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Abstract

:

The coefficient of friction between a wheel tread and the top of the rail should be maintained at intermediate levels to limit frictional tangential contact forces. This can be achieved by applying top-of-rail products. Reducing the coefficient of friction to intermediate levels reduces energy consumption and fuel costs, as well as damage to the wheel and rail surfaces, such as, e.g., wear, rolling contact fatigue, and corrugation. This work describes a simulation model that predicts the evolution of the coefficient of friction as a function of the number of wheel passes and the distance from the application site for wayside application of top-of-rail products. The model considers the interplay of three mechanisms, namely the pick-up of product by the wheel at the application site, the repeated transfer of the product between the wheel and rail surfaces, and the product consumption. The model has been parameterized with data from small-scale twin disc rig experiments and full-scale wheel–rail rig experiments. Systematic investigations of the model behaviour for a railway operating scenario show that all three mechanisms may limit the achievable carry-on distance of the product. The developed simulation model assists in understanding the interplay of the mechanisms that govern the evolution of the coefficient of friction in the field. It may aid in finding optimal product application strategies with respect to application position, application amount, and application pattern depending on specific railway operating conditions.






Keywords:


railways; wheel–rail interface; friction modelling; top-of-rail products; friction modifier; product transfer; product carry-on; product consumption












1. Introduction


For safe and economic railway operation, the coefficient of friction between the rail head surface and the wheel tread should stay within an optimal range. Undesirable low friction values are caused by a variety of substances in the wheel–rail interface. These include, for example leaves and leaf mulch, especially in combination with water [1,2,3,4,5]); oil contamination of the surface and oil/water mixtures [2,6]; water with salt [7]; or little amounts of water in combination with iron oxides and wear debris on the surface [7,8,9,10,11]. Low friction values may prevent the safe braking of vehicles and lead to wheel flats, thus compromising safe railway operation. Low friction values are also of concern for the acceleration of vehicles by limiting the available traction and with respect to wheel slips. The standard measure to increase the coefficient of friction in the wheel–rail interface is sanding [2,3,12]. The application of traction enhancers [13,14] has also been shown to increase the friction level effectively. Novel rail cleaning technologies to increase the coefficient of friction, such as dry ice blasting [15], microwave plasma conditioning, pulsed laser ablation, and controlled water addition, are currently being trialled [16].



High friction values between the rail head surface and the wheel tread are also undesirable. Top-of-rail (TOR) products reduce and maintain the coefficient of friction in the wheel–rail contact at intermediate levels [17] in order to reduce squealing noise, corrugation, rolling contact fatigue, wear, and energy consumption [17,18,19]. Products can be applied either wayside [19,20] or vehicle-based [21].



Figure 1 illustrates the spreading of TOR products along the rail in the case of a wayside application. Passing wheels continuously pick-up and re-deposit products on the wheel and rail surfaces. At the same time, products are consumed/degraded and mixed with third-body layer constituents (such as wear debris and iron oxides) in the wheel–rail interface depending on the contact conditions. Water-based products transition from a “wet” state (liquid) at the application site to a “dry” state (solid) at some distance down the track. These processes take place simultaneously and determine the amount of product, its properties, and thus the frictional condition along the rail.



Models describing the removal of contaminants from the wheel–rail interface and the associated change in the frictional condition have been published in the past. Allotta et al. [22] modelled adhesion recovery from degraded adhesion conditions to recovered adhesion conditions by an exponential relationship based on the (instantaneous) value of the specific frictional work per unit rolling distance. Voltr and Lata [23] investigated adhesion level changes due to varying longitudinal creepage for oil-contaminated conditions on a tram wheel test rig. In their model, the transition from contaminated conditions to dry (clean) conditions was modelled proportional to the specific dissipated work over a time interval. Differences in adhesion with respect to increasing creepage and decreasing creepage (hysteresis effect) were considered based on the time derivative of the creep velocity. Vollebregt et al. [24] recently surveyed advances in modelling wheel–rail friction and highlighted the transient nature of the coefficient of friction.



The carry-on behaviour due to repeated wheel–rail contacts has been investigated experimentally but no model predicting the carry-on behaviour of products is known to the authors. Hibbert [25] investigated the carry-on behaviour of a water-based drying top-of-rail friction modifier (TOR-FM) product using a modified band saw. Results showed that most of the liquid TOR-FM is squeezed out of the contact during a wheel pass so that little product remains in the contact area. The TOR-FM was carried forward by the edges of the contact and was transferred from the wheel to the rail in subsequent wheel–rail interactions. A dry layer of TOR-FM transferred from the wheel to the rail and vice versa at a low rate and was not squeezed out of the contact area. Khan et al. [26] investigated the carry-on distance of TOR-FM at a Swedish iron ore line. Product was detected up to 450 m from the wayside application site on the rail surface. In the contact band on the wheel, product was detectable up to 340 m from the application site. However, at the edges of the contact band on the wheel surface, product was still present after 3 km from the application site. This observation is consistent with results published earlier by Eadie et al. [27]. Under North American unidirectional freight conditions, a reduction of lateral forces was measured even in a case where a single TOR application unit was installed 3.2 km before the measurement site on a continuously curved track.



