Improvement of Mobile Rail Lubricator Parameters for Use with Lubricants of Different Consistencies
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Abstract. Modern rail and wheel flange lubrication systems should ensure effective and uniform coverage of all friction zones with a lubricant. The developed system uses compressed air to create an aerosol mixture of air and lubricant via a nozzle. Optimizing parameters such as air pressure, nozzle diameter, and air flow enables adaptation of the system for various types of lubricants and allows precise control over their consumption. Studies have demonstrated that the proposed system can operate with liquids of varying viscosities, confirming its versatility. To ensure accurate application of the lubricant, we designed a nozzle bracket that takes into account the dynamic loads encountered during the movement of the locomotive. Modeling in the APM FEM software assessed the bracket’s strength under different load conditions. Results showed that the designed structure withstands significant deformation and stress, ensuring reliable operation even in challenging conditions. This enhancement will allow the proposed system to function stably and reliably, a crucial factor for extending the service life of railway equipment.
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INTRODUCTION 
Effective lubrication of rails and wheel flanges is a key factor in ensuring the reliable and uninterrupted operation of railway transport [1]. Rail lubricating devices reduce friction between wheels and rails, which not only extends the equipment's service life but also reduces noise and vibration [2, 3], lowers maintenance costs, and enhances traffic safety. Today, there are numerous designs for such devices, employing various technical solutions to lubricate and minimize friction. However, these solutions have certain limitations, such as restrictions on placement, precision, and uniformity of lubricant application, maintenance convenience, and strict requirements regarding the physicochemical properties of the lubricant.
ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS
According to research, improving the efficiency of lubricants has a significant impact on the wear process of elements. An improved lubricating film reduces friction and wear, which leads to increased durability of components and a reduction in maintenance intervals [4].
Research on the influence of lubricants on the lubrication process shows that the correct choice of lubricant is critical to ensuring lubrication efficiency. In particular, the viscosity of the lubricant plays a key role, as it determines the ability to form a stable lubricating film on friction surfaces, preventing wear. High viscosity and adhesive properties allow the lubricant to remain on the surface, preventing displacement under the influence of friction and gravity. This is especially important on curved sections of the track, where these forces increase significantly [5].
It is also important to consider the roughness of the wheel–rail contact elements. Not only the effect of lubrication at different surface roughness levels should be taken into account, but also how different types of lubricants influence the wear process [6]. For example, lubricants with inorganic nanoadditives improve tribological properties and thus reduce both the coefficient of friction and wear [7]. A positive effect of adding carbon nanomaterials on tribological properties has also been demonstrated in several studies [8, 9].
Different types of lubricants used in aerosol application require individual adjustment of feed modes, since accurate dosing into the working zone is critically important. Uncontrolled application may cause the lubricant to spread onto the rolling surface of the rail, which in turn decreases the adhesion coefficient of the wheelset [10].
The proposed system for rail lubrication in curved sections of track using modern lubricants applied on Ukrainian railways provides a similar effect. This helps maintain the optimal rail condition even in areas of high load, reducing wear and extending the service life of track elements.
A design solution is proposed that ensures effective lubrication in critical areas, contributing to increased efficiency and reliability of the railway track.
It is worth noting that modern wheel and rail lubrication technologies involve the use of various approaches and systems, among which the following can be distinguished:

· SKF EasyRail. This system uses SP9-2 and SP9-2-S7 metering valve nozzles to precisely apply grease to the wheel flange, ensuring even distribution on the rail surface. The system automates lubrication, thereby improving rail efficiency by reducing wear and maintenance costs. The main benefits include reduced wheel and rail wear, particularly on curves, minimized manual maintenance, accurate lubrication, and decreased friction, which results in lower noise levels. Optimized lubricant use also reduces environmental impact, while integration with monitoring systems enables real-time performance control. However, the system has some disadvantages: high initial installation costs, the need for periodic maintenance, and potential efficiency issues caused by incorrect settings [11, 12].
· Sécheron system. This technology employs a two-pipe configuration that supplies grease and air separately, ensuring efficient spraying on the wheel flange. Its advantages include effective lubrication, reduced friction, extended wheel and rail service life, and adaptability to different operating conditions. On the downside, installation and maintenance are relatively complex, material costs are higher, and regular servicing is required [13].
· SPP 12-5 by Yugtechnotrans LLC. This system is designed to lubricate the wheel flanges of locomotives. Its key advantages include reduced wear, increased safety due to improved traction, fuel savings, and automation that minimizes the need for manual lubrication. Nevertheless, significant disadvantages are associated with high initial costs, the requirement for regular maintenance, and the risk of environmental pollution [14].
· TrainSys-AL. This system provides lubrication of the rail running surface without using compressed air, maintaining a stable amount of sprayed material. Its advantages include uniform and precise lubrication, process automation, reduced wear, fuel savings, and ease of operation. However, the system also has limitations: high initial investment, regular maintenance requirements, and possible difficulties with integration into existing infrastructure [15].
· Dropsa. The system applies pneumatic spray valves controlled by an on-board computer. Its main advantages are high efficiency, automation, reduced maintenance costs, and monitoring capability. Disadvantages include high installation costs, the need for regular servicing, and potential challenges in personnel training [16].
SETTING THE GOAL AND OBJECTIVES OF THE RESEARCH
The aim of this study is to develop and improve a rail and wheel flange lubrication system based on the aerosol application of lubricants. The research focuses on optimizing the nozzle design and compressed air parameters to achieve uniform and efficient spraying of lubricants with various viscosities.
Research objectives:
· to develop an experimental setup for the application of lubricants using the aerosol method;
· to determine the optimal air pressure parameters and nozzle diameter for different types of lubricants;
· to study the impact of air pressure and nozzle diameter on lubricant consumption;
· to design a bracket for mounting a prototype nozzle on the VL-80 electric locomotive wheelset;
· to conduct stability modeling of the bracket under dynamic loads using the Finite Element Method (APM FEM).
THE MAIN PART OF THE RESEARCH
A system for lubricating the rail and wheel flange has been developed, which uses the principle of aerosol lubrication. The aerosol is formed in a nozzle, and the lubricant is supplied using compressed air. The key parameters of this process are the shape and dimensions of the elements of the working chamber of the nozzle, the air pressure (P), which determines the lubricant flow rate (Q), and the volume of air passing through the nozzle.
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	Before operating the laboratory setup, the following settings must be made:
· Ensure that ball valve 1 is closed. If it is open, close it.
· Unscrew and remove the lid from the lubricant tank 4.
· Fill the tank with lubricant to the required level.
· Close the lubricant tank lid.
· Supply compressed air to the system’s inlet.
· Set the required air pressure using reduction valve 2, monitoring its readings on pressure gauge 3.

	FIGURE 1. Components of the laboratory device for studying the lubricant spray process: 1 - ball valve; 2 - pressure-reducing valve; 3 - pressure gauge; 4 - lubricant tank; 5 - nozzle



Let's examine the operation principle of the nozzle in more detail, based on the hydraulic schematic.
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FIGURE 2. Hydraulic schematic of the research setup for analyzing the lubricant spray process

Compressed air is supplied to the system from the compressor receiver. The ball valve (1) regulates the pressure in the system, enabling the completion of the operation or the addition of lubricant to the tank. The reduction valve (2) stabilizes the air pressure in the experimental setup, while the manometer (3) monitors the pressure in the system. The air flow is distributed into two channels: one leads to the nozzle (5), and the other leads to the lubricant tank (4). Under the influence of air pressure, the lubricant is expelled from the tank, regardless of its viscosity. The intake is from the lower part of the tank to ensure continuous supply. The lubricant, through the check valve (6), which also prevents spontaneous leakage, is directed to the nozzle, where an aerosol of lubricant and air is formed (Fig. 3).
Figure 3 shows the nozzle design, which consists of the following main components: the nozzle (1), where the aerosol is formed; the tube (2), used to deliver the lubricant to the nozzle; the locknut (3), responsible for shaping the aerosol spray and securing the nozzle; and the T-connector (4), which ensures the mixing of air with the lubricating liquid.
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FIGURE 3. Nozzle structure: 1 - nozzle; 2 - tube; 3 - locknut; 4 - T-connector; 5 - spring; 6 - check valve ball; 7 - valve seat

