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Abstract

:

In order to accurately and efficiently analyze the distribution law and motion status of lubricating oil in the spiral bevel gearbox of the electric multiple unit (EMU), a high-fidelity 3D CFD model of the spiral bevel gearbox of the EMU was established for the first time. The moving particle semi-implicit method was used to visualize the lubricating-oil flow field distribution characteristics of the gearbox. The distribution characteristics of lubricating oil in the gearbox with varying gear rotation speeds, initial lubricating-oil volume levels and oil temperatures were analyzed. It was found that the initial lubricating-oil volume is the factor with the largest influence, while the influences of gear rotation speed and oil temperature are relatively small. By analyzing the churning loss under various simulation conditions, it was found that the churning loss is positively correlated with the gear rotation speed and initial oil volume, and is more affected by the initial oil volume. The churning loss is negatively correlated with the oil temperature, and both are nonlinear relationships. The proportion of churning loss related to the driven gear is higher compared to that of the driving gear. These results can provide a theoretical basis for the subsequent optimization of the gearbox.
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1. Introduction


The traction motor, gearbox and wheelset are the key components of the power wheelset of the electric multiple unit’s (EMU) bogie. As the core unit of power conversion and transmission, the reliability of the gearbox directly determines the safety of the EMU. The gearbox of EMU has a high power-to-weight ratio, complex structure and compact installation space, so splash lubrication is usually used. The power loss of the gearbox during operation is inevitable, and a significant portion of this loss is ultimately transformed into heat and dissipated into the environment. According to its relationship with the load, the power loss can be divided into load-dependent power loss and load-independent power loss; and the churning loss accounts for approximately 30% of the load-independent power loss, which seriously hampers the transmission efficiency [1]. Accurate prediction of churning loss is an extremely challenging aspect of the gearbox design process, because it is heavily affected by the lubricating-oil distribution in the gearbox, which is relatively unknown. The churning power loss in gearboxes can be obtained by experiments and empirical formulas [2,3,4,5]. While these methods can provide some reference in the initial estimation stage of the gearbox design process, their continued use in the specific structural design and parameter selection can result in design inaccuracies. Therefore, it is still an urgent and challenging task to investigate the churning loss and lubrication characteristics of EMU gearboxes under splash lubrication.



Throughout the past several decades, with the enhancement of computing power, the computational fluid dynamics (CFD) method has gradually become a robust and effective tool for analyzing the lubrication characteristics of gearboxes. Some scholars have employed CFD methods to investigate churning power loss and lubricating-oil distribution in gearboxes. Based on the finite volume method (FVM), Liu et al. [6,7] established a three-dimensional CFD simulation model of a single-stage gearbox considering oil–air two-phase flow, and studied the effects of rotation speed, oil fill level and kinematic viscosity on oil distribution and churning power loss. The oil distribution and churning resistance torque obtained by the CFD method are consistent with the oil distribution records obtained by the high-speed camera and the values obtained by the torque instrument. According to their research conclusions, the speed is the most significant influencing factor for churning resistance torque. Chen and Matsumoto [8] constructed a rotatable single-stage transmission gearbox test bench to investigate the effects of the relative position of the gear on the oil surface profile and churning loss. Additionally, various shapes of fillers are inserted into the gearbox to simulate the influence of the actual shape of the box on the churning loss. The results show that the filler with a specific structure can significantly reduce the churning loss, consistent with the conclusion reached by Hildebrand et al. [9]. And Hu et al. [10] developed a CFD simulation model of a gearbox considering dynamic motion and applied sinusoidal motion to the gearbox by using the method of a non-inertial coordinate system. By comparison with the experimental results of Chen and Matsumoto [8], the correctness and applicability of the established model were verified. Further analysis was conducted on the impacts of the amplitude and frequency of the dynamic motion of the gearbox on the churning power loss. Regarding the FZG test bench, Mastrone and Concli [11] substituted for the lubricating oil with grease and used the Herschel–Bulkley model to describe the non-Newtonian fluid characteristics of the grease. Liu et al. [12] established a CFD model, including gears and bearings, and extended the FVM from a single-stage gearbox to a planetary gearbox with a complex structure. However, to minimize workload, the dynamic motion of the bearing was ignored, and the bearings were set as static. References [6,7,8,9,10,11,12] have shown the great potential of FVM in predicting the distribution of lubricating oil and the churning loss in the gearbox. Nevertheless, when applying this method, a special dynamic mesh strategy is needed to generate the mesh of the gear meshing area. Liu et al. [12], Cho et al. [13], Burberi et al. [14] and Mastrone et al. [15] employed overlapping grids, the immersed boundary method, a local grid reconstruction and a global grid reconstruction method to mesh the gear meshing area, so that the gear meshing could be simulated more realistically. Furthermore, Mastrone and Concli [16] proposed a new mesh processing strategy, that is, a global mesh reconstruction of mesh clustering. By combination with the global mesh reconstruction method, a two-stage industrial gearbox CFD model is established. Theoretically, the FVM method can be extended from the single-stage transmission to the multi-stage transmission gearbox [16,17]. However, since FVM is a grid-based Euler technique, each element needs to follow the conservative Euler equation in the process of application, and the entire computational domain needs to be meshed. In order to ensure the integrity of the whole calculation domain, it is usually necessary to artificially reduce gear or expand the center distance. It is precisely because of the application of these measures that the tooth surface shape or assembly relationship of the gear is altered, influencing the power loss, transmission efficiency and lubrication characteristics obtained through simulation.