In this work, a model is presented that predicts the frictional condition in the wheel–rail interface for wayside TOR product application. The novelty of the model is that it considers both the transfer of product between contacting surfaces (pick-up of product from the rail and re-depositing product on rail) and product consumption in one model, as well as the relationship of these mechanisms with the coefficient of friction. This allows for predictions of the evolution of the frictional condition in the wheel–rail interface as a function of the distance from the application site and the number of wheel passes. The model development has been accompanied by experiments to provide data for the model parameterization. While small-scale twin disc experiments provided information about product consumption, full-scale wheel–rail rig experiments provided data about both product pick-up and product consumption under realistic wheel–rail contact conditions. The model may assist train operators and infrastructure maintainers in determining the best approach for the wayside application of TOR products because the influence of different application positions, applied product amounts, and application patterns, as well as operating conditions such as wheel loads, creepage, and curve radius on the frictional condition along the track, can be evaluated much quicker through modelling than by field trials.



The methodology is described in Section 2, followed by experimental results and the model parameterization in Section 3. Section 4 discusses the influence of certain model parameters on the frictional conditions along the rail. Final conclusions are drawn and an outlook is given in Section 5.




2. Methodology


2.1. Introduction


Figure 2 shows the modelling approach. Input data to the model are the vertical wheel force Q, longitudinal creepage cx, lateral creepage cy, spin creepage cz, the TOR product mass m0 applied at the application site, and the number of wheel passes N. The model calculates the coefficient of adhesion T/N (ratio of the tangential contact friction force to the normal contact force) in the wheel–rail contact at the distance d from the application site as an output depending on the contact conditions.



The simulation model consists of two parts: A creep force model that relates the relative movement of the contacting surfaces in terms of creepages to frictional tangential forces in the contact patch for uncontaminated, dry conditions, and a TOR product model. The TOR product model addresses the mechanisms of product consumption and product carry-on that determine how the product distributes along the track. In the friction prediction step, the (local) product masses in the wheel–rail contact area are related to the coefficient of friction and the creep curve is appropriately scaled. The individual parts of the model are described in detail in the following sections.




2.2. Model Discretization


The frictional condition along the rail is calculated for equidistant points xi that are spaced by the mean circumference of the wheels that roll over the rail (see Figure 3). This means that a specific point on the wheel surface that is in repeated contact with the rail surface is followed in the simulation. The assumption of equidistant calculation points on the rail is a simplification. In railway operation, wheels roll at varying effective diameters, which are determined by the nominal diameter, the wheel and rail profile shapes, and the lateral shift of the wheelset. In addition, longitudinal creepage occurs, which changes the circumferential length of the wheel surface that is in contact with the rail per distance rolled.



A product mass m is assigned to each calculation point that represents the mass of product in an average typical contact area at this position. The model could be formulated in terms of mass per contact area or in terms of a (local) product height/thickness in a more sophisticated approach. This may provide more insight into the interplay between TOR products and the surface roughness as well as into the effect of mixing iron oxides, wear debris, and TOR products. However, this is inconvenient for practical applications of the model to railway operating scenarios where information about applied product masses or volumes may be available, but little or no information is often available about the actual contact conditions. The mass m should therefore be seen as an internal model variable that determines the frictional condition under the assumption of typical wheel–rail contact conditions in operations.



The model describes the average frictional conditions in the contact area. For simplicity, it is assumed that the lateral contact positions on the surfaces of the wheel and rail do not change (significantly) after the application site. This is reasonable for modelling constant radius curves in the case of the stationary curving behaviour of vehicles. If there are different lateral contact patch positions for leading and trailing wheels of a bogie (such as frequently observed on high rails in tight curves), two simulations are required that simulate the contacts on the rail surface independently: one for the contact between the wheel flange root and the gauge corner (leading wheels in the bogie), and one for the contact between the wheel tread and the top of the rail (trailing wheels in the bogie). On low rails in curves, the lateral contact positions are often similar for all wheels so that usually only one simulation with all wheels needs to be carried out.




2.3. Creep Force Model


The creep force model relates the relative movement of the contacting surfaces (described by the longitudinal, lateral, and spin creepage) to the coefficient of adhesion (ratio of the resulting tangential contact force to the normal contact force) in rolling contacts. This is done with a model that has been published by Polach [28,29]. This model is widely used in multi-body simulations of railway vehicles.




2.4. Modelling of Product Consumption


The reduction of product amount that is affecting the coefficient of friction in the contact area is subsumed by the term “product consumption”. It is quantified by the product mass decrement per cycle dm/dN in the model. This quantity is comprised of the combined effect of both the product degradation and the product squeezed out of the contact area. The following expression has been chosen based on experimental observations (see Section 3):


dm/dN = k0 + km1 · (1 − exp(−m/(m0·km2))) · fp(pm) · fc(cx,cy)



(1)







For m >> m0·km2 and assuming fp = fc = 1, the product consumption rate dm/dN = k0 + km1 is constant. For m ≈ (m0·km2), the consumption rate decreases in an exponential way. k0, km1, and km2 are parameters that have been determined from experiments (see Section 3). m0 represents the initially applied product mass. Figure 4 shows the product mass decrement dm/dN for varying values of km1, km2, and m0.



