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Abstract

:

Longwall shearers operating in the underground mine workings move along the longwall face along the conveyor troughs. The haulage system, which is made up of two kinematic pairs in the form of track wheels installed in shearer movers, cooperating with the toothed route built in the conveyor’s throughs, is responsible for moving the shearer. The currently used solutions of longwall shearers’ haulage systems do not ensure proper cooperation of the track wheels with toothed segments, which results in failures and breakdowns in the operation of the longwall systems, causing significant financial losses. Rigid solution of the gear components used is the reason. The solution of the flexible toothed segment, allowing it to adapt to the longitudinal and transverse curvature of the AFC (armored face conveyor) route during cooperation with the track wheel, was developed as part of the research project jointly implemented by KOMAG Institute of Mining Technology, AGH University of Science and Technology, Łukasiewicz Research Network–Cracow Institute of Technology, Specodlew Innovative Foundry Company and Polish Mining Group Inc., co-financed by the European Regional Development Fund (contract no. POIR.04.01.04-00-0068/17). The general design and principle of operation of the suggested KOMTRACK system is given. The results of the comparative simulations and analyses are presented. The load and slip values during the cooperation of the track wheels with the standard and new suggested toothed segment were estimated. The effectiveness of cooperation in the shearer movement along a disturbed conveyor route was also compared.
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1. Introduction


Proper functioning of a longwall shearer system requires, among other things, using efficient shearer haulage systems. The main task of the haulage system is to move the longwall shearer along the panel, overcoming the movement resistance and the resistance resulting from the mining and loading [1] of coal onto the conveyor. There are many factors that significantly affect mining machines’ availability and the daily output [2], and the operation of the haulage system is among them. Operational reliability of the haulage system depends on the availability time of the mining machine and the daily production. In work [3], the authors, analyzing the causes of breakdowns in the longwall system haulage, state the failures of the haulage system as one of the main reasons for downtimes related to the replacement of worn-out driving wheels and trapping shoes. In the works [4,5,6,7,8,9,10,11], the longwall shearer haulage systems used in the world in underground coal mines were reviewed.



The analysis of the possibility of increasing the production clearly indicates the need to use increasingly efficient longwall systems equipped with the shearers of high technical parameters. This applies to the power installed in the shearer, its weight, the haulage speed, and the pulling force. An increase in operational parameters of longwall shearers is also followed by modifications to the haulage system. The modifications concern the haulage systems, developed nearly forty years ago, intended for use in the shearers of much lower power and pulling force. Since then, there have been no significant changes or new solutions to this type of haulage systems. The review of world literature allowed us to find only a few articles dealing with this subject [12,13,14,15,16]. Most of the items, which mention the haulage systems of longwall shearers, are in Polish.



The stringless haulage mechanism with two driving wheels known as Eicotrack 2 BP, the model of which is shown in Figure 1 [17,18,19], is the most commonly used system in underground coal mines. In this system, the shearer is moved due to the cooperation of track wheels, located vertically in the shearer movers, with the Eicotrack linear rack installed horizontally in the spill-plate. The linear rack segment used in this system consists of two longitudinal bars, inseparably connected with six pins, creating a rigid body.



During operation, the adjacent conveyor troughs move in the horizontal and vertical planes one against the other. Rigid fastening of rack segments to the spill-plates supports makes their movement impossible, especially in the horizontal plane, which causes the rack position to change in relation to the track wheel when the route of the AFC (armored face conveyor) is bent. This leads, on the one hand, to a disturbance of the pitch between the end pins of adjacent linear racks and to a change in the distance between the pins of the rack segments and the axis of rotation of the track wheel, and on the other hand, to the so-called teeth edging [1,2,3,4,5,6,7,8,9]. Unfavorable excesses of dynamic forces causing increased wear of the roadheader track wheel are a result of the above-mentioned route disturbance. In turn, as a result of the so-called teeth edging, the pressing stresses between the cooperating surfaces of the track wheel and rack are significantly exceeded, which also leads to excessive wear of the shearers’ track wheels. These phenomena are intensified along with the increasing power of movers and the weight of longwall shearers [20]. This is the reason for numerous downtimes during the longwall mining, leading to large losses due to the need to replace worn-out components in particularly dangerous conditions [21]. The view of damaged track wheels requiring replacement is shown in the Figure 2. In comparison to the new one, the dimensions of the teeth are up to 50% decreased.



In recent years, KOMAG has developed the concept of the innovative Flextrack haulage system, enabling the limitation of high pressing forces occurring in the Eicotrack system between the cooperating surfaces of the track wheel and the rack. Its flexibility reduces the change in the meshing ratio between neighboring segments, when the conveyor bends in the vertical and horizontal planes. The suggested system (Figure 3a) is fully compatible with the commonly used Eicotrack system, which guarantees its replaceability with the already existing longwall systems.