Numerical methods based on particles can effectively compensate for the aforementioned drawbacks. Particle-based numerical methods typically employ a Lagrangian coordinate system. Compared with the grid-based Euler method, particle-based numerical methods do not need to mesh the whole computational domain, and only the fluid domain needs to be filled with fluid particles with specific physical properties. It is precisely due to this method that gear scaling and various mesh division techniques have become outdated. Smoothed particle hydrodynamics (SPH) and the moving particle semi-implicit (MPS) method are two commonly used meshless particle methods. Ji et al. [18] used a continuum surface force to model the interfacial surface force between multiphase fluids and used color function to describe different phases. A multiphase fluid numerical model based on SPH was established, and the aeration behavior in the gearbox was analyzed for the first time. Compared with the particle-image velocimetry results, SPH can capture well the local details of the flow field. Legrady et al. [19] demonstrated a SPH-based simulation model of gearbox flow field suitable for bevel gear transmission, and conducted extensive tests on different rotation speeds, rotation directions and liquid level filling heights. When compared with the experimental results, the numerical flow field obtained by the numerical model considering the surface tension is more consistent with the experimental results. In addition, they studied the churning loss with different gear-reduction ratios. If the gear pair is reduced to 98% of the original size during the simulation process, the average difference in churning loss can reach 30%. Liu et al. [20] used the CFD model based on SPH to simulate the oil distribution and churning loss of the FZG test gearbox. The SPH method is very robust and accurate in predicting oil distribution, but the error level between the churning loss obtained by SPH and that of the test results can reach 82%. To achieve more accurate quantitative results, optimization and improvement of the SPH are still needed [21,22]. Liu et al. [23] conducted a series of extensive numerical simulations using the MPS method with reference to the gearbox model established in reference [20].



Based on these findings, combined with the experimental results provided in references [6,20], it can be pointed out that both the MPS and SPH methods can be used to predict the oil distribution, but the churning loss obtained by the MPS method is more accurate than that determined by SPH. Deng et al. [24] and Xie et al. [25] established high-fidelity numerical simulation models for gearboxes used in different types of rail vehicles and carried out simulation calculations with different speeds and lubricating-oil volume levels and viscosities, providing a precedent for the engineering application of the MPS method. The simulation model they established retained the complex gearbox structure, and the modeling process was very simple. However, this is difficult to achieve in the FVM. Guo et al. [26] further analyzed the influences of gear parameters on the churning loss. According to the experimental results in this paper, the power losses of the numerical simulations of gear pairs are in good agreement with those of the experiment. Deng et al. applied the MPS method to study the lubrication performance of the roller enveloping worm reducers [27]. Wei et al. conducted a study on the churning loss and lubricating-oil distribution of a hydraulic pump used in engineering vehicles, based on the MPS method. In addition, they also studied the flow pattern of lubricating oil around the rotating disk under low temperature conditions, dividing the flow pattern of lubricating oil around the disk into coated, immersed and reverse oil films [28,29]. The above literature indicates that the MPS method has a significant advantage in determining the churning loss of the gear transmission system.



The gearbox of an EMU usually adopts a single-stage gear transmission, which can be divided into parallel shaft transmissions and cross shaft transmissions according to the arrangement of the transmission shafts. Compared with the parallel shaft transmission, the bevel gear transmission system driven by the universal shaft is beneficial for reducing the unsprung mass of the bogie and improving the dynamic performance of the EMU. However, because of the shift angle of the bevel gear transmission, the oil splashing in the gearbox becomes more complicated, compared to the parallel transmission. Hu et al. [30] took the helicopter intermediate gearbox as their research object, established an oil–air two-phase flow model that included an oil guide device, casing and spiral bevel gear pair, and discussed in detail the various operating factors occurring during the helicopter’s work, such as gear rotation speed, oil properties and aircraft inclination angle, as well as their impacts on the churning loss of the gearbox. Jiang et al. [31] used the same CFD model as Hu et al. to analyze the influence of the oil guide device on the lubrication effect of the gearbox. They found that the structural aperture of the oil guide device and the radius of the oil duct have important influences on the oil supply of the bearing, but have minor effects on the churning loss and the lubrication of the gear meshing zone. Lu et al. [32] established a CFD model of oil–air two-phase flow for the intermediate gearbox used in helicopters. According to the oil flow characteristics, the lubricating oil stirred by the gear is divided into free flow, jet flow and splash flow. In addition, they also introduced a multi-reference frame to describe the rotations of gears and bearings in the established CFD model. And they built a heat-flow coupling model and discussed the convective heat transfer coefficient and temperature characteristics of the gearbox [33,34]. Bevel gear transmission is not only widely used in helicopter transmission systems, but also very common in truck-axle transmission systems. Peng et al. [35] overcame the difficulties of generating meshes in the meshing zone of bevel gear transmission systems by applying the tooth-surface translation method. And an experimental platform matching the simulation model was designed to verify the accuracy of the numerical method. They also applied the proposed modeling method to the drivetrain system and used the multi-objective optimization and response surface method to optimize the system [36,37]. Although the authors of the above literature have carried out relevant research on the lubrication characteristics of the splash-lubricated bevel gear transmission system, the numerical model used for research is quite different from the actual model. Compared with the gears in the engineering model, the gears in References [30,31,32,33,34,35,36,37] are all reduced, and therefore cannot reflect the real tooth surface shapes and meshing relationships. In addition, in order to reduce the pre-processing of the model and the number of grids used for numerical calculation, a box with a relatively simple shape is necessary. The application of these measures, however, would greatly weaken the guiding role of numerical simulation in engineering practice.