Data obtained from twin disc experiments showed a slower adhesion recovery rate with an increased product mass applied [30]. This behaviour is accounted for by the initial mass m0 in Equation (1). fp describes the influence of the mean normal contact pressure pm on the consumption rate, while fc describes the influence of the longitudinal creepage cx and the lateral creepage cy. Equations (2) and (3) satisfactorily describe the experimental results in twin disc experiments, taking the reference condition as 1178 MPa mean normal pressure and 1% longitudinal creep. kp and kc are empirical parameters that are fitted to experimental results.


fp = 1 + kp · (pm/1178 MPa − 1)



(2)






fc = 1 + kc · (sqrt(cx2 + cy2)/0.01 − 1)



(3)








2.5. Modelling of Coefficient of Friction


The evolution of the coefficient of friction with the number of disc revolutions in twin disc experiments generally shows three stages [30,31] (see Figure 5): Stage I has a constant and low coefficient of friction µC, Stage II has an increasing coefficient of friction, and Stage III represents dry and clean surface conditions where the coefficient of friction stabilizes on a high level described by µD.



The relation between the coefficient of friction µ and the product mass m has been chosen as an exponential relationship, based on experimental observations, as:


µ = µC + (µD − µC) · exp(−m/km)



(4)







µD is the limiting coefficient of friction with no product in the contact area (dry and clean surface), while µC is the limiting coefficient of friction with surplus product in the contact area. km is a parameter that describes the exponential decay of the coefficient of friction with increasing product mass m. Figure 6 shows the change of the coefficient of friction µ as a function of the product mass m for varying values of km.



The combination of Equation (1) with Equation (4) produces S-shaped curves of the coefficient of friction µ when plotted as a function of the number of disc revolutions N, as shown in Figure 7, for different amounts of applied TOR product m0. Applying little product (case m0 = 0.1 g) causes a rapid increase of the coefficient of friction towards µD. When the applied product amount is increased (cases m0 = 0.3 g and m0 = 0.5 g), the coefficient of friction drops initially towards µC, followed by an increase towards µD. If a large amount of product is applied, the coefficient of friction is low for a number of cycles before the coefficient of friction gradually increases following an S-shaped characteristic. Such curves have been observed for grease-based lubricants in lubrication starvation tests in twin disc experiments [31].



Increasing the amount of applied product m0 shifts the transition between µC and µD to higher numbers of disc revolutions and decreases the slope of the curve in the transition region. In the twin disc lubrication starvation tests with grease in [31], this effect was weak, but it was prominent in ball-on-disc experiments with oil-based TOR products in [30].




2.6. Modelling of Product Carry-On


When the surfaces of the wheel and rail separate at the trailing edge of the contact, some product will stick to the wheel while the rest remains on the rail. The (re-)distribution of product between the wheel and rail surfaces is important for the product carry-on because only the product on the wheel surface is carried further along the rail and re-enters the contact patch again after one revolution of the wheel.



It is assumed that during one contact event, only a fraction of the product on the side with more product is transferred to the counter surface. If there is repeated contact, it is expected that the amount of product distributes equally after a number of contact cycles regardless of the initial amounts applied to the surfaces. The product transfer between the surfaces is described by the transfer function t in the model that defines the amount of product dm1 that is transferred to the counter surface:


dm1 = −t · (m1 − m2)   with m1 > m2



(5)







Figure 8 illustrates the evolution of product masses m1 and m2 on two surfaces for different constant values of the transfer function t without product consumption in a twin disc set-up. After a certain number of disc revolutions N, the product amount on both surfaces is equal.



The transfer function t in the model depends on the mass m and the number of wheel revolutions/contact cycles N (see Equation (6)). This function has been shown to fit experimental data from pick-up experiments on a full-scale wheel–rail rig (see Section 3).


t(m, N) = kt · (1 − exp(−m/cm)) · exp(−(N − 1)/cN))



(6)







cm and cN are constants that are determined from experiments (see Section 3). Parameter kt is related to the product pick-up efficiency at the application site which depends on the details of the application system and the local contact conditions. This value is set to kt = 0.5 by default.



Transfer reduces with reducing mass m, which is attributed to the increasing difficulty of transferring (little) amounts of product to the counter-surface that is present in troughs and valleys of a rough surfaces. The term exp(−(N − 1)/cN) accounts for the combined effect of the decrease of product transfer in the contact patch due to the squeezing out of product and the change of transfer properties due to mixing of third body layer constituents on the surface. This term may also implicitly account for the reduction of transfer in the case of water-based, drying products when the product changes from a “wet” state to a “dry” state. The drying time for the transition from the liquid state after application to the solid state at some distance from the application at a typical vehicle speed may be approximated by the number of wheel revolutions.



The squeezing out of product to the side of the contact area is illustrated in Figure 9. The product sticks to the surface beside the contact area on the wheel and rail after separation. However, some product transfer is expected to take place across the narrow gap near the contact patch edge in subsequent contact events even if contact width and the lateral contact positions on the wheel and rail do not change. At the application site, it is assumed that consecutive wheels can pick up remaining product on the rail surface due to slightly different lateral contact positions.