Main parameters of the developed setup:
device weight - 1.5 kg.
nozzle outlet diameter of the spray nozzle - 1-3 mm;
air pressure adjustment range for the sprayer - 0-0.5 MPa;
minimum air pressure for system operation - 0.05 MPa;
air flow rate - 1.5 • 10⁻³ m³/ s;

For the experiments, the device was mounted on a manipulator that ensured uniform movement. The lubricant was applied to Whatman paper, which made it possible to visualize the operation of the nozzle at different compressed air supply modes.
Studies have shown that the installation effectively sprays both thick liquids (for example, Relsol-M, Relsol-GS and Mariol-NT) and liquid (RS-6 «B»), depending on the air pressure setting and nozzle diameter.
When conducting studies with RS-6 «B» type lubricant, it was found that with a nozzle with a diameter of 1 mm and an air pressure of 0.05 MPa, the aerosol spray occurs unevenly and with pulsation. With increasing pressure, the spray becomes uniform, the pulsation disappears, and the size of the aerosol torch increases. The use of a nozzle with a diameter of 3 mm at the same pressure (0.05 MPa) provides a more uniform spray, but wavy protrusions appear at the edges of the spray cone, indicating a slight pulsation. With increasing pressure, the uniformity of the spray improves. Table 1 shows the results of a series of experimental studies of the consumption of the lubricant RS-6 «B» at different air pressures and nozzle diameters.

TABLE 1 Material consumption depending on pressure force, lubricant RS-6 «B»
	Nozzle diameter, mm
	Air pressure, MPa
	Lubricant consumption, kg/h

	
	
	Q1
	Q2
	Q3
	Qmean

	1
	0.05
	1.083
	1.087
	1.082
	1.084

	
	0.1
	2.159
	2.163
	2.164
	2.162

	
	0.2
	4.321
	4.324
	4.319
	4.321

	2
	0.05
	2.161
	2.156
	2.154
	2.157

	
	0.1
	3.942
	3.946
	3.945
	3944

	
	0.2
	6.324
	6.319
	6.321
	6.321

	3
	0.05
	2.884
	2.883
	2.886
	2.884

	
	0.1
	5.760
	5.762
	5.764
	5.762

	
	0.2
	7.924
	7.919
	7.923
	7.922



where: Q1, Q2, Q3  – results of individual measurements, kg/h;
Qmean –  average value, kg/h.

During experimental studies, it was found that the use of a nozzle with a diameter of 1-2 mm with Relsol-M, Relsol-GS and Mariol-NT lubricants does not ensure the required quality of lubricant application. The small diameter of the nozzle limits the spray volume, leading to pulsation and instability of the aerosol jet. This, in turn, leads to uneven surface coverage, which does not meet the requirements for effective lubrication.
[bookmark: _GoBack]During experiments with Relsol-M, when using a nozzle with a diameter of 3 mm and an air pressure below 0.15 MPa, the aerosol spray was uneven with a pulsating effect, which was also observed in studies with other lubricants. With increasing air pressure, the lubricant spray became uniform, and the spray cone widened. In the case of Relsol-GS under the same conditions (nozzle 3 mm, air pressure 0.15 MPa and more), the spray was uniform, without pulsations, and the line width remained stable. Increasing the pressure led to an increase in the thickness of the applied layer. Similar results were observed for Mariol-NT. Increasing the pressure also increased the layer thickness, but did not affect the line width. Table 2 shows the results of a series of experimental studies of the consumption of lubricant consumption for Relsol-M, Relsol-GS and Mariol-NT at different air pressure supply but with a fixed nozzle diameter of 3 mm.

TABLE 2 Material consumption depending on the pressure force, Relsol-M, Relsol-GS and Mariol-NT lubricants
	Lubricant
	Air pressure, MPa
	Lubricant consumption, kg/h

	
	