A rack consisting of segments containing only one tooth and two side walls symmetrical to the rack longitudinal axis is the essence of the innovative haulage system. Each of the sidewalls of the rack segment has spherical raceways, which are located on the cooperating surfaces of the successive rack segments. Such a design of cooperating components of the neighboring rack segments enables them to align with each other without changing the pitch between the successive teeth. The surfaces of the raceways of the successive segments of the rack have the possibility of transverse and longitudinal inclination, limited only by a special guide in which they are installed. Such a rack of the feed system allows overcoming, in a smooth way, the longitudinal and transverse bends of the AFC (armored face conveyor) route. The modular structure of the system will facilitate the assembly and replacement of each component of the haulage system. A profile with a concave, cylindrical side surface, the radius of which is 5% larger than the largest radius of the tooth profile of the driving wheel, has been suggested in a place of the convex tooth profile commonly used in the Eicotrack system. The outline of the tooth flank (Figure 3b) is a combination of the upper and lower convex surfaces located at the corners of the tooth and the concave central surface that connects them, cooperating with the gear tooth.



A prototype solution of this system was made and tested in the laboratory. The tests were carried out using a real longwall shearer in a work condition equal to the underground coal longwall. Their results confirmed the effectiveness of such a system (adaptation of rack segments to the curvature of the conveyor route). However, significant wear was still noticed in both the track wheels and the Flextrack toothed segments. The quantitative wear was about 20% higher than for the Eicotrack system, but it was very even. It is shown in Figure 4. There was a significant slip between the cooperating components; the frame wheel and the toothed segment were the reason for the increased wear. The encouraging results prompted the designers of the Flextrack system to develop a new version of the haulage system, allowing for the elimination or significant reduction of the slip and the load to the haulage system cooperating components.




2. Tests Scope and Objectives as Well as Used Methodology


The development of such a geometric version of the toothed segment so that during the cooperation of the track wheel with this segment, the maximum slip between the cooperating components is reduced was the objective of tests planned within the project. The effectiveness of this cooperation (adaptation of the track wheel plane to the axis of symmetry of the toothed segments) during the shearer’s movement along the curved route of the face conveyor as well as the loads generated in the case of the standard and new solution of the haulage system were also compared.



The first part describes the design and principle of operation of the suggested KOMTRACK haulage system. The developed new geometric versions of the gear segments were analyzed theoretically and simulated in terms of the slip formation. Successively, the impact of the rack profile shape on the gear ratio disturbances and slip speed were determined. The obtained research results allowed the selection of a geometric solution of the KOMTRACK rack segment, for which an additional analysis of the cooperation between the track wheel and the Type V3 gear segments in terms of slippage was made. The Type V3 toothed segment solution was checked and compared with the Eicotrack system in subsequent tests in terms of the effectiveness of cooperation on sections of the disturbed conveyor route and the loads recorded during this cooperation.



The planned tests were realized using the Autodesk Inventor–Dynamic Analysis Environment, Autodesk Simulation Mechanical, Excel, and ANSYS LS-DYNA software. They allowed for simulations in a very wide spectrum and with the highest accuracy. A high-power Z840 workstation, 120 GB RAM, and 2 × 20 cores were used for the tests. The following assumptions were made for the simulations:




	
the maximum force transmitted by a track wheel tooth was 562 kN for the KOMTRACK/Eicotrack system;



	
the angle of rotation of the KOMTRACK toothed segments in relation to each other was at least +/− 0.3 degrees;



	
the stresses at each point of cooperation of the friction pair—gear-racks were below the yield point of the material;



	
the KOMTRACK and Eicotrack haulage system pitch was 151 mm;



	
angular speed of the track wheel cooperating with racks was ω = 0.5 deg/s.








The simulation tests are described in detail in Section 4 and Section 5.




3. Design and Principle of Operation of the KOMTRACK System


The toothed segment, shown in Figure 5, is the main component of a new KOMTRACK haulage system, responsible for the power transmission and the shearer’s haulage. The toothed segments positioned successively in the guide form a kind of rack. Each segment contains one tooth bounded by sidewalls. Each of the walls has spherical-shaped raceways located on the cooperating surfaces of the successive rack segments. Sidewalls of the rack segment are finished on both sides with catches and sockets to catch neighboring rack segments. The components, cooperating with the neighboring components through spherical raceways, establish their mutual position without changing the tooth pitch. This ensures the correct operation of the gear-rack kinematic pair. The successively positioned segments of the rack enable transverse and longitudinal cooperation and overcoming bends of the conveyor route in vertical and horizontal directions (Figure 6).