3. Experimental Results and Model Parameterization


The consumption part of the simulation model has been parameterized based on experimental results from two test rigs at the University of Sheffield: A twin disc rig (TDR), and a full-scale wheel–rail rig (FSR). A brief description of both rigs can be found in [32].



At the TDR, two discs 47 mm in diameter and 10 mm in width were brought into rolling contact with constant longitudinal creepage cx at a rotational speed of 400 rpm. During the experiment, the evolution of the torque on the driving shaft of the machine was continuously recorded from which the coefficient of adhesion T/N was calculated as a function of the number of disc revolutions N. The experiments start with 1000 disc revolutions in dry conditions, followed by five product applications at intervals of 3000 revolutions using a syringe. Table 1 states the experimental conditions that were used for the model parameterization of a water-based TOR friction modifier. Experiments were carried out at room temperature.



Figure 10 shows the experimental data and the corresponding model results after the parameterization process for the four conditions given in Table 1. The initial 1000 revolutions in dry conditions are not shown in the figure. Each product applications caused a rapid drop of the adhesion value, followed by adhesion recovery. The shape and rate of the adhesion recovery provides the information that is necessary for the model parameterization.



Three experiments were carried out at the full-scale wheel–rail test rig where a railway wheel rolled repeatedly over a piece of rail. The experiments for the model parameterization were run at 80 kN normal force and 5% longitudinal creepage at room temperature. Different amounts of product were applied to the rail before the first rolling cycle. Figure 11 shows the evolution of the coefficient of adhesion with the number of load cycles. Increasing the amount of product applied decreased the friction level and increased the number of cycles with the reduced friction. However, when a threshold amount of the applied product mass was exceeded, the friction level did not decrease further, which helps to prevent low coefficients of friction when the product is overapplied.



A similar behaviour was observed in high pressure torsion experiments [33] in which the frictional behaviour of a water-based friction modifier was tested in quasi-static annular steel–steel contact set-up at realistic wheel–rail normal contact pressures. Increasing the amount of dried friction modifier per area reduced the coefficient of friction to a minimum limiting value of 0.1. Partially dried and wet friction modifiers reduced the coefficient of friction to about 0.05 in the case of overapplication. These results help to interpret the steep increase of the coefficient of adhesion at the start of the full-scale wheel–rail rig experiments, as depicted in Figure 11. It is attributed to a quick reduction of the product amount in the contact area and to the drying of the product during the initial cycles.



The transfer function t was parameterized based on experimental data from “pick-up” experiments at the FSR. In these experiments, pre-defined amounts of product were applied in the contact area on the rail head surface. Then, the wheel had been rolled over the application site to ensure that the product was distributed on the rail and wheel surfaces. After one rolling cycle, the product on the wheel surface was removed by thorough cleaning of the surface with a cloth. The amount of product was determined by weighing the cloth before and after cleaning the surface. This procedure was repeated three times. After the third rolling cycle, the amount of product on the rail surface was also determined. From the series of mass measurements, the transfer function t could be calculated for the first three rolling cycles.



Figure 12 shows the transfer function t for the investigated product. Each datapoint is the average of three experiments. The surface shown in Figure 12 is a fit of the experimental data by Equation (6) with the method of least squares. The parameters are given in Table 2. For this product, it was observed that some of the product fell on the contact area when the contact patch left the application area. Product was picked-up again by the wheel in following cycles at the same lateral position. This behaviour is related to the viscosity and tackiness of the product.



To fit the model to the experimental results from both test rigs (see Figure 10 and Figure 11) with one set of model parameters, it was necessary to increase the product mass in the simulations of the TDR experiments by a factor of 5. This is believed to result from the different contact sizes, contact area shapes (line contact at the TDR, point contact at the FSR), and pressure distributions at the two rigs. Differences in the surface roughness, in the product spreading behaviour in the rolling direction, and in the lateral squeezing out of the product may have also contributed to the observed behaviour. The mean normal pressure and the longitudinal creepage are well controlled for on both test rigs and have been considered in the parameterization process. The parameters that fit the experimental data best are given in Table 2. The maximum amount of product in the calculation is limited to 0.20 g.




4. Modelling Results and Discussion


4.1. Introduction


This section highlights the influence of the mechanisms “product carry-on” and “product consumption” on the evolution of the coefficient of friction as a function of distance from the application site. One railway operating scenario was investigated in which 0.1 g of TOR product was applied at the application site (d = 0 m) before each of the simulated 100 wheel passes. Simulations were carried out for 100 kN wheel load and 1% longitudinal creepage unless otherwise stated.




4.2. Simulation of Wayside Application


Figure 13 shows the product mass on the rail surface mr, the corresponding mass on the wheel surface mw, and the resulting coefficient of friction µ as a function of distance from the application site d for steady-state conditions after 100 wheel passes. The product masses are internal model parameters that were used to calculate the friction values. These masses may differ from the actual masses found in the field.



