubber lagging. The construction of the rig enables friction cooperation of both belts in two variants: the traditional solution with friction coupling only in the carry side and the new, analyzed solution with coupling on both sides. Over the 5 m length of the friction coupling section, both cooperating belts are supported by three idlers.



On both conveyors, a textile conveyor belt was installed, with a nominal strength of 250 kN/m and an area weight of 7.19 kg/m2. The width of the driving belt (intermediate drive) was set at 400 mm, and the width of the driven belt (main conveyor) at 400 mm. In the carry side, pressures are generated by the roller chain and the belt mass. In the return side, the pressures resulted only from the weight of the belt. Both conveyors have a screw-hydraulic tension pulley with load cells in the support of each bolt. The main changes in belt tensile forces are forced by hydraulic actuators. Adjustment with screws allowed to eliminate mistracking of the belt.




2.3. Equipment


During the tests on the rig, the following operating parameters were recorded: torque on the shafts of driving pulleys; tensile forces in two belts (on return pulleys); rotations of the intermediate drive pulley and the main conveyor return pulley (to determine the slip between the belts). The measurement of the torque was carried out with the use of a load cell on the torque arms of the transmission (Figure 3a). This type of assembly allows us to easily ignore the resistances of the transmission and measure the torque directly on the pulley. The transducers used make it possible to measure both the compressive and tensile force, i.e., the registration of the torque in two directions. It allows registering the state of driving and braking in steady motion. The peripheral forces on the pulleys are converted from the measurement of the forces on the torque arms, taking into account the length of these arms and the diameters of the pulleys (including the thickness of the rubber linings). The signs at the peripheral forces indicate the driving direction (positive, driving; negative, braking). Load cells were used to measure the tensile forces of the belts on the take-up pulleys (Figure 3b). Pulley rotation was measured with the use of encoders installed on the shafts (Figure 3c).



The resistance to motion of the rig is low and therefore the head drive of the main conveyor was excluded from use. In the presented series of tests, an intermediate drive on the head pulley and the return drive of the main conveyor operating in the braking system were used. This means that the conveyor was driven by the intermediate drive, and the drive at the return pulley of the main conveyor simulated increased resistance to motion. To enable such operating conditions, a vector control system for the operation of drive inverters was prepared. The data was processed using MATLAB software.




2.4. Methodology


The research consisted of measuring the operating parameters of the intermediate drive in two variants: with coupling only at the carry side (Figure 4a) and with coupling at both sides (Figure 4b). Points on the contours refer to the characteristic places where the belt tensile force changes. It is known from previous research that the optimal conditions of friction cooperation occur when the tensile force in the driving belt (intermediate drive) is greater than in the driven belt (main conveyor) [51]. The force ratio in the belts has a significant impact on the surface pressure between the friction belts and on the transverse vibrations of the belts [1,41]. The experimental conditions were established for the tensile force in the driving belt of 5 kN and the force in the driving belt of 2.5 kN (force ratio 2:1). The entire test cycle was carried out for the linear speed of the belts of 2.5 m/s.



Figure 5 shows a measurement algorithm with successive steps and tasks.



First, measurements were made on a small conveyor forming an intermediate drive (without friction coupling with the main conveyor). Before starting the conveyor, the tension forces in the belts were established (as per the previous paragraph). After starting the conveyor, the peripheral forces at the driving pulleys, changes in the belt tension force at the return pulleys and rotations of pulleys were recorded. According to the Equations (13), on the basis of these measurements, it is possible to determine the resistance to motion of the carry and return side.



After determining the resistance to motion, basic measurements were started, which consisted of recording the previously discussed parameters of operation in the conditions of steady motion, where the braking torque was increased at the return pulley of the main conveyor. With the increase of the braking torque, simulating the increased resistance to motion of the main conveyor, the peripheral force at the intermediate drive increased until the belt traction was lost (slip). In a slip condition, the transmitted friction force reaches a maximum, approximately constant value. The intermediate drive operated in the scalar control mode, adjusting the torque to the current load and set revolutions. Measurement of the peripheral force and changes of belt tensile forces was used to determine the values of the transmitted friction forces, in accordance with the Equations (16) and (17). Measurement of pulley revolutions allows us to determine the point of loss of friction coupling between the belts. This is the point at which the measurement is deemed complete.