The shape of the casing of the EMU is very important to the analysis of the lubrication characteristics of the gearbox. In order to put forward reasonable measures for subsequent optimization and improve the working performance of the gearbox, when the lubrication mechanism of the gearbox is numerically simulated, retaining the actual structural characteristics of the casing can improve the guiding role of numerical simulation. In this paper, the gearbox of a spiral bevel gear transmission for a body suspension motor EMU is taken as the research object, and a corresponding high-fidelity CFD model is established for the first time. The MPS method is used to analyze the influences of different input shaft speeds, initial lubricating-oil volumes and lubricating-oil temperatures on the distribution of lubricating-oil particles and the churning loss, and the lubrication mechanism of the gearbox is revealed. The organization of this paper is as follows: In Section 2, we introduce MPS and the calculation method of churning loss used in this paper. In Section 3, the spiral bevel gearbox studied in this paper and the processes of establishing the numerical model are presented. In Section 4, the applicability and accuracy of the MPS method are verified. In Section 5, the influences of different working parameters of the gearbox on lubrication characteristics are discussed. Finally, in Section 6, the main conclusions of this paper are given.




2. Numerical Methods


The MPS method utilizes a series of fluid particles to discretize the continuous fluid domain and employs the Lagrangian method to track the fluid particles, an approach which is mainly used to solve the problem of incompressible flow. Different from the traditional method, the MPS method does not need to mesh the continuous fluid domain, but instead determines the motion characteristics of the fluid particles by the motion properties of the fluid at the previous moment and the interaction between the local surrounding particles. In addition, there is no fixed topological structure between fluid particles, so it is very suitable for dealing with free-surface flow problems with large deformation characteristics.



2.1. Governing Equations


In the MPS method, the flow law of the fluid can be described by the continuity equation and the Navier–Stokes equation, and its vector form is [38]:


    D ρ   D t   = 0 ,  



(1)






    D u   D t   = −   1   ρ   ∇ p + ν   ∇   2   u + g ,  



(2)




where 𝜌 is the fluid density, t is the time, u is the velocity vector, p is the pressure, ν is the dynamic viscosity of the fluid and g represents the acceleration of gravity.




2.2. Kernel Function and Particle Number Density


The position coordinates of the fluid particles are constantly changing in the MPS method. The fluid motion control equation can be solved by means of the interaction between the particles, and the motion law of the fluid particles can be obtained. The interaction between the particles is mainly evaluated by the kernel function, and the kernel function interaction model diagram is shown in Figure 1 [39]. When r < re, there is an interaction between particles. When r ≥ re, there is no interaction between particles. The expression of the kernel function is


  w ( r ) =        r     r   e     − 1 ,    ( r <   r   e   )        0 ,           ( r ≥   r   e   )      ,  



(3)




where r is the distance between two particles, and re is the radius of action of the particles.



In the MPS method, the particle number density represents the distribution of particles within a certain range, which reflects the local density characteristics of the fluid. The particle number density is mainly calculated through a kernel function. Specifically, the particle number density ni of particle i can be expressed as follows:


    n   i   =   ∑  j ≠ i    w ( r )   ,  



(4)








2.3. Particle Interaction Models


The velocity and pressure of the fluid medium are mainly calculated by the gradient model and the Laplace model. Specifically, the gradient model uses the particle number density gradient between adjacent particles to calculate the fluid velocity. When the distances between adjacent particles are shorter, the particle number density is higher, resulting in a larger fluid velocity. The Laplace model employs the Laplace equation to describe the pressure distribution of the fluid and calculates the pressure by solving the Laplace equation. The expressions of Gradient model and Laplace model are as follows [35]:


      ∇ ϕ     i   =   d     n   0       ∑  j ≠ i        φ   j   −   φ   i           r   j   −   r   i       2           r   j   −   r   i     w       r   j   −   r   i       ,  



(5)






         ∇   2   ϕ     i   =   2 d     λ n   0       ∑  j ≠ i          ϕ   j   −   ϕ   i     w       r   j   −   r   i             ,   



(6)






   λ =     ∑  j ≠ i    w       r   j   −   r   i               r   j   −   r   i       2       ∑  j ≠ i    w       r   j   −   r   i             ,   



(7)




where ϕ is the scalar of particle physical parameters; ri and rj are particle coordinate vectors; n0 is the particle number density constant; d is the spatial dimension and λ is the coefficient of the Laplace model.