	Q1
	Q2
	Q3
	Qmean

	Relsol – M
	0.15
	0.156
	0.154
	0.153
	0.154

	
	0.2
	0.182
	0.180
	0.179
	0.180

	
	0.3
	0.547
	0.547
	0.548
	0.547

	
	0.4
	0.730
	0.727
	0.729
	0.728

	Relsol – GS
	0.15
	0.068
	0.069
	0.065
	0.067

	
	0.2
	0.246
	0.247
	0.249
	0.247

	
	0.3
	0.363
	0.361
	0.360
	0.361

	
	0.4
	0.487
	0.489
	0.488
	0.488

	Mariol – NТ
	0.15
	0.072
	0.074
	0.072
	0.072

	
	0.2
	0.247
	0.248
	0.247
	0.247

	
	0.3
	0.482
	0.488
	0.486
	0.485

	
	0.4
	0.723
	0.722
	0.725
	0.723



The experiments revealed significant differences in the spray characteristics between different types of lubricants. The specialized software was employed to analyze the dependence of lubricant consumption on the main parameters of the experiment, such as pressure and nozzle diameter.
Based on the results of experimental studies, a multifactorial regression model was developed that takes into account the influence of several variables, in particular pressure and nozzle diameter, and describes the use of RS-6 «B» lubricant by nozzle.


		(1)

where: a, b, c, d, f, g, j - empirical regression coefficients;
Q - lubricant flow rate, kg/h;
P - air pressure, MPa;
D - nozzle diameter, mm.

The following equation represents a third-degree polynomial regression model. It reflects the dependencies for lubricants such as Relsol-M, Relsol-GS and Mariol-NT. 


		(2)

After constructing the dependencies, the next step was to calculate the coefficients for each type of lubricant based on experimental data. These coefficients are critically important for refining the regression models, as they determine the specifics of the dependence of the lubricant flow rate on variable parameters, such as pressure and nozzle diameter.
The values of the coefficients of the regression equation for RS-6 «B», Relsol-M, Relsol-GS and Mariol-NT lubricants for use with nozzle are given in table 3.

TABLE 3 Coefficients obtained from the regression analysis
	Lubricant
	Empirical coefficients of the model

	RS-6 «B»
	a = - 21.6
	b = 49.828
	c = 0.624
	d = 9.078

	
	f = - 0.0875
	g = - 188.739
	j = 167.078
	

	Relsol – M
	a = 0.063
	b = - 2.193
	c = 21
	d = - 28

	Relsol – GS
	a = 0.017
	b = - 0.943
	c = 13.167
	d = - 19.76

	Mariol – NT
	a = 0.062
	b = - 2.195
	c = 20.56
	d = - 27.4



The results of the regression analysis demonstrate the dependence of the lubricant flow rate on the air pressure. The graph for RS-6 «B» is shown in Fig. 4, while the graphs for Relsol-M, Relsol-GS and Mariol-NT are shown in Fig. 5.
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FIGURE 4. Graph of the dependence of the lubricant flow rate of RS-6 «B» on the air pressure and the nozzle diameter
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FIGURE 5. Graph of the dependence of the lubricant flow rate of Relsol-M, Relsol-GS and Mariol-NT on the air pressure
The obtained data demonstrate that the characteristics of the flow curves of the lubricant are determined by its viscosity. The flow rate of the liquid lubricant RS-6 «B» increases significantly with increasing pressure, which is explained by its lower viscosity. In contrast, for thicker lubricants, such as Relsol-M, Relsol-GS and Mariol-NT, the flow increases more slowly with increasing pressure. These features emphasize the importance of considering the type of lubricant when setting the nozzle parameters. For liquid lubricants, it may be advisable to use low pressure for uniform spraying to avoid excessive flow. For thick lubricants, on the contrary, increased pressure or a change in the nozzle diameter may be required to ensure flow stability and avoid pulsations.
Based on the experiments conducted with the laboratory setup, a prototype of a new nozzle design was developed and proposed, which retains the key characteristics of experimental model, shown in Fig. 6 (a). All aspects identified during the tests were taken into account and the nozzle design was optimized to improve its reliability and efficiency. The new design provides for a more accurate supply of lubricating fluid, ease of installation and maintenance. The nozzle body has 4 holes for fixing it on the bracket (Fig. 7). The mounting design allows you to adjust the nozzle position both in the vertical and horizontal planes, which ensures accurate application of lubricant to the working area of the «wheel-rail».
Fig. 6 (b) shows the main elements of the nozzle prototype. This nozzle is equipped with a nozzle (1), through which lubricating fluid is supplied, a lock nut (2) is used to securely fasten the nozzle, the basis of the entire structure is the housing (4), inside which is located a spring, the stiffness of which was previously set (5) and a check valve ball (6), it interacts with the valve seat (7) to prevent spontaneous leakage of lubricant, the plug (8) is used to seal the technological opening of the channel, and the fittings (9) are used to connect to pipelines A - for lubricant, B - for air.
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	(a)
	(b)


FIGURE 6. Structure of the nozzle prototype, (a) general view, (b) cross-sectional view: 1 - nozzle; 2 - locknut; 3 - tube; 4 - body; 5 - spring; 6 - check valve ball; 7 - valve seat; 8 - plug; 9 - fitting (2 pcs.)