The initial state of the tests is work in steady motion without braking with the return pulley of the main conveyor. Then, the peripheral force on the only working return drive is in equilibrium with the total resistance to motion of the entire system. After imposing the braking torque (braking peripheral force   P b  ), the peripheral force of the intermediate drive increases by the value   Δ  P 0   . An important parameter from the point of view of the energy efficiency of the system is the mechanical efficiency, which can be defined as:


  η =    |   P b   |    Δ  P 0     



(22)




where   P b   is the value of the peripheral force at the return (braking) pulley of the main drive and   Δ  P 0    is the increase in the peripheral force of the intermediate drive as a result of the braking force   P b  .



Based on the known values of friction forces in the belts, the rubber–rubber friction coefficients were determined in accordance with the relation:


  μ =   F  m a x   N   



(23)




where   F  m a x    is the maximum friction force and N is the normal force (resulting from the pressure of the belts).



The determined coefficient relates to the kinetic friction between the moving belts. A constant value of the belt pressure force in time was assumed. In the carry side, the pressure resulting from the weight of the roller chain and the belt was 944 N, while in the return side, it was 144 N (only belt weight).





3. Results


The results of measurements of the operating parameters of the short conveyor forming the intermediate drive are shown in Figure 6. Figure 6a shows the value of the peripheral force measured on the torque arm of the intermediate drive pulley, while Figure 6b shows how the belt tensile force has changed (at the take-up pulley). The measured peripheral force is the same as the resistance to motion of the entire intermediate drive conveyor and is approx. 30 N. The increase in the peripheral force should be consistent with the decrease in the tensile force at the tail pulley. This is because the average tensile force in the belt is constant and the length of the belt loop does not change. The obtained results confirm the correctness of this assumption. The measurements were carried out for a belt speed of 2.5 m/s, which was constant in all measurement series. The plots show the data from the load cells before the start of the conveyor, start-up and stable operation of the conveyor. The values recorded during the stable operation of the conveyor allow us to determine the resistance to motion of the return and carry side (Figure 6c), according to the system of Equation (13). It has been shown that the resistance to the motion of the carry belt is approx. 18 N, while the return belt is approx. 12 N.



Figure 7 shows the time series of the peripheral force of the intermediate drive and the braking force at the return pulley of the main conveyor for two variants: with friction coupling only of the carry side (Figure 7a) and with coupling of both sides (Figure 7b). During these measurements, after starting the rig and stable operation, the braking torque was increased (negative values) and an increase of the peripheral force (positive values) was observed until the friction coupling was lost, which is related to the occurrence of a slip. The point of loss of friction coupling between the belts was determined based on the readings from the encoders. At the same time, there is a sudden drop in the measured forces and a change in the direction of motion. The resultant peripheral force of both drives determines the size of the total resistance to the motion of the rig (the sum of the resistance to motion of the main conveyor and the intermediate drive). In both drive cases, they are approximately equal. Working with the power transmission at the return side allows us to achieve a higher peripheral force and increase the load level of the intermediate drive before losing the the friction coupling and slip.



However, a full assessment of the operating status requires an analysis of the force distribution in the belt. Figure 8 shows how the tensile force of the intermediate belt and the main conveyor belt changed for two variants of operation. A decrease of the intermediate belt tensile force is observed at the take-up pulley. For the assumption of a constant average belt tensile force, this means that the tensile force increases in the power transmission sections. In the case of coupling, it is only the carry side of the intermediate drive (Figure 8a); the increase of the tensile force on the transmission sections is smaller than for the variant of the coupling of the two sides (Figure 8b). At the same time, an increase of the tensile force of the main belt at the take-up pulley was observed. This means that the friction force was transferred from the intermediate belt to the main belt, and the intermediate drive takes the load of the main conveyor. These results are consistent with the theoretical assumptions of the intermediate drive operation without division into the number and type of power transmission sections.