The amount of product on the rail and wheel surfaces decreased with increasing distance from the application site. Two regions can be distinguished: Near the application site, there was abundant product on the surfaces of the wheel and rail. The coefficient of friction is determined by the sum of product on the two surfaces. Product was picked up by the wheel and was repeatedly redistributed between the wheel and rail surface. At some distance from the application site, the transfer function of the product decreased, which resulted in less product being transferred from the wheel to the rail. This can be seen indirectly in Figure 13 as a faster decrease of the mass on the rail compared to the wheel around position 150 m. For distances greater than 250 m from the application site, there was no product on the rail surface anymore in this example according to the model prediction. The coefficient of friction was then determined only by the product that stuck to the wheel surface.



The simulation result that mainly the conditioned wheel surface affected the frictional condition at larger distances from the application site is supported by field observations reported by Eadie et al. [27]. They measured lateral force reductions in bi-directional North American freight operations where two TOR application units were placed at distances of 1.7 km and 0.3 km on either side of a measurement site. Trains passing the application site at a distance of 0.3 km before the measurement site showed a larger reduction of lateral forces than trains travelling in the opposite direction (passing the other application site at a distance of 1.7 km before the measurement site). This observation supports the view that primarily the conditioned wheel affects the frictional condition at larger distances from the application site. If both the wheel and the rail were conditioned, a similar lateral force reduction would be expected in this case, irrespective of the train travelling direction.



The predicted carry-on distance compares reasonably well with the experimental results from Khan et al. [26] who observed carry-on distances between 70 m and 450 m for two different products on the top of the rail when they were applied by stationary wayside application equipment. Larger carry-on distances have been observed on the contact band on the wheel surface compared to the rail surface, which is also in qualitative agreement with the model predictions.




4.3. Influence of Product Transfer Behaviour


Figure 14 and Figure 15 show the influence of the parameters cm and cN of the transfer function (see Equation (6)) on the coefficient of friction. For the reference case, the model parameters are taken from Table 2.



Increasing cm reduces the product transfer function t for a given mass m. This reduces the carry-on distance and the amount of product past the application site, which increases the coefficient of friction. A reduction of parameter cm should increase the carry-on distance of the product and reduce the coefficient of friction as this facilitates the transfer of product between the surfaces. However, in the current parameterization, the limiting factor for the carry-on behaviour of the product was the dependence of the transfer function on the number of wheel revolutions N. Therefore, the curve for 0.2·cm is almost identical to the reference condition in Figure 14.



Parameter cN influences the distance from the application site where a marked reduction of the coefficient of friction is observed (see Figure 15). A reduction of cN reduces the number of wheel revolutions during which product transfer between the wheel and rail surfaces takes place. This shifts the location of the transition between coefficient of friction 0.3 and 0.4 towards the application site.




4.4. Influence of Consumption Rate


The effect of varying the parameters km1 and km2 (see Equation (1)) on the coefficient of friction is shown in Figure 16. Increasing km1 leads to a fast consumption of the product after the application site so that the coefficient of friction rises quickly. When km1 is reduced, the evolution of the coefficient of friction stabilizes at an intermediate friction level that is determined by the transfer behaviour between the wheel and rail. km2 changes the product consumption when little product is present in the contact and has therefore a larger influence on the coefficient of friction further away from the application site. Increasing km2 reduces product consumption. In the example, the coefficient of friction stabilized at an intermediate value away from the application site that was determined by the product transfer behaviour (similar to the case with the reduced value of km1).




4.5. Influence of Application Pattern


The model can be used to investigate the effect of different application patterns on the evolution of the coefficient of friction. Figure 17 compares a case in which 0.02 g of product is applied before every wheel pass to a case where 0.20 g of product is applied before every 10th wheel pass. The average amount of product applied is the same in both cases.



Figure 17 suggests that frequent application of small product amounts creates a well-defined coefficient of friction that slowly increases with distance from the application site. This avoids problems related to overapplication near the application site that may cause low coefficient of friction values. The two investigated application patterns show different values of the coefficient of friction only in a short section after the application site. Further away from the application site, the coefficient of friction was very similar with a tendency for a small reduction of the coefficient of friction when smaller amounts were applied more frequently. Although the product is usually applied in pulses at fixed intervals of wheel passes by the wayside application units, the actual pick-up behaviour probably resembles more a frequent application of small amounts in railway operation praxis. This is due to the “smoothing” of the application pulses by the combined effect of pumps, distribution hoses, application bars, and lateral contact positions on the pick-up behaviour.





5. Conclusions and Outlook


This paper presents a model for predicting the evolution of the coefficient of friction in railway operations for top-of-rail products. How the product spreads along the rail surface and how it modifies the coefficient of friction is the combined effect of: (1) the pick-up of product by the wheel at the application site; (2) the product transfer behaviour between the wheel and rail surfaces as the wheel travels along the rail; and (3) the product consumption behaviour. The relative influence of these mechanisms and of the associated parameters have been studied in detail for a water-based TOR friction modifier for which the model has been parameterized for. Results show that all three mechanisms (pick-up, transfer, and consumption) may limit the achievable carry-on distance and thus the distance where intermediate values of the coefficient of friction can be achieved. Simulations emphasize that a better understanding and a better quantification of the transfer behaviour involving little product at large cycle numbers are important to improve carry-on distance predictions.