2.4. Boundary Conditions


In the numerical simulation of the flow field characteristics of the gearbox using the MPS method, the non-slip wall boundary and the free surface boundary are the two most commonly used boundary conditions. In general, the air inside the gearbox is ignored, and only the lubricating-oil area is filled with particles. Figure 2 shows the discriminant diagram of the free surface. When a particle is located at the liquid’s surface, its particle density is significantly lower than the initial particle density n0, and this can be used to identify the particles on the free surface. The expression for determining whether particle i is a free-surface particle is as follows:


      n     i   *   < β   n   0   ,  



(8)




where β is the free-surface recognition parameter, and β in this study is 0.97 [25].



The non-slip wall boundary is primarily employed to simulate the interaction between a viscous fluid and a solid surface. In the non-slip wall boundary, the wall is assumed to be non-penetrable and without slip. In the MPS method, it is generally achieved by placing virtual particles at the wall and applying appropriate reaction forces and constraints to the fluid particles near the wall. This ensures that the velocity of the particles at the boundary is zero, preventing the fluid particles from entering the solid surface or sliding along the solid surface [40]. The arrangement of wall boundary particles is illustrated in Figure 3.




2.5. Oil Churning Loss


The churning resistance torque generated by the gear pair during operation can be divided into three parts, according to the sources of resistance: the resistance generated by the pressure gradient on the tooth surface, the viscous resistance torque generated due to churning the oil, and the turbulent shear resistance torque. These can be individually calculated using Equations (9)–(11) [26]:


      ∇ P     i   =   d     n   0       ∑  j ≠ i          P   j   −     P  ^    i           r   j   −   r   i       2         r   j   −   r   i     w       r   j   −   r   i           ,  



(9)






   ν   ∇   2     u   i   = ν   2 d   λ   n   0       ∑  j ≠ i          u   j   −   u   i     w       r   j   −   r   i             ,   



(10)






   τ = ρ   l   2       ∂ u   ∂ y       ∂ u   ∂ y     ,   



(11)




where τ is the turbulent shear stress and l is the mixing length [41].



In the calculation, the product of the oil resistance torque of each gear and its rotation speed is used as the total power loss Ploss of the gearbox. The calculation expression is


    P   l o s s   =     T   l o s s   × N   9550   ,  



(12)




where Tloss is the churning resistance torque generated by the gear and N is the gear rotation speed.





3. Modeling and Simulation


3.1. Model of a High-Speed Train Gearbox and Simplification


For the spiral bevel gear transmission gearbox used in EMUs, a three-dimensional high-fidelity model is established in SolidWorks 2018, as shown in Figure 4. The gearbox adopts a single-stage transmission, and the speed and torque output by the traction motor are transmitted to the driving gear through a cardan shaft, thereby driving the driven gear to rotate and churning the bottom oil to achieve lubrication. The stagger shift of the bevel gear pair is 90°, and the specific parameters are shown in Table 1.



The gearbox structure of the EMU is complex, with numerous attachments on the casing. According to the transmission mode and working principle of the gearbox, the gearbox has been reasonably simplified to improve the calculation efficiency. The specific simplification measures are as follows:




	(1)

	
Properly simplify minor and non-critical features such as chamfers and fillets on the gearbox casing, while retaining geometric characteristics inside the casing that influence the lubrication characteristics of the gearbox;




	(2)

	
Remove the bolts on the surface of the casing and fill the bolt holes that have little effect on the flow field characteristics, making the inside surfaces of the casing flat and smooth.









The MPS method utilizes a series of particles to fill the oil domain in the gearbox, so it is essential to ensure the integrity and closure of the inner wall of the gearbox when simplifying the model. Compared with other mesh-based methods, this method does not need to mesh the fluid domain, so it is suitable for a complex-shaped gearbox. Moreover, this method does not need to scale the gear to ensure the continuity of the fluid domain, so the complex shape of the gear can be retained to ensure the authenticity of the model as much as possible.




3.2. Physical Parameters and Simulation Condition Settings


The gearbox of the EMU is lubricated and cooled by EMGADRW 75W-90 lubricating oil. The physical parameters of the oil are shown in Table 2. Considering the influence of oil temperature on viscosity and density, according to the viscosity–temperature relationship expression of AGMA 925 A03, the lubricating-oil properties at different temperatures are obtained, as shown in Table 3 [42]. The expressions between oil density, viscosity and temperature are:


  ρ = 876 − 0.6 × T ,  



(13)






     lg  ⁡    l g   ν + 0.7       = A − B l g   T + 273.15     ,   



(14)






   B =     lg  ⁡    l g     ν   40   + 0.7         −   lg  ⁡    l g     ν   100   + 0.7         l g 373.14 − l g 313.15     ,   



(15)






   A =   lg  ⁡    l g     ν   40   + 0.7       + B × l g 313.15   ,   



(16)




where ρ is the density, kg/m3; T is temperature, °C; ν is the kinematic viscosity of lubricating oil, mm2/s; A and B are constants; and ν40 and ν100 are the kinematic viscosity of lubricating oil at 40 °C and 100 °C, respectively.