In the case of the operation of two belts (Figure 9b), the transfer of the friction force is at both the carry and the return side. In the case of work of one belt (Figure 9a), the friction force is transferred only at the carry belt. In this case, it is also the resultant friction force for the entire system. The results shown in Figure 9 are based on the measured values, but the division into the intermediate drive sides is based on theoretical assumptions. Therefore, in the case shown in Figure 9a, no drive transmission at the return side was assumed. The increase of the friction force is the effect of the increasing braking torque at the tail pulley of the main conveyor. The courses of the resultant friction force from the load at the indirect drive are similar, which excludes the possibility of additional resistance to motion of the test rig. An unambiguous answer (not resulting from theoretical assumptions) about the usefulness of the new drive is shown in the dependencies in Figure 10. The resultant friction force for the work of one belt is 686 N, while for the work of two belts it is 786 N. The additional friction force of 100 N is thus caused by the lower belt engaging. The limits that determine the maximum transferable friction force are based on the rotations of the pulleys. The limit was set at the point where slip between the belts first occurred. The additional 100 N of friction force is a logical value taking into account the gravitational coupling of the two belts at the return side.



The kinetic friction coefficient determined according to Equation (23) for both considered cases is approx. 0.72. The averaged values of the coefficient of friction in relation to the peripheral force are shown in Figure 11.



The course of the efficiency defined by the relationship (23) as a function of the intermediate peripheral force is shown (Figure 12).



In the full peripheral force range of the intermediate drive, the new solution was on average 2 percentage points more efficient. The maximum efficiency of the solution with the coupling of the carry side is 0.93, while the solution with the coupling of both sides is 0.95.




4. Discussion


The research results indicate that the proposed method of assessing the effectiveness of the intermediate drive, based on the peripheral forces, tensile forces and rotations of the pulleys, is proper. Part of the research was to determine the resistances to motion of the intermediate drive, which were then converted into resistances at the carry and return side. A symmetrical division of resistance to motion was obtained due to the same method of supporting the belts in accordance with Figure 4. Due to the limited resistance to bending, the belt on the pulley and low primary resistance, the absolute value of resistance to motion was small due to the use of a flexible, textile belt with low strength [52].



The additional length of the friction coupling allows for higher peripheral forces and greater drive load before the loss of friction coupling and slipping (Figure 7b). The implementation of an additional coupling in the intermediate drive results in a larger contact surface. At the same time, a higher decrease in the tensile force at the return pulley of the drive was registered, which is synonymous with the increased transfer of the friction force by intermediate drive (Figure 8). The drive variant with the return side friction coupling does not increase the resistance to motion of the laboratory conveyor, which can be clearly seen in Figure 7.



In order to determine the correct distribution of friction forces, it is necessary to know about the tensile forces of the belt at characteristic points. This is a technical problem as there are only a limited number of measuring methods, and they generally require complicated equipment to be installed and have contact with the belt. There are solutions based on the [53] roller measurement system, but the method affects the resistance to motion of the test rig, which makes it impossible to apply due to the assumptions described in the research methodology. Due to the practical complexity of measuring the forces in the belt anywhere along their length, it is necessary to determine them on the basis of theoretical assumptions. The distributions in Figure 9 show that the new drive variant allows the power to be transferred also at the return belt. The value of the maximum possible transferable friction force at the carry side is similar for the two variants. For the variant shown in Figure 9b, however, we obtain a higher resultant friction force, which results from additional sections of the friction coupling at the return side. These results were clearly confirmed in Figure 10. The level of the possibility of power transmission is determined by the maximum friction force achieved when the belts lose their sticking friction, i.e., after reaching a slip. The return belt causes the slip to occur with a higher peripheral force for the same working conditions of the conveyor. For both variants, it was possible to achieve and register the operating states with slip, and to estimate the friction coefficient equal to approx. 0.72. The measured values of the coefficient are the same as the results obtained in other studies for the rubber–rubber friction pair [54,55,56]. Similar coefficients of friction for the two tested variants confirm the correct estimates of the normal force and the correctness of the measured operating parameters.



The operation of the intermediate drive with the return belt allows us to increase the efficiency in the full load range by an average of two percentage points. The maximum mechanical efficiency of the intermediate drive’s power transmission is 0.93 only at the carry side, and 0.95 at the carry and return side. This translates directly into the improvement of the unit energy consumption index for the reduced value of the tensile force of the belt and the transferred friction force [57]. The efficiency of standard intermediate drives in real working conditions is even higher, which results from the tests carried out in laboratory conditions at low loads, resulting from the technical limitations of the test rig [10].