Twin-disc test rig experiments and full-scale wheel–rail test rig experiments have been used to investigate the evolution of the coefficient of friction with the number of disc revolutions/wheel passes and the transfer behaviour of the product between contacting surfaces. These data have been used to parameterize the model.



To improve the predictions of the coefficient of friction, future work is planned to account for the changing lateral positions on the surfaces of the wheel and rail. Due to changing lateral contact positions on the wheel and rail surfaces, product adhering to the wheel may be stored on the surface because no contact takes place on this lateral position for a certain number of revolutions. However, this wheel surface part may come into contact with the rail again far from the application site (depending on the track layout, rail profiles, etc.) and influence the coefficient of friction there. This model extension is important to simulate complex track layouts that involve sequences of straight track sections, transition zones, and curves.



Considering that the wheel–rail contact in railway operations is an open tribological system, there are many parameters that influence the evolution of the coefficient of friction along the track. While it is unlikely that environmental parameters, such as air temperature and humidity, solar radiation, and precipitation, are known locally along the track in railway operations for the prediction of the frictional condition, it is certainly worthwhile to carry out investigations to estimate the influence of these parameters systematically.



Nevertheless, the model presented here is believed to provide valuable insight into the effect and interactions of the mechanisms that govern the evolution of the coefficient of friction when TOR products are applied to the wheel–rail interface. In addition, the model is believed to help train operators and infrastructure maintainers to investigate the effect of TOR products under different operating conditions.







Author Contributions


Conceptualization and methodology, G.T., Z.S.L., R.L. and K.S.; software, G.T.; experiments, Z.S.L. and R.L.; writing—original draft preparation, G.T.; writing—review and editing, G.T., Z.S.L., R.L. and K.S.; supervision, R.L. and K.S.; funding acquisition, R.L. and K.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research study was funded by the Federal Railroad Administration, U.S. Department of Transportation (contract number DTFR5317C00009). G. Trummer and K. Six gratefully acknowledge additional funding within the COMET K2 Competence Centers for Excellent Technologies from the Austrian Federal Ministry for Climate Action (BMK), the Austrian Federal Ministry for Digital and Economic Affairs (BMDW), the Province of Styria (Dept. 12), and the Styrian Business Promotion Agency (SFG). The Austrian Research Promotion Agency (FFG) has been authorized for the program management. The APC was funded by Virtual Vehicle Research GmbH.




Data Availability Statement


The source code of the model can be requested from the Federal Railroad Administration, U.S. Department of Transportation. Training how to use the model can be obtained from the University of Sheffield and from Virtual Vehicle Research GmbH engineers.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cann, P.M. The “leaves on the line” problem—A study of leaf residue film, formation and lubricity under laboratory test conditions. Tribol. Lett. 2006, 24, 151–158. [Google Scholar] [CrossRef]

	



Gallardo-Hernandez, E.A.; Lewis, R. Twin Disc Assessment of Wheel/Rail Adhesion. Wear 2008, 265, 1309–1316. [Google Scholar] [CrossRef]

	



Arias-Cuevas, O.; Li, Z.; Lewis, R.; Gallardo-Hernandez, E. Laboratory investigation of some sanding parameters to improve the adhesion in leaf-contaminated wheel-rail contacts. J. Rail Rapid Transit 2010, 224, 139–157. [Google Scholar] [CrossRef]

	



Buckley-Johnstone, L.; Lewis, R.; Six, K.; Trummer, G.; Stow, J.; Alturbeth, H. Further Development of Modelling the Effects of Low Adhesion Mechanisms; T1149 project report; Rail Safety and Standards Board (RSSB): London, UK, 2020. [Google Scholar]

	



Watson, M.; White, B.; Lanigan, J.; Slatter, T.; Lewis, R. The composition and friction-reducing properties of leaf layers. Math. Phys. Eng. Sci. 2020, 476, 20200057. [Google Scholar]

	



Lewis, R.; Gallardo-Hernandez, E.A.; Hilton, T.; Armitage, T. Effect of Oil and Water Mixtures on Adhesion in the Wheel/Rail Contact. J. Rail Rapid Transit 2009, 223, 275–283. [Google Scholar] [CrossRef]

	



Hardwick, C.; Lewis, R.; Olofsson, U. Low adhesion due to oxide formation in the presence of salt. J. Rail Rapid Transit 2014, 228, 887–897. [Google Scholar] [CrossRef]

	



Beagley, T.M.; Pritchard, C. Wheel/Rail Adhesion—The Overriding Influence of Water. Wear 1975, 35, 299–313. [Google Scholar] [CrossRef]

	



Trummer, G.; Buckley-Johnstone, L.; Voltr, P.; Meierhofer, A.; Lewis, R.; Six, K. Wheel-rail creep force model for predicting water induced low adhesion phenomena. Tribol. Int. 2017, 109, 409–415. [Google Scholar] [CrossRef]

	



White, B.; Lewis, R. Simulation and understanding the wet-rail phenomenon using twin disc testing. Tribol. Int. 2019, 136, 475–486. [Google Scholar] [CrossRef]

	