Selecting an appropriate time-step is beneficial for improving the convergence and stability of the calculation. A small time-step makes the calculation tend to be stable, but it significantly reduces computational efficiency. If the selected time-step is too large, the calculation’s results are not easily convergent. The shonDy is a CFD numerical simulation software program based on the MPS method. In shonDy, the time step Δt is selected according to the Courant–Friedrichs–Lewy (CFL) condition, as shown in Equation (17):


  Δ t = m i n   Δ   t   i n   ,     c   m a x     l   0       u   m a x     ,   1   2       d   i     l   0   2     v +   v   m a x       ,  



(17)




where l0 is the diameter of the particles, umax is the maximum velocity of the particles, di is the diffusion coefficient, v is the kinematic viscosity of the fluid, vmax is its maximum value, and cmax is the Courant coefficient, which is set to 0.2 in this simulation [43]. ∆tin is the initial time step,       c   m a x     l   0       u   m a x       is the step calculated based on CFL condition, and     1   2       d   i     l   0   2     v +     v   m a x       comes from the stability condition of viscosity calculation.



The diameter of lubricating-oil particles has an important impact on the simulation’s results and computational efficiency. Smaller lubricating-oil particle diameters lead to more accurate computational results but also increase computational costs. When the diameter is below a critical value, further reduction does not notably enhance simulation accuracy but substantially increases calculation time. Therefore, considering the actual calculation time and accuracy, the radius of lubricating-oil particles is set to 1 mm [24,25].



In order to further explore the influence of the gear pair rotation speed, the initial lubricating-oil volume and lubricating-oil temperature on the lubrication characteristics, 10 simulation models were set for numerical simulation, as shown in Table 4. Models 1–4 are used to analyze the influence of gear rotation speed, models 5–7 are used to analyze the influence of initial lubricating-oil volume, and models 8–10 are used to analyze the influence of lubricating-oil temperature. In the process of numerical simulation, the simulation time is set to 3 s. In order to reduce the instantaneous impact during start-up, 0–1 s is the uniform acceleration stage, and 2–3 s is the stable operation stage.



Numerical models were established and simulated using the CFD software program shonDy, and based on the MPS method. The pressure equation is solved by implicit algorithm, and the momentum equation is solved by explicit algorithm. The surface tension coefficient of the lubricating oil is set to 0.02, the wall contact angle is set to 20°, and the gravity of the lubricating-oil particles is 9.8 m/s2. The flow state of the oil in the gearbox is complex during the working process, and the LES turbulence model is employed.





4. Experimental Verification


To verify the applicability and accuracy of the MPS method in analyzing the lubrication characteristics of the bevel gearbox, a simulation model of a helical bevel gearbox was established, with gear parameters as shown in Table 5. The physical parameters of the lubricating oil were set at 40 °C, the density was 850 kg/m3, and the dynamic viscosity was 8.627 × 10−2 kg/(m·s).



The gear rotation speed was set to 1000 rpm, and the gear immersion depth was defined as 25 mm. The numerical simulation obtains the lubricating-oil distribution under these conditions, which is then compared with the experimental data provided in reference [31], as shown in Figure 5. The numerical simulation results obtained by the MPS method are basically consistent with the oil distribution obtained by the experiment. The lubricating oil accumulates at the lower right of the front transparent glass plate, and the splash behavior of the lubricating oil stirred by the other gear is also in good agreement with the experimental results. Setting the same initial oil immersion depth and gear speed as in reference [30], the churning loss under different working conditions is numerically simulated, as shown in Figure 6.



The numerical results and experimental results also show that at the same oil immersion depth, with the increase of gear rotation speed, the churning loss increases gradually, and the higher the speed is, the more obvious is the increasing trend. Under the same rotation speed, with the increase of oil immersion depth, the churning loss also increases. Moreover, the error between the churning loss obtained by the numerical simulation of the MPS method and that obtained in the experiment is within 5%, which meets the engineering application requirements. In the simulation process, the temperature of the lubricating oil is assumed to be constant, and there is no consideration of the viscosity–temperature characteristics of the lubricating oil, which may cause some errors between the experimental value and the simulation’s value. By comparing the oil distribution and churning loss in the gearbox obtained by the MPS method and the experiment, it can be seen that the MPS method can be beneficially applied to analyze the lubrication characteristics of the bevel gear gearbox.