The guide, which supports the skid of the shearer side gear, is another important component of the KOMTRACK haulage system. The guide task is to transfer the shearer gravity through its upper surface. Moreover, the guide is also a form of housing for the toothed segments placed therein. Figure 7 shows a 3D model of the shearer side gear with an installed skid and KOMTRACK system components. In the guides fixed to the conveyor troughs, segments are arranged, forming a rack that co-operates with the track wheel. The technology of assembly and disassembly of each toothed segment requires using the inspection window in the guide. The track wheel rolls over the successive toothed segments placed in the guides. The possibility of mutual displacement of the segments against each other enables the rack route to adapt to the armored face conveyor curvature.




4. Analysis of the Slippage of Track Wheel and KOMTRACK Toothed Segment


The operational conditions of the shearer drive are specific, which practically makes correct (from the theoretical point of view) cooperation between the wheel and rack impossible. In such a situation, we look for a compromise solution, such as non-standard profiles, which would make it possible to slow down the wear of the track wheel and thus extend its service life. This is due to two basic factors, namely the parameters of the pressure forces between the surfaces of the teeth of the wheel and rack and the slippage between these surfaces during the intermeshing process. This part of the article describes the analysis of the slip differences between the toothed surfaces of the track wheel and the new rack design.



4.1. Theoretical Analysis of the Correct Cooperation of the Gear—Rack System


When selecting a profile for teeth of cooperating components, properties of existing gears of the profiles, called standard ones, were analyzed. These include cycloidal and involute profiles as well as less frequently used circularly arched profiles.



The advantages of cycloidal gearing are as follows: the concave tooth surface of one-wheel cooperates with the convex surface of the tooth of the other wheel and vice versa; there is a wide contact area and small unit surface pressure; there is low tooth wear, low slippage, and high gearing efficiency. On the other hand, the disadvantages of cycloidal gearing are as follows: the need to maintain a very precise interaxial distance as the sum of the theoretical radii of the rolling wheels, teeth machining using precise numerically controlled machines, and vibrations and additional dynamic loads caused by inaccuracy of the tooth pitch.



Due to the above-mentioned disadvantages, the cycloidal gear cannot be considered to be used in the shearer drive. However, it is possible to try to use some of its features to modify the currently used involute gearing. Therefore, its properties should be analyzed, and the advantages and disadvantages, as well as the impact of parameters on the shaping of slips and loads, should be assessed.



The features of the involute profile are generally well known, as it is the most commonly used type of intermeshing in machine drives. It is also used in rack and pinion haulage drives of longwall shearers. In these drives, the track wheels are the involute teeth wheels, while the rack profiles are often modified. An attempt to apply a rack with a concave tooth profile (Flextrack system) to minimize the forces of inter-teeth pressures was not fully successful; therefore, a modification was aimed at minimizing the defects of involute intermeshing.



Contrary to the cycloidal profile, the involute profile is not very sensitive to the change of the distance between the axles of the cooperating wheels. However, this has other consequences, which are referred to as involute intermeshing disadvantages, the impact of which should be minimized by appropriate selection of parameters.



Complex rolling and sliding processes are found between the two involute sections in the buttress, in the result of different lengths of the cooperating involute sections. These sections responsible for the uniform rotations of the cooperating wheels can be regarded approximately as circular arcs, the radii of which are equal to the radii of curvature at the considered places. According to the diagram in Figure 8a, the slip speed vp at point B will be [22]:


vp = CB·(ω1 + ω2)



(1)




where:




	
ω1, ω2—angular speeds of cooperating gears,



	
CB = g—a distance of the discussed point B from the central point C.








The presented relationship shows that the slip speed is directly proportional to the segment g and to the sum of the angular speeds of the cooperating wheels. Assuming constant (unchanging) angular speeds, the greater the sliding speed, the greater the distance between the tooth side contact point and the central point C, equal to zero at point C. The sense of a slip speed vector on the tooth side surfaces is different on the tooth side of the driving wheel than on the tooth side of the driven wheel.



The method for determining the slip of the cooperating toothed wheels, presented in Figure 8, can be used to determine the slip of toothed gear. The method for determining the slip of the cooperating gears presented in Figure 8 can be used to determine the slip for a toothed gear. The situation is simplified because the rack is stationary, so only the rotational movement of the track wheel is considered, and the slip speed in this case will be g·ω1.