Further research should focus on the analysis of the influence of tensile force ratios of the belts on the transferred friction force. The theoretical considerations of the authors on the work of such a drive lead to the hypothesis that there may be areas where the additional return belt does not transmit the drive power. Assuming that the necessary condition for the friction force transfer at the return side is creep at the carry side, braking states may occur for a low load [1]. Similar phenomena may take place at high loads, when the creep is so high that some of the energy is dissipated into elastic deformations (circulating power) [58]. It should be clearly emphasized that these are only assumptions that require validation in further research. The results presented in the article confirm that there are certainly work areas where this type of drive can be useful. Of course, the limitation of power transmission at the return side is always the normal force (resulting from the pressure of the weight of the intermediate belt on the main belt). Heavy-duty belts (e.g., steel belts) increase the value of the normal force at the return side. This solution can be useful in belt conveyors with several intermediate drives, where it is necessary to increase the power transmission, but it is not possible (e.g., due to the available space) to install a new drive. In this case, it is possible to use the return side of the intermediate drive at the already existing conveyor structure.




5. Conclusions


A theoretical and research analysis was carried out on a new solution of an intermediate drive of belt conveyors with a belt coupling at two sides. An algorithm to estimate the quality of the drive operation based on the registered basic parameters of the laboratory conveyor operation was shown and verified. The work quality of the intermediate drive is understood as the value of the friction force transmitted to the main conveyor belt, the distribution of tensions in the belts, the stability and efficiency of the system. The research also allowed us to determine the coefficients of friction of the rubber–rubber friction pair in the operating conditions of the conveyor. It has been shown that the theoretical assumptions for the operation of a standard intermediate drive are proper. It has been shown that for the tested parameters of the conveyor operation, the analyzed new drive structure is a beneficial solution. It allows us to increase the transfer of the friction force between the belts and to improve the mechanical efficiency of the intermediate drive. There are many theoretical assumptions and hypotheses for the operation of such a drive, which have been presented in the discussion section and will be the subject of further research. This type of drive can be an important supplement to underground conveyor lines, where, due to the limited space, the installation of a new drive is not possible, and it is possible to use the existing drive structure for the installation of return belt support. It will also contribute significantly to the reduction of investment and operating costs, including electricity consumption.
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Figure 1. Distribution of belt tensile force in the intermediate drive: (a) real distribution, (b) approximation adopted in the calculations. 






Figure 1. Distribution of belt tensile force in the intermediate drive: (a) real distribution, (b) approximation adopted in the calculations.



[image: Energies 15 06062 g001]







[image: Energies 15 06062 g002 550] 





Figure 2. General view of the test rig. 
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Figure 3. Measuring system: (a) load cell on the torque arm of the transmission to measure the torque on the shaft of the drive pulley, (b) load cell for measuring the belt tensile force (compressive force on the cylinder piston rod), (c) incremental encoder on the shaft of the drive pulley for RPM measurement. 
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Figure 4. Tested variants of the intermediate drive operation: (a) friction coupling carry belt, (b) friction coupling carry and return belt. 
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Figure 5. Measurement algorithm. 
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Figure 6. Determination of resistance to motion of the intermediate drive belt sides: (a) peripheral force at the drive pulley, (b) change of the belt tensile force at the take-up (return) pulley, (c) resistance to motion of the carry and return side. 
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Figure 7. Increase of the peripheral force at the intermediate drive, braking (main) drive and the resultant peripheral force of the system (resistance to motion of the entire conveyor): (a) for coupling at the carry side, (b) for coupling at the carry and return side. 
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Figure 8. Changes in the belt tensile force at the take-up (return) pulley: (a) for coupling at the carry side, (b) for coupling at the carry and return side. 
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Figure 9. Transmitted friction force: (a) for coupling at the carry side, (b) for coupling at the carry and return side. 
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Figure 10. Resultant friction force as a function of intermediate drive peripheral force for two work variants. 
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Figure 11. Ratio of friction force to normal force as a function of intermediate drive peripheral force for two work variants. 
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Figure 12. Mechanical efficiency as a function of intermediate drive peripheral force for two work variants. 
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