5. Results and Discussion


The gear rotation speed, initial oil volume and oil temperature are important parameters in the design of the gearbox lubrication system which have important influences on the oil flow and distribution characteristics. Through the post-processing of the numerical results, the number density of the lubricating-oil particles and the particle velocity distributions for different simulation models are obtained, and then the effects of different gear rotation speeds, initial oil volumes and oil temperatures on the lubrication characteristics and churning loss of the gearbox are analyzed. During the operation of the gearbox, the lubricating oil splashes onto the surface of the parts with the rotation of the gear, under the combined actions of gear stirring and the viscous force of the lubricating oil, and thereby achieves lubrication and cooling. The velocities of the lubricating-oil particles can be calculated according to the speed of the gear and the distance to the rotation center. Nevertheless, the velocities of the majority of the lubricating-oil particles in the gearbox are low, with only a small portion of particles near the moving gears exhibiting higher velocities. In order to describe the velocity distribution characteristics of lubricating-oil particles in the gearbox more clearly and accurately, and to describe the differences of particle velocity in the gearbox intuitively and clearly, the display range of the particle velocity nephogram can be set to 0–1 m/s.



5.1. The Influence of Rotation Speed on the Lubrication Characteristics


The gear rotation speed is a critical factor affecting the lubrication effect and working performance of the gearbox. Under the actual operating conditions, the lubricating oil in the gearbox is in a low-viscosity state. Figure 7 and Figure 8 show the particle number density and particle velocity nephogram at different rotation speeds under low viscosity and medium initial oil-volume. At different speeds, the distribution of lubricating-oil particles in the gearbox is roughly the same, and the stirred-up particles are mainly distributed around the driven gear. At 500 rpm, lubricating oil is adhered to the tooth surface, and the splashed lubricating-oil particles are mainly concentrated at the bottom and rear of the casing. With the increase of rotation speed, the number of stirred-up lubricating-oil particles increases, and the centrifugal force of the particles increases. Some particles directly reach the front of the casing and the meshing area. When the rotation speed reaches 2000 rpm, the splash effect of the particles is significantly enhanced. Some lubricating-oil particles directly splash to the front of the casing or enter the meshing area directly. At the same time, the splash effect of the driving gear on the lubricating-oil particles is significantly improved, which will also make the lubricating-oil particles splash against the inner wall of the casing and cause the particles to be more evenly distributed inside the box.




5.2. The Effect of Initial Oil Volume on the Lubrication Characteristics


As an important parameter during the operation of the gearbox, the initial lubricating-oil volume has an important effect on the oil distribution in the gearbox. At a driving-gear speed of 1000 rpm, the lubricating-oil distribution in the gearbox varies with different initial lubricating-oil volumes, as shown in Figure 9 and Figure 10. It can be observed from Figure 9 and Figure 10 that, with the increase of the initial oil volume, the number of stirred-up oil particles significantly increases, leading to a noticeable rise in the internal lubricating-oil concentration in the gearbox. Moreover, the higher the initial lubricating-oil volume is, the more pronounced this growth trend becomes. Increasing the initial oil volume will increase the immersion depth of the driven gear. With respect to the arrangement of bevel gears, when the initial oil volume is low, adding a certain volume of lubricating oil only slightly increases the stirred-up lubricating-oil quantity. When the initial oil volume is high, increasing the lubricating-oil quantity by the same volume significantly raises the stirred-up lubricating-oil quantity. Simultaneously, the splashing effect of the lubricating oil is significantly enhanced, resulting in a noticeable increase in the internal lubricating-oil concentration in the gearbox.




5.3. The Influence of Oil Temperature on the Lubrication Characteristics


The high-speed rotating gear causes power losses such as churning, wind resistance and meshing, resulting in an increase in the lubricating-oil temperature, a decrease in viscosity, and enhanced fluidity. Figure 11 and Figure 12 present the number density and velocity nephograms of lubricating-oil particles in the gearbox at a speed of 1500 rpm for different lubricating-oil temperatures. When the lubricating-oil temperature is low, the amount of lubricating oil stirred up is less and the number of lubricating-oil particles around the gear is high, which helps to realize the lubrication. However, under these conditions, the amount of lubricating oil splashed is small, and most of the lubricating-oil particles accumulate at the bottom of the casing, resulting in a relatively low internal lubricating-oil concentration. Subsequently, though, with the increase in lubricating-oil temperature, fluidity improves, making lubricating-oil particles more likely to be thrown out by the gears. As a result, the number of splashed lubricating-oil particles in the gearbox significantly increases, leading to an increase in internal lubricating-oil concentration. When the oil temperature is low, this growth trend is obvious. When the oil temperature exceeds 40 °C, the influence of oil temperature on the lubrication characteristics is obviously weakened. This is because, according to the viscosity–temperature characteristics of lubricating oil, when the temperature of lubricating oil is low, the viscosity of lubricating oil is more sensitive to temperature variation. As the oil temperature increases from −25 °C to 0 °C, the viscosity level of oil changes more than twelvefold, while an increase in lubricating-oil temperature from 40 °C to 80 °C results in only a 22% variation in viscosity.