Conclusions regarding the selection of intermeshing parameters can be drawn from the presented analyses allowing for reduction of the slip, which have a significant impact on the wear of the track wheel teeth, especially in their tips. Unfortunately, it shows that the bigger slip causes the greater nominal angle of the profile and the lower high of the tooth. Additionally, this operation reduces intermeshing, which may lead to situations where loads are transferred by one tooth, especially when using the bigger tooth clearances, which is intentional due to the above-mentioned characteristics of the shearer driving gearbox. These features are reasonable when selecting the intermeshing parameters but should be confronted with the advantages and disadvantages of the involute intermeshing listed below.



The advantages of the involute gearing include the following: it is practically insensitive to changes in the distance between the axels of the cooperating wheels. Direction and magnitude of the radial pressures and along the buttress line (gearing) are constant, so there are no additional load fluctuations and vibrations during operation, and there is the relatively high efficiency of intermeshing, although, in the case of a shearer drive, this advantage is not evident due to the specific working conditions. The disadvantages, however, include the following: quite a large surface pressure, especially in the area of the teeth tips, and slightly greater slip than in the cycloidal intermeshing.



Despite these disadvantages, the involute gearing is the only basic solution that meets technical and economic criteria and, after modifying the profile of the rack teeth, will make it possible to reduce wear on the shearer track wheels [1,2,3,4,5,6,7,8,9].




4.2. Simulation Tests of the Slip during the Co-Operation of the Track Wheel and New Rack Solutions


Considering the above information and the results of work with the Flextrack haulage system, three new design solutions for rack segments were developed for the simulation tests, Figure 9. The basic rack for involute intermeshing, i.e., a rack with straight teeth, is presented as Type V1 in Figure 9a. The following are racks with modified profiles. A segment with a tooth with a mixed arch profile Type V2 is shown in Figure 9b, and Type V3 in Figure 9c is a segment with a modified tooth profile, used in liner racks for the Eicotrack system manufactured by Ryfama.



The results of simulation tests carried out in accordance with the suggested methodology in Autodesk Inventor-Dynamic Analysis Environment are shown in Figure 10. Three kinematic parameters, such as the angular speed of the frame wheel ω, assumed to be a constant (kinematic motion excitation), the displacement L of the model of the wheel drive, and the linear speed of this displacement Vs, are shown in graphs.



By comparing the diagrams, it is possible to assess the impact of the shape of the rack profile on disturbances in the gear ratio, mainly resulting from the slip between the teeth. This is precisely illustrated by the linear speed of displacement of the track wheel model of the drive Vs. In the case of the segment with a Type V3 tooth with a mixed arcuate profile, after the initial change of the speed, its stabilization can be observed. As for the two remaining segments, changes in the displacement speed are visible throughout the simulation. The impact of segment profiles on movement disturbances manifested as changes in the linear speed of displacement, assuming that the nature of periodically variable movements with variable amplitude is not stable. It can be concluded that the gaps between the teeth during intermeshing and disengagement of the gear teeth with the rack teeth have an impact on the process. Disturbances in the distance of the teeth increase the resistance to movement and pressure, and thus the friction forces at these moments. The type of profile and its geometrical parameters manifest themselves in periodic excitation of vibrations with variable amplitude.



The least favorable situation is in the case of the V1 straight-toothed rack, where these speed changes have the greatest dynamics, and therefore the most significant amplitude and duration. The load to the tips of the rack teeth, where there are the greatest pressures and at the same time the greatest slip, is important.



The situation is most favorable for teeth with a modified profile marked as Type V3. This is due to the fact that the modification of the profile mainly consisted in rounding the tooth head. The profile was modified with arcs of larger radii. Based on the presented diagrams, it can be assessed that the change of the rack profile causes that the gear ratio is not constant, irrespective of the impact of other factors, such as tooth clearances and changes in the distance between the rack wheel axis and the rack line. It should be emphasized that the presented simulation results are of comparative importance, and the conditions of the gear displacement and all parameters adopted for the simulation were identical for each case of the rack profile.



Regardless of the analysis of the impact of gear ratio disturbances, the result of which showed a significant improvement in the cooperation of the wheel with the rack by modifying the teeth geometry, the trajectory and speed of movement of the wheel tooth tips was also analyzed, enabling directly assessing the slip speed. Comparative analysis was also carried out regarding the tooth profile in the currently used Eicotrack rack system to verify the advisability of modifying the tooth profile of the rack. The parameters were determined in the same way as for the tests of racks suggested for the KOMTRACK system. The selected results of this analysis as screen shots are presented in Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15, successively for each KOMTRACK rack segment and Eicotrack linear rack. The arrows show the values (length of the arrow) and directions of the slip speed for successive positions of the track wheel in relation to the rack—the first position is marked in red, the next in green, and the last in pink.