Buckley-Johnstone, L.; Trummer, G.; Voltr, P.; Six, K.; Lewis, R. Full-scale testing of low adhesion effects with small amounts of water in the wheel/rail interface. Tribol. Int. 2020, 141, 105907. [Google Scholar] [CrossRef]

	



Skipper, W.; Chalisey, A.; Lewis, R. A review of railway sanding system research: Adhesion restoration and leaf layer removal. Tribol. Mater. Surf. Interfaces 2018, 12, 237–251. [Google Scholar] [CrossRef]

	



Lewis, S.; Lewis, R.; Cotter, J.; Lu, X.; Eadie, D. A new method for the assessment of traction enhancers and the generation of organic layers in a twin-disc machine. Wear 2016, 366–367, 258–267. [Google Scholar] [CrossRef]

	



White, B.; Hyland-Knight, J.; Lewis, R. Assessing the effectiveness of traction gels using full-scale and field testing. J. Rail Rapid Transit 2021, 235, 690–699. [Google Scholar] [CrossRef]

	



Krier, P.; Lanigan, J.; Ferriday, P.; Lewis, R. Development and Implementation of Novel Cryogenic Railhead Cleaning Technology. PWI J. 2020, 138, 34–39. [Google Scholar]

	



ADHERE 2020 Webinar Series: ADHERE Webinar 2—Innovative Rail Cleaning Technologies, Rail Safety and Standard Board (RSSB). Available online: https://www.rssb.co.uk/-/media/Project/RSSB/RssbWebsite/Documents/Public/Public-content/Insight-and-News/Adhesion/adhere-webinar-2-presentation.pdf (accessed on 20 March 2021).

	



Stock, R.; Stanlake, L.; Hardwick, C.; Yu, M.; Eadie, D.; Lewis, R. Material concepts for top of rail friction management—Classification, characterisation and application. Wear 2016, 366–367, 225–232. [Google Scholar] [CrossRef]

	



Khan, S.A. Effects of Top-of-Rail Friction Modifiers on the Friction, Wear and Cracks of Railway Rails. Ph.D. Thesis, Luleå University of Technology, Luleå, Sweden, 2019. [Google Scholar]

	



Sroba, P.; Oldknow, K.; Dashko, R.; Roney, M. Canadian Pacific Railway 100% Effective Friction Management Strategy. In Proceedings of the 8th international Heavy Haul Conference, Rio de Janeiro, Brazil, 14–16 June 2005; pp. 93–102. [Google Scholar]

	



Szablewski, D.; Presti, J.L.; Sultana, T. Testing of latest top-of-rail friction modification materials at FAST. Railw. Track Struct. 2015, 366, 13–16. [Google Scholar]

	



Matsumoto, K.; Suda, Y.; Fujii, T.; Komine, H.; Tomeoka, M.; Satoh, Y.; Nakai, T.; Tanimoto, M.; Kishimoto, Y. The optimum design of an onboard friction control system between wheel and rail in a railway system for improved curving negotiation. Veh. Syst. Dyn. 2006, 44, 531–540. [Google Scholar] [CrossRef]

	



Allotta, B.; Meli, E.; Ridolfi, A.; Rindi, A. Development of an innovative wheel-rail contact model for the analysis of degraded adhesion in railway systems. Tribol. Int. 2014, 69, 128–140. [Google Scholar] [CrossRef]

	



Voltr, P.; Lata, M. Transient wheel–rail adhesion characteristics under the cleaning effect of sliding. Veh. Syst. Dyn. 2015, 53, 605–618. [Google Scholar] [CrossRef]

	



Vollebregt, E.; Six, K.; Polach, O. Challenges and progress in the understanding and modelling of the wheel–rail creep forces. Veh. Syst. Dyn. 2021, 59, 1026–1068. [Google Scholar] [CrossRef]

	



Hibbert, M.J.E. Understanding the Wheel/Rail Transfer Mechanism in Liquid Friction Modifier Carry-Down. Master’s Thesis, The University of British Columbia, Vancouver, BC, Canada, 2017. [Google Scholar]

	



Khan, S.A.; Lundberg, J.; Stenström, C. Carry distance of top-of-rail friction modifiers. J. Rail Rapid Transit 2018, 232, 2418–2430. [Google Scholar] [CrossRef]

	



Eadie, D.; Oldknow, K.; Maglalang, L.; Makowsky, T.; Reiff, R.; Sroba, P.; Powell, W. Implementation of Wayside Top of Rail Friction Control on North American Heavy Haul Freight Railways. In Proceedings of the 7th World Congress on Railway Research, Montreal, QC, Canada, 4–8 June 2006. [Google Scholar]

	



Polach, O. A fast wheel-rail forces calculation computer code. Veh. Syst. Dyn. 1999, 33, 728–739. [Google Scholar] [CrossRef]

	



Polach, O. Creep forces in simulations of traction vehicles running on adhesion limit. Wear 2005, 258, 992–1000. [Google Scholar] [CrossRef]

	



Galas, R.; Omasta, M.; Krupka, I.; Hartl, M. Laboratory investigation of ability of oil-based friction modifiers to control adhesion at wheel-rail interface. Wear 2016, 368–369, 230–238. [Google Scholar] [CrossRef]

	