5.4. Analysis of Churning Loss


The power loss in the gearbox transmission system of the EMU can be divided into load-dependent power loss and load-independent power loss. The load-independent power loss mainly includes windage loss and churning loss. Among these factors, the churning loss accounts for 30% of the gear transmission power loss, which seriously restricts the efficiency and NVH (noise, vibration and harshness) performance of the transmission system. Hence, a thorough analysis of the mechanism and influencing factors of churning loss is crucial for enhancing the efficiency of transmission and improving energy utilization. After post-processing of various simulation models, the time-domain variation curves of the churning torque of all 10 models were extracted, as illustrated in Figure 13, Figure 14 and Figure 15. It can be observed that the churning torque is a fluctuating curve over time. In the initial stage, the gear-churning oil process is in an unstable phase, with a significant fluctuation in the curve. As time progresses, the gear-churned oil gradually reaches a relatively stable state, and the churning torque tends to be stable and fluctuate within a certain range. Taking the average value of the data from 2.5–3 s for each model yields the churning torque for each simulation model, as shown in Table 6.



It can be seen from Figure 13 that the initial value of the churning torque is small, and that it shows an upward trend with oscillation over time. After violent fluctuations, it gradually tends to become dynamically stable. This is mainly because during the numerical simulation, the gear adopts a slope acceleration mode, and in the initial simulation, the speed is low, and the value of the churning torque is relatively small. Additionally, the intensified flow state of the oil leads to a drastic change in the flow field, causing a rapid increase in the churning torque. After a period of fluctuation, the flow field in the gearbox gradually tends to become stable, and the churning resistance torque follows suit. Furthermore, as the speed of the driving gear increases, the churning torque also increases. At 2000 rpm, the churning torque is significantly improved, and there is established a nonlinear relationship between the churning torque and the rotation speed. As the rotation speed increases, the moments of intense fluctuation in the churning torque also occur earlier. This is mainly because at higher speeds, the time for splashed oil to enter the meshing area is shortened, causing the moments of intense fluctuation to advance. However, at 2000 rpm, there are two instances of intense fluctuation, indicating that at higher speeds, the internal fluid dynamics within the gearbox become more turbulent.



From Figure 14, it can be observed that the churning torque increases with the increase of the initial lubricating-oil volume, and that with more oil, the more obvious becomes the increasing trend. Figure 15 shows that when the lubricating-oil temperature is −25 °C, the churning torque is relatively high. As the oil temperature rises, the oil resistance torque gradually decreases. When the oil temperature exceeds 40 °C, the difference in the churning torque is not substantial, and is less influenced by the inherent viscosity–temperature characteristics of the lubricating oil. At higher lubricating-oil temperatures, the viscosity becomes less sensitive to temperature.



The churning loss levels of different simulation models can be obtained according to Equation (12), as shown in Figure 16. The power loss increases with the increase of the rotation speed of the driving gear and the increase in the initial lubricating-oil volume, and decreases with the increase in oil temperature; all of these are nonlinear relationships. It is worth noting that at higher speeds, the churning loss increases greatly, and a larger proportion of the loss comes from the driven gear. The higher the level of initial lubricating oil is, the greater is the churning loss. Additionally, the higher the lubricating-oil volume is, the more noticeable this growth trend becomes, with a higher proportion of these losses originating from the driven gear. The higher the lubricating-oil temperature is, the smaller are the churning losses in the gearbox. Moreover, the higher the oil temperature is, the less impact there is on churning losses. This is mainly because lubricating oil with higher temperatures has lower viscosity, resulting in less resistance to churning gears. Moreover, at higher temperatures, the variation in oil viscosity is less affected by temperature.





6. Conclusions


Taking the spiral bevel gear box of EMU as the research object, a high-fidelity 3D CFD simulation model was established through reasonable simplification, and the lubrication characteristics of the gearbox were visualized by the MPS method. By numerically solving the established 10 CFD models, the effects of different gear rotation speeds, initial lubricating-oil volume and temperature on the lubricating-oil distribution and the churning loss have been analyzed. The main conclusions are as follows:




	(1)

	
The MPS method has been successfully used to visualize the internal flow field of the spiral bevel gear transmission gearbox, which provides a new method for the CFD research on complex models.




	(2)

	
The number density and velocity nephogram of lubricating-oil particles of different simulation models have been extracted, and the lubrication characteristics of the gearbox qualitatively evaluated by the lubricating-oil particle distribution nephogram. The results indicate that as the gear rotation speed increases, the initial volume of lubricating oil rises, and the oil temperature decreases; additionally, more lubricating-oil particles are stirred up by the driven gear, leading to a more uniform distribution and higher lubricating-oil concentration in the gearbox. Moreover, the number of lubricating-oil particles stirred up by the driven gear in the gearbox is most affected by the initial lubricating-oil volume.