Figure 11 shows the situation before the track wheel enters the buttress with a rack, which is analogous for all analyzed cases. On the other hand, Figure 12 and Figure 13 show the situation of starting the slip process; the wheel enters the buttresses with Type V1 and V2 toothed gear, and in Figure 14 and Figure 15, the moment of starting the slip process when entering the buttress with toothed gears is shown for the Type V3 toothed gear and the Eicotrack linear rack, and slippage of the track wheel while moving over the rack surface is shown. The presented slip velocity vectors, marked in red, pink, and green in the Figures, are proportional to the values of these speeds.



When analyzing the cooperation between the track wheel of the involute profile of teeth and gears with the modified tooth profile, it can be stated that minor modifications that can be allowed to not deteriorate the cooperation of the gear-rack pair have a relatively small effect on the change in the value of slips. In a specific case, the variations in the slip range from 9.0 to 21.3 mm/s. These are approximate and comparative values, useful when selecting the direction of changes regarding the modification the rack tooth profile. It should be emphasized that the assumption that the profile of teeth of the track wheel cannot be changed imposes significant limitations in modification of the parameters of the toothed segment teeth profiles. It should be remembered that the specific operating conditions of the shearer haulage drive and its related structure and the need to accept large manufacturing tolerances and tooth clearances do not allow for the unverified application of the principles resulting from the theory of toothed gear operation.



It should be noted that a reduction in slips causes a reduction of the intermeshing surface area. In the analyzed case, the best result was obtained for the version of the rack profile marked as Type V3. The cost of this is reduction in the contact surface area of the gear teeth cooperating with the rack, thus eliminating the areas near the apexes and near the tooth base from cooperation. This will have consequences such as the deterioration of the cooperation conditions as the teeth wear.



Analysis of the tooth profile of the rack, which was used in the modified version of the Komtrack system, led to the conclusion that by modifying the tooth profile, the slip can be reduced. However, it should be noted that this is the result of the theoretical analysis of cooperation, and that the reduction of slippage reduces the degree of coverage for intermeshing. Consequently, the risk that a single tooth is carrying a heavy load increase. In the case of the shearer drive, it cannot be ruled out that a single tooth will bear the entire load of the shearer, assuming high rack stiffness. Partition of the rack into segments reduces this risk by increasing its longitudinal flexibility. Therefore, the analysis of loads to teeth will be of the greatest importance, taking into account various conditions of the route configuration.



Later, the cooperation of the selected kinematic pair, the track wheel and the Type V3 gear segments, was analyzed in the Autodesk Inventor, AutoCAD Mechanical, and Microsoft Excel software environment in terms of slippage during the total rolling of the wheel through the toothed segment. Simplified 3D models of Type V3 toothed segments without casting beams and a simplified 3D model of a track wheel of a nominal width 76 mm was used for the analysis. For this type of analysis, only the profiles of the tooth flanks of the cooperating kinematic pairs are important. The entire length of the contact between the kinematic pair was analyzed, which translates into the angle of rotation of the track wheel by 30°. This angle results from the number of teeth on the frame wheel z = 12. After rotating the track wheel by 30°, the intermeshing conditions are repeated cyclically. The gear axis is 262 mm from the upper surface of the sidewalls of the gear segments. The general isometric view and the cross-section of the track wheel connection with toothed segments developed to analyze slips in the kinematic pair of the KOMTRACK feed system is shown in Figure 16.



The analysis began with intermeshing at the moment when two teeth of the track wheel were in contact with two teeth of neighboring toothed segments. This intermeshing of the kinematic pair was taken as the beginning of the meshing and a track wheel rotation angle of 0° was assigned to it. Then the track wheel was rotated by 1° with the simultaneous contact of the corresponding tooth surfaces. Successive rotations of the track wheel by an angular increment of 1° were repeated until the wheel rotation by 30° was achieved. A view of the analyzed positions of the track wheel for the selected angular positions 0°, 5°, 10°, 15°, 20°, 25°, and 30° in relation to the toothed segments is given in Figure 17.



Figure 18 shows the results of the analysis of slippage of the track wheel flank in relation to the toothed segment flank. The study shows that starting from the moment of intermeshing, the slip of the toothed segment flank in relation to the track wheel flank increases, reaching a maximum value of about 8 mm in the middle of the intermeshing length (angle of rotation of the track wheel about 15°). Thereafter, the slip of the toothed segment flank decreases until it reaches a non-slip condition corresponding to a track wheel rotation angle of approximately 28°. From this moment until the gearing out, the flank of the track wheel begins to “accelerate” in relation to the flank of the toothed segment—slippage of the analyzed kinematic pair results from the differences in the active length of the cooperating teeth. The active length of the track wheel flank is approximately 39.3 mm, while the corresponding length of the toothed segment flank is less than 37.5 mm. The identified differences in the active length of the two buttress surfaces are one of the main causes of the frictional wear of the shearer’s haulage system components. Based on the determined slip, a diagram was drawn up (Figure 19), illustrating the changes depending on the track wheel angle of rotation.