Lewis, S.; Lewis, R.; Evans, G.; Buckley-Johnstone, L. Assessment of railway curve lubricant performance using a twin-disc tester. Wear 2014, 314, 205–212. [Google Scholar] [CrossRef]

	



Buckley-Johnstone, L.; Harmon, M.; Lewis, R.; Hardwick, C.; Stock, R. A comparison of friction modifier performance using two laboratory test scales. J. Rail Rapid Transit 2019, 233, 201–210. [Google Scholar] [CrossRef]

	



Evans, M.; Skipper, W.A.; Buckley-Johnstone, L.; Meierhofer, A.; Six, K.; Lewis, R. The Development of a High Pressure Torsion Test Methodology for Simulating Wheel/Rail Contacts. Tribol. Int. 2021, 156, 106842. [Google Scholar] [CrossRef]








[image: Lubricants 09 00100 g001 550] 





Figure 1. Schematic of wayside application of TOR products. Products are spread along the rail and are consumed by passing wheels. Product heights (in grey) are exaggerated. 
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Figure 2. Modelling approach, input data, and output data. 
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Figure 3. Discretization of wheels and rail. 
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Figure 4. Change of product mass decrement dm/dN according to Equation (1) with k0 = 0, fp = fc = 1: (a) km2 = 0.53, variation of km1, and (b) km1 = 1.2 mg, variation of km2 or applied product mass m0. 
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Figure 5. Schematic evolution of the coefficient of friction µ with the number of disc revolutions N in a twin disc experiment from an initially low coefficient of friction µC after the application of product to a high coefficient of friction µD typical for dry and clean contact conditions without product. 
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Figure 6. Change of the coefficient of friction µ as a function of product mass m according to Equation (4) for µD = 0.50 and µC = 0.15. 
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Figure 7. Change of coefficient of friction µ with the number of disc revolutions N for different applied product masses m0 according to Equations (1) and (4) with parameters according to Table 2 in Section 3. Limiting values for dry and clean condition µD and fully conditioned surface condition µC are plotted as thin lines. 
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Figure 8. Change of product masses m1 and m2 with the number of disc revolutions N due to the transfer of product between the surfaces in a twin disc setup. Three examples without product consumption for different transfer function values t and initial product masses are presented. 
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Figure 9. Cross-sectional view of the rail and wheel. Bottom: when the wheel and rail are in contact, some product is squeezed out of the contact patch laterally. Top: when the wheel and rail separate, product is carried on near the contact patch edges on the wheel surface, which is partially re-transferred to the rail if contact width and position do not change along the track. 
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Figure 10. Check of the model parameterization, twin disc rig, conditions according to Table 1, model parameters according to Table 2; thin lines indicate the experimental data and thick lines indicate the model results. 
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Figure 11. Check of the model parameterization for different product amounts; full-scale wheel–rail test rig experiment at 80 kN wheel force and 5% longitudinal creepage; thin lines indicate the experimental data and thick lines indicate the model results. 
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Figure 12. Parameterization of the transfer function t according to Equation (6): pick-up experiments at the full-scale wheel–rail test rig at 80 kN wheel load and 5% longitudinal creepage. 
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Figure 13. Product masses (internal model variables) and associated coefficient of friction µ as a function of the distance from the application site d. 
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Figure 14. Coefficient of friction µ as a function of the distance from the application site d. Variation of parameter cm of the transfer function (see Equation (6)). 
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Figure 15. Coefficient of friction µ as a function of the distance from the application site d. Variation of parameter cN of the transfer function (see Equation (6)). 
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Figure 16. Coefficient of friction µ as a function of the distance from the application site d. Variation of parameters km1 and km2 that describe the consumption behaviour according to Equation (1). 
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Figure 17. Comparison of two product application scenarios: blue solid, wheel pass 100, 0.02 g of product application before every wheel pass.; red dashed, wheel pass 100 (before reapplication), 0.20 g of product application before every 10th wheel pass.; and red solid, wheel pass 101 (after reapplication), 0.20 g of product application before every 10th wheel pass. 
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Table 1. Twin disc testing conditions for a water-based TOR friction modifier.
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	Condition Number
	Maximum Normal

Pressure p0
	Longitudinal

Creepage cx
	Applied Product

Mass m0
	Comment





	1
	1500 MPa
	1.0%
	0.05 g
	Reference condition



	2
	900 MPa
	1.0%
	0.05 g
	Decrease of maximum

normal pressure



	3
	1500 MPa
	0.5%
	0.05 g
	Decrease of longitudinal

creepage



	4
	1500 MPa
	1.0%
	0.10 g
	Increase of applied

product mass
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Table 2. Model parameters for a water-based TOR friction modifier.
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	Parameter
	Value
	Equation





	k0
	1.0449 × 10−9 kg
	(1)



	km1
	1.1617 × 10−6 kg
	(1)



	km2
	0.53
	(1)



	kp
	1.84
	(2)



	kc
	0.57
	(3)



	µD
	0.58
	(4)



	µC
	0.15
	(4)



	km
	1.6290 × 10−4 kg
	(4)



	kt
	0.5
	(6)



	cm
	0.035 g
	(6)



	cN
	12.1
	(6)
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