	(3)

	
After post-processing the numerical results, the churning torque calculations and churning losses of different simulation models were obtained. The results show that the churning loss is positively correlated with the gear rotation speeds and the initial lubricating-oil volume, but negatively correlated with the oil temperature. Compared with the driving gear, the driven gear has a higher proportion of churning loss.
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Figure 1. Kernel function model. 
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Figure 2. Free-surface discrimination diagram. 
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Figure 3. The schematic diagram of a boundary particle arrangement. 
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Figure 4. Gearbox component decomposition diagram. 1—output shaft gear side oil ring A; 2—output shaft gear side oil rejection ring B; 3—output shaft gear side bushing; 4—driven gear; 5—bearings NU BC1-D290; 6—output shaft gear side bearing inner ring; 7—box upper cover; 8—box back cover; 9—casing; 10—bearing BT2-7038-1, inner retaining ring; 11—bearing BT2-7038-1 outer retaining ring; 12—oil injection plug; 13—output shaft wheel side bushing; 14—output shaft wheel side end cover; 15—output shaft wheel side oil slinger; 16—bearing BT2-7038-2; 17—output shaft wheel side bearing retaining ring; 18—bearing BT2-7038-1; 19—bearing NJ314 bushing; 20—bearing NJ314; 21—driving gear shaft; 22—bearing QJ316 outer retaining ring; 23—bearing QJ316; 24—bearing NU316 inner retaining ring; 25—input shaft end cover; 26—bearing NU316 bushing; 27—bearing NU316; 28—input shaft bearing retaining ring; 29—oil drain plug; and 30—output shaft. 
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Figure 5. Comparison of oil distribution in spiral bevel gearbox. (a) Oil distribution of experiment in [31]; (b) Oil distribution of simulation based on the MPS method. 
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Figure 6. Comparison of churning loss of spiral bevel gearbox. 
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Figure 7. Particle number density distribution at different rotation speeds: (a) 500 rpm; (b) 1000 rpm; (c) 1500 rpm; and (d) 2000 rpm. 
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Figure 8. Particle velocity distribution at different rotation speeds: (a) 500 rpm; (b) 1000 rpm; (c) 1500 rpm; and (d) 2000 rpm. 
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Figure 9. Particle number density distribution with different initial oil volumes: (a) 12 L; (b) 15 L; (c) 18 L; and (d) 21 L. 
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Figure 10. Particle velocity distribution with different initial oil volumes: (a) 12 L; (b) 15 L; (c) 18 L; and (d) 21 L. 
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Figure 11. Particle number distribution with different initial oil temperatures: (a) −25 °C; (b) 0 °C; (c) 40 °C; and (d) 80 °C. 
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Figure 12. Particle velocity distribution with different initial oil temperatures: (a) −25 °C; (b) 0 °C; (c) 40 °C; and (d) 80 °C. 
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Figure 13. The variation curve of churning torque at different rotation speeds. 
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Figure 14. The variation curve of churning torque with different initial oil volumes. 
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Figure 15. The variation curve of churning torque with different oil temperatures. 
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Figure 16. Comparison of churning loss under different simulation models. 
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Table 1. Parameters of the bevel gear.
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Parameter

	
Driving Gear

	
Driven Gear






	
Tooth surface type

	
Gleason style




	
Tooth number

	
22

	
55




	
Module/mm

	
9.2




	
Tooth width/mm

	
82




	
Pressure angle/°

	
20




	
Helix angle/°

	
30











 





Table 2. Physical parameters of 75W-90 lubricating oil.
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	Parameter
	Value
	Test Method





	Density at 15 °C/(kg/m3)
	867
	DIN 51757



	Kinematic viscosity at 40 °C/(mm2/s)
	116
	ASTM D445



	Kinematic viscosity at 100 °C/(mm2/s)
	16.6
	ASTM D445










 





Table 3. Physical properties of lubricating oil at different temperatures.
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	Temperature (°C)
	Density (kg/m3)
	Kinematic Viscosity (mm2/s)





	−25
	891
	17,676.99



	0
	876
	1430.15



	40
	852
	116.00



	80
	828
	25.89










 





Table 4. Simulation conditions.
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Simulation Model

	
Driving Gear Rotation Speed (rpm)

	
Initial Oil Volume (L)

	
Oil Temperature (°C)






	
gk01

	
500

	
15

	
80




	
gk02

	
1000




	
gk03

	
1500




	
gk04

	
2000




	
gk05

	
2000

	
12

	
80




	
gk06

	
18




	
gk07

	
21




	
gk08

	
2000

	
15

	
−25




	
gk09

	
0




	
gk10

	
40











 





Table 5. Gear pair parameters of the test gearbox.
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	Parameter
	Value





	Tooth number
	24/24



	Module (mm)
	6.5



	Tooth width (mm)
	40



	Pressure angle (°)
	20



	Axis shift angle (°)
	90



	Helix angle (°)
	35










 





Table 6. Churning torque and power loss under different calculation conditions.
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	Churning Torque of Driving Gear (Nm)
	Churning Torque of Driven Gear (Nm)
	Churning Loss (W)





	gk01
	0.05
	0.81
	19.37



	gk02
	0.15
	1.13
	63.47



	gk03
	0.39
	1.99
	186.59



	gk04
	0.35
	3.76
	390.12



	gk05
	0.07
	1.30
	124.31



	gk06
	1.10
	8.96
	981.45



	gk07
	3.83
	16.27
	2164.60



	gk08
	0.56
	7.29
	728.23



	gk09
	0.54
	4.36
	479.61



	gk10
	0.41
	3.77
	403.40
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