Based on the relationships given in [3], the pulling force, the meshing force, and the vertical component Y were also determined for the analyzed system. The obtained results are presented in the form of a graph for three consecutive intermeshings in Figure 20. The analysis of the results shows that for the angle of rotation of the track wheel in the range between the 7–20°, the traction force, and the vertical component Y remain at the same level. During one cycle of meshing, the pulling force increases, reaching its maximum value at the moment of gearing out.



The selected design of the Type V3 toothed segments was manufactured in a prototype version, and initial functional tests of the suggested system were carried out on a test stand built on the storage yard of one of the mines belonging to PGG S.A.



The results were satisfactory. The high flexibility of the rack during the shearer movement along the curved route of AFC was obtained. On the other hand, plastic bending of the toothed segment catches as well as their breaking at the point of the smallest cross-section surface area were reported in a few cases, as shown in Figure 21.



To avoid this type of damage, it was suggested to introduce changes to the design of the toothed segment. A solution of the toothed segment was developed, the 3D model of which is shown in Figure 22. The profile of the tooth flanks is the same as for the previous solution of the V3 type toothed segment, the difference is only in the height of the tooth (lower by 10 mm) and in the absence of catches. The tests concerning the slippage during the cooperation of the track wheel with the new solution of the toothed segment gave the results analogous to the results obtained for the previous version of the segment with catches. A new solution of the toothed segment without catches was used for further tests.





5. Load Analysis of the Tested Eicotrack and KOMTRACK Haulage Systems during Operation on a Bent Conveyor Section


The results of simulation tests for the Eicotrack and KOMTRACK systems in the case of the conveyor route curved in the horizontal plane are presented below. The model tests were carried out in the ANSYS LS-Dyna program, using the multibody system method. These were comparative tests, and their main purpose was to identify the loads to the track wheel, including contact forces, for the selected geometrical configurations of the haulage system. The unit was divided into subassemblies, between which appropriate kinematic pairs were defined. Subassemblies or components were the rigid bodies with appropriate mass parameters (centers of gravity, mass moments of inertia). The shearer body was loaded with a force of 562 kN, and its movement was forced by a kinematic input such as a constant angular speed of the track wheel. Standard and higher-order kinematic couplings were used to build the model. In order to model the interaction between the track wheel and the toothed segments, contact-space connections were used. Due to the time-consuming calculations, a displacement was simulated along the length of two conveyor troughs. Measurements were taken on the length of the second trough inclined by an angle of 2.5° in relation to the first one. The operation of the Eicotrack and the Ko KOMTRACK systems with Type V3 toothed segments were simulated.



Simulation tests of the displacement along the conveyor section twisted in the horizontal plane were performed first for the Eicotrack system. The displacement started with the shearer travelling along a straight section, followed by a displacement through linear racks twisted in relation to each other. The shearer’s travel was simulated until the conveyor troughs were twisted by an angle of 2.5°. During the displacement, the following assumed cooperation parameters were measured: the track wheel–linear rack, i.e., reactions in the selected kinematic nodes and contact forces. Identification of the contact force of the frame track and linear rack was the most important for analysis. A view of the model with the Eicotrack system used for the tests with the linear rack, along which the parameters were measured, is shown in Figure 23a. The resultant contact force is shown in Figure 23b. The circles mark the force peaks related to full contact of the track wheel and the rack.



The next stage of the tests was the analysis of the KOMTRACK system. The methodology of testing in this case was the same as for the Eicotrack system. A sample view of the 3D model of the shearer used during the tests is shown in Figure 24a. An upgraded toothed segment model without catches was used for testing. During the tests, the contact forces were recorded in three central toothed segments located in the guide twisted at an angle of 2.5°. The contact forces related to the selected toothed segments measured during the tests are shown in Figure 24b.



Based on the contact forces between the track wheel and the linear rack/toothed segment while passing a short test section of the conveyor route curvature in the horizontal plane, the maximum forces were recorded for the three middle teeth of the Eicotrack linear rack and the three middle, modernized toothed segments of the KOMTRACK system, which are presented as the graph in Figure 25.



On the other hand, Figure 26 shows the waveforms of the vertical contact force reaction for the Eicotrack linear track and the KOMTRACK toothed segment. The force has the greatest impact on the generation of slip of the track wheels. The results of averaged parameters for the displacement through the guide twisted at an angle of 2.5° are presented in Figure 27. It was observed that during the travel of the track wheel along the modernized KOMTRACK toothed segment, the vertical component of contact forces was lowered by more than 30%.