To fix the nozzle on the locomotive, a special bracket is required, which requires separate development. For its manufacture, it was decided to use the VL-80 electric locomotive as a basis for further design. The main limitations of the bracket dimensions are its dimensions and design, which should not interfere with the operation of the bogie elements, such as brake shoes or springs.
The spray nozzle cannot be attached to the bogie frame, due to the fact that in the VL-80 electric locomotive the wheelset is sprung, the bogie will not copy the movement of the machine relative to the rolling surface of the rails, thus the lubrication of the rails will occur incorrectly, and lubricant may get on the rolling surface, which is unacceptable. The axle box bearing assembly is protected from external factors by a cover fixed on 8 bolts, to which the bracket can be attached.
The design solution must include an adjustable nozzle mount, which will allow for precise adjustment of its position regardless of changes in the diameter of the wheelset. This approach will ensure optimal rail lubrication and increase the efficiency of the system, taking into account the individual parameters of each electric locomotive. A bracket was developed for attaching the nozzle to the wheelset, which is shown in Fig. 7 (a).
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	(а)
	(b)


FIGURE 7. Bracket for securing the nozzle in the rail lubrication zone, (a) general view of the mounted rail lubrication system on the leading wagon: 1 - wheelset; 2 - axle box bearing unit; 3 - bracket; 4 - rail; 5 - nozzle, (b) equivalent stress according to Mises

Static calculations of the bracket were performed in the APM FEM program. A finite element model was created, which allowed to estimate the distribution of stresses, displacements and stability of the bracket, as well as to identify possible optimization methods to increase its reliability. The calculations showed that the maximum equivalent stress according to the Mises criterion is 132.99 MPa, Fig. 7 (b), which is within the permissible values for the St3sp steel (yield strength – 220 MPa). This indicates that the structure is able to withstand the applied loads without the risk of exceeding the yield limit. 
DISCUSSION OF RESULTS
Experimental studies have shown that the proposed nozzle prototype is universal and allows working with lubricants of different viscosities. Lubricant consumption (Q) depends on the air pressure (P) and nozzle diameter (D). It was found that thick lubricants (Relsol-M, Relsol-GS and Mariol-NT) require higher air pressure to ensure a stable torch, compared to liquid (RS-6 «B»).
Regression models have been built that allow predicting lubricant consumption at different operating modes, and the obtained empirical coefficients are useful for creating system operating maps and dosing algorithms.
Finite element analysis of the bracket showed that the maximum stresses remain within the limits permissible for St3sp steel.
Conclusions 
The developed lubrication system for the rail and wheel flange, which is based on the principle of aerosol lubricant application, demonstrates high efficiency when using different types of lubricants.
The study of lubricant consumption using an experimental setup allowed determination of the dependence of lubricant consumption on the pressure and diameter of the nozzle. During the experiment, the minimum operating pressure and the optimal nozzle diameter were established for correct operation of the nozzle. The used polynomial regression model of the third degree and the empirical multifactor regression model demonstrated their effectiveness in predicting lubricant consumption when varying these parameters. In particular, the obtained models allow us to accurately predict lubricant consumption as a function of air pressure and nozzle diameter, which provides the possibility of optimizing the lubrication process.
The design of the nozzle mounting bracket also demonstrated high reliability under significant dynamic loads, which is confirmed by the results of modeling using APM FEM. Maximum stresses and deformations are within the permissible values for the material, which ensures the reliability of the system during operation.
Thus, the proposed system can effectively perform its function under conditions of high dynamic loads and provide optimal lubrication of the rail pair, increasing the service life of the wheels and rails.
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