In the last phase of the simulation tests of the conveyor route curved in the horizontal plane (the first section of several conveyor troughs was straight, and the next sections were twisted in succession by an angle of 2.5°), comparative simulations of a track wheel travel were realized for the Eicotrack and KOMTRACK systems.



The input data for the model were determined on the basis of earlier dynamic simulations. The load as in the previous tests was assumed to be 562 kN. The simulation consisted in pressing the linear rack or toothed segment with the assumed clamping force against the tilted track wheel.



At the moment of contact of the track wheel with the Eicotrack linear rack or KOMTRACK toothed segment, the angular deviation of the track wheel plane was measured in relation to the symmetry plane of the liner rack or toothed segment. The deviations of the plane of the discretized model of the track wheel with respect to the symmetry plane of the KOMTRACK toothed segment and in relation to the symmetry plane of the Eicotrack linear rack are shown in Figure 28a and Figure 28b, respectively.



In the case of the Eicotrack linear rack, the angular deviation of the track wheel plane was measured in relation to the plane of symmetry of the linear rack, and it was 2.92°. On the other hand, the flexibility of the KOMTRACK toothed segment caused angular deviation of the track wheel plane in relation to the symmetry plane of the toothed segment to be much smaller, and it was 0.49°. Due to this method of operation, the parameters of reduced stresses generated in the toothed segments were much lower than in the case of the Eicotrack linear rack and were as follows: Type V3 KOMTRACK toothed segment = 2569 MPa; Eicotrack liner rack = 3243 MPa.




6. Conclusions


Analyses and simulations, the results of which are presented in the article, confirmed the correctness of the conclusion that the shape and geometrical dimensions of the toothed segments cooperating with the track wheel had a large impact on the unit pressures and contact forces, loads to the components of the haulage systems, as well as the sliding distance and speed. Comparing the three flank profiles of the new KOMTRACK rack solution to find the most advantageous rack profile for the new KOMTRACK haulage system in the context of the slip and contact stresses, the solution with the Type V3 involute flank appeared to be the most favorable.



The analysis of slips for the tooth profile of the V3 type rack, which was used in the KOMTRACK version, leads to the conclusion that by modifying the tooth profile, it is possible to reduce slips. It should be noted, however, that this is the result of the theoretical cooperation analysis, and the reduction of slippage results in reducing the degree of coverage for the meshing. Therefore, the risk of situations in which a very large load is transferred by a single tooth increases. When driving the shearer, it cannot be ruled out that a single tooth will carry the entire load to the shearer. Dividing the rack into segments reduces this risk by increasing its longitudinal flexibility. Therefore, the analysis of loads to the teeth was very important, taking into account various conditions related to the route configuration.



The results of comparative analysis for the components of the Eicotrack and KOMTRACK haulage system allowed for the conclusion that the use of the modernized design of the KOMTRACK Type V3 toothed segment (without catches) significantly reduced the stress and load in relation to the Eicotrack linear rack.



The dynamic tests, in the conditions of traveling along the bended section of the conveyor, gave very good results. During the simulation tests, no collision of the track wheel teeth with the guides and side surfaces of the toothed segments was observed. The toothed segments change their angular position in the guide and thus the angle between the plane of the wheel and the plane of symmetry of the rack is reduced. The measured angle of deviation of the track wheel plane with respect to the symmetry plane of the Eicotrack ladder was 2.92°, and in the case of the KOMTRACK rack, the angle of deviation of the plane of the track wheel in relation to the symmetry plane of the rack was lower and amounted to 0.49°. This proves that the KOMTRACK rack is flexible.



Cooperation between the components of the standard Eicotrack haulage system and the new Komtrack haulage system with the Type V3 rack (without catches) was verified in kinematic and dynamic computer tests, simulated for the AFC route bent in the horizontal plane (angle of twist of each conveyor trough in relation to the previous one by minimum 2.5°, which in mining conditions enables obtaining the web depth of about 0.8 m), i.e., in extreme operational conditions.



When the components of the haulage system were loaded during the travel of the track wheel, the maximum resultant contact force for the KOMTRACK rack was lower by at least 20% (Eicotrack = 311 kN, KOMTRACK = 248 kN).



Taking into account the vertical contact force reaction, which is responsible for the slippage of the track wheel when moving along the rack or linear rack along the conveyor route, the Komtrack system obtained over 33% lower average values of this reaction compared to the Eicotrack system (Eicotrack = 168 kN, KOMTRACK = 111 kN).



Comparing the reduced stresses generated in the components of the haulage systems during travel of the track wheel along the conveyor route with the troughs twisted in relation to each other by an angle of 2.5°, it was found that the stresses in the KOMTRACK system were about 25% lower than in the Eicotrack system; KOMTRACK rack = 2569 MPa; Eicotrack linear rack = 3243 MPa.



Taking into account the positive results of the simulation tests with the modernized version of the KOMTRACK rack, it can be assumed with high probability that the use of the new version of the KOMTRACK Type V3 rack (without catches) in underground conditions will bring the expected effect: lowering the load to the cooperating components reducing their wear rate, especially the wear of the track wheels. This is confirmed by the preliminary results of the bench tests performed at PGG S.A.
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Figure 1. Model of a shearer haulage system of Eicotrack type. 
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Figure 2. Damaged track wheels of the Eicotrack system. 
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Figure 3. Flextrack haulage system: (a) 3D model, (b) tooth flank outline of the rack segment. 
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Figure 4. Damages to the track wheel and the Flextrack racks during the field tests. 
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Figure 5. 3D model of a rack segment: 1—tooth, 2—side wall, 3—socket, 4—catch. 
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Figure 6. Possible movement of the rack segments-direction: (a) vertical, (b) horizontal. 
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Figure 7. 3D model of KOMTRACK system components. 
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Figure 8. Diagram showing the slip formation: (a) diagram of the slip speed for different points of teeth profile, (b) sense of a vector of slip speed on teeth side surfaces [22]. 
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Figure 9. Selected geometric profiles of teeth: (a) Type V1, (b) Type V2, (c) Type V3. 
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Figure 10. Diagrams of angular speed of the track wheel ω (blue color), displacement L of the model of the wheel drive (pink color), and the linear speed of this displacement Vs (red color) for Komtrack toothed segments—(a) Type V1, (b) Type V2, and (c) Type V3. 
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Figure 11. Situation before the track wheel enters the buttress with a rack. 
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Figure 12. Toothed segment Type V1: (a) moment of starting the slip—slip speed about 16.1 mm/s, (b) slip of the track wheel surface when entering the buttress with a rack, slip speed at the moment of contact about 17.57 mm/s. 
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Figure 13. Toothed segment Type V2: (a) moment of starting the slip—slip speed about 15.1 mm/s, (b) slip of the track wheel surface when entering from top the buttress with a rack, slip speed at the moment of contact about 21.3 mm/s. 
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Figure 14. Toothed segment Type V3: (a) slip of the track wheel surface when entering the buttress with a rack for a point significantly far from the cut, slip speed at the moment of contact, about 11.6 mm/s, (b) contact point moves along the rack surface, slip speed reduces to about 9.0 mm/s. 
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Figure 15. Eicotrack linear rack: (a) moment of starting the slip when entering the buttress with a rack, slip speed about 14.2 mm/s, (b) slip of the track wheel tooth tip, slip speed at the moment of contact about 15.7 mm/s. 
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Figure 16. The general isometric view (a) and the cross-section of the assembly of the track wheel with toothed segments (b) assumed for the purpose of the analysis of slips in the kinematic pair of the KOMTRACK feed system. 
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Figure 17. View of the analyzed positions of the track wheel with the toothed segments. 
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Figure 18. Toothed segment flank slippage in relation to the track wheel. 
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Figure 19. Diagram of the kinematic pair—track wheel-Type V3 toothed segment slippage in a function of the track wheel rotation angle. 
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Figure 20. Diagram of changes in the following forces: pulling force, inter-teeth force, and vertical component Y in a function of track wheel rotation angle. 
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Figure 21. View of one of the damaged toothed segments of the Komtrack system. 
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Figure 22. 3D model of the modernized toothed segment Type V3. 
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Figure 23. Model tests of the identification of the loads to the track wheel during the displacement of the linear track inclined by 2.5°: (a) model for the Eicotrack system, (b) the resultant contact force. 
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Figure 24. 3D model of the modernized toothed segment Type V3. Model tests for the identification of the loads on the track wheel while moving over the rack inclined by the angle of 2.5°: (a) model of the KOMTRACK system, (b) the resultant contact forces: toothed segment 1—grey color, toothed segment 2—green color, toothed segment 3—blue color. 
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Figure 25. Diagram of the maximum contact forces (for the three middle components of linear racks/toothed segments) for the Eicotrack and KOMTRACK systems. 
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Figure 26. The parameters of the vertical component of contact forces at the point of contact: (a) track wheels—Eicotrack system linear rack, (b) track wheels—modernized KOMTRACK system: toothed segment 1—red color, toothed segment 2—blue color. 
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Figure 27. Average parameters of the vertical component of contact forces for the displacement through a guide twisted at an angle of 2.5°. 
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Figure 28. View of the deviation of the track wheel plane in relation to the symmetry plane: (a) KOMTRACK toothed segment, (b) Eicotrack linear rack. 
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