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Abstract

:

In a gear transmission system in a closed space, the heat transfer between gears and fluids presents highly nonlinear characteristics due to the complex physical processes involved in heat exchange and fluid motion, and constructing and solving the thermodynamic model of the gearbox becomes a task that involves considerable difficulty. This paper takes a conical–cylindrical two-stage gearbox as the research object, proposes a fluid–solid coupled dynamics model based on the lattice Boltzmann (LBM) combined with the large eddy simulation (LES) method, and the adopted lattice model is the D3Q27 velocity model, which is used to numerically simulate the distribution of the flow field inside the gearbox and undertake in-depth research on the fluid motion law of the complex gear transmission system in the enclosed space. The model is solved to reveal the laws determining the gear speed and the effects of the lubricant’s dynamic viscosity and thermal conductivity coefficient on the gear heat dissipation efficiency. By adopting the lattice Boltzmann method, we can simulate the fluid flow and heat transfer inside the gearbox more efficiently, which provides a new way to closely understand the thermodynamic behavior of closed complex gear transmission systems. The application of this method is expected to provide strong support for thermal performance optimization and the design of gear transmission systems.
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1. Introduction


In a transmission gearing system in a closed space, complex coupled flow occurs between the fluid and the solid (gears), accompanied by strong friction generating a large amount of heat. This process involves heat transfer phenomena between the gears and the fluid, forming a complex thermodynamic problem with highly nonlinear characteristics. The long-term accumulation of unreleased heat may lead to damage to gears, which in turn adversely affects industrial production [1,2,3]. Therefore, studying the fluid motion process during gearing in enclosed spaces is of great scientific research value in revealing the mechanism of heat transfer between gears and fluids. Research in this area can help us to understand the coupled flow behavior inside the gearbox, optimize the gear lubrication and cooling system, and improve the efficiency and durability of the transmission system.



Although heat transfer between fluids and gears occurs frequently in nature, it is a complex thermodynamic problem in which the parameters depend on the fluid’s properties, the gears’ input conditions, and the constrained physical space configuration [4,5,6]. To date, no theoretical model that has been developed can accurately and quantitatively analyze the heat transfer law; instead, it can only be obtained under certain ideal assumptions or in conjunction with experimental studies to yield its limited local characteristics [7,8,9,10]. Since many gear drives are designed for use in industrial production, research on the fluid’s heat transfer mechanism in enclosed spaces during gear drives offers theoretical underpinnings and technical support for these processes, as well as for the dynamic regulation of the lubricant field and the tracking of the mechanical system’s energy consumption.



Focusing on the above vital problems, international scholars have conducted much research. Based on the fluid distribution change of the gearbox during the operation of the transmission system, Miad Yazdani et al. put forward a state diagram that can comprehensively reflect the heat transfer mechanism of the gear teeth during the operation, constructed a transient temperature computation model of the gear teeth during the operation based on the state diagram, and experimentally verified this model [11]. S. Smilos et al. used SPH as the basis for simulation by varying the oil immersion depth and Reynolds number. Finally, they derived the churning speed cloud for the gears with a distribution cloud of the lubricant under various operating conditions [12]. Deshpande et al. proposed a two-way coupling method to predict the gear temperature of transmissions with oil-injected lubrication, and the prediction results had a good correlation [13]. Yang et al. obtained oil pressure and rotational speed cloud diagrams at each time point in the gear transmission system when the train was traveling in a smooth state by constructing a model of the stirring lubrication system of the gearbox of a high-speed train. They found that the flow state in the gear transmission system changed dramatically with the increase in rotational speed [14]. Bao et al. adopted the RNG-ε turbulence model and combined it with the grid reconstruction technique to numerically simulate and analyze the flow in the gearbox. A Multi-Reference Framework (MRF) model was used to investigate the steady-state temperature field of the gearbox. The simulated and experimental results were compared, and it was found that using the mesh reconstruction method, we can more effectively reveal the distribution of the oil and flow velocity fields at each time point. The MRF model can more accurately simulate the transient temperatures of each component in the gear train, thus providing a new method for analyzing the thermofluid flow problem in three-dimensional complex structures [15].



As can be seen from the above literature, although scholars at home and abroad have conducted much research into the optimization of heat transfer in transmission gears and have also achieved research results to a certain extent, the current research on the heat flow field distribution of complex gear transmission mechanisms in closed space is still relatively small. Most studies have mainly focused on single-stage gearing, and the results for multistage complex gearing still show some limitations. Therefore, a lattice Boltzmann technique-based gearbox modeling and solution method is adopted, which avoids the effective reduction of the time used for meshing by automatic point generation and the adaptive optimization function, and effectively observes the heat transfer mechanism between solids and fluids when there is a complex multistage gear movement in a closed space.



This paper takes a conical–cylindrical two-stage gearbox as the research object and proposes a fluid–solid coupled dynamics model based on the lattice Boltzmann (LBM) combined with the large eddy simulation (LES) method, and the adopted lattice model is the D3Q27 velocity model, which is used to numerically simulate the distribution of the flow field inside the gearbox and perform in-depth research on the fluid motion law of the complex gear transmission system in the enclosed space. The effects of different rotational speeds and steering methods on the thermal flow field inside the gearbox are compared, and the changes in the lubrication heat transfer mechanism under different lubricant conditions are further explored. This study provides strong theoretical and technical support for developing a deeper understanding of the heat transfer mechanism of complex gear transmission systems.




2. Mathematical Model and Solution Method


2.1. Lattice Boltzmann Model


The lattice Boltzmann method is a mesoscopic fluid dynamics research method that combines microscopic molecular dynamics and macroscopic continuum mechanics. It has gradually become an essential method for dealing with flow and heat transfer problems due to its advantages of concise and clear principles and broad applicability [16]. The main principle of this method is to transform macro-physics control equations into the rules of motion of microscopic particles, and develop a solution for the corresponding macroscopic equations through the collision, migration, and boundary processing of microscopic particles. The method has already achieved fruitful results in the fields of thermal fluid flow [17,18,19,20,21], multiphase flow [22,23,24,25,26], and porous media flow [27,28].



LBM uses the particle distribution function as the fundamental solution to the physical quantity. The basic idea is to perform discretization on the distribution function in a specific velocity space, to realize fluid flow evolution through collision and migration operations, and to obtain the macroscopic physical quantities of the flow field evolution through the statistics of the velocity distribution function of the grid nodes. The Boltzmann transport equation after velocity discretization is as follows [29,30,31]:


    ∂  f i    ∂ t   +  e i  Δ  f i  =  Ω i   



(1)




where fi is the velocity distribution function of the particle in direction i, ei the discrete velocity vector in direction i, and Ωi is the collision operator.


   Ω i   ( f )  = −    f i  −  f i  e q    τ  Δ t  



(2)






   f i  e q   = p  w i   (  1 +    e i  u    c s 2    +      (   e i  u  )   2    2  c s 4    −   u ⋅ u   2  c s 2     )   



(3)




where fieq is the equilibrium distribution function affected only by the density ρ and velocity u; τ is the value of the relaxation time; wi is the value of the weights of the selected velocity vector ei; and cs is the sound velocity of the isothermal model.



After solving the discrete velocity distribution function at each location in space, the macroscopic physical quantities such as fluid density ρ, velocity vector u, pressure p, and viscous stress can be calculated using Equations (4) to (7):


  ρ  (  x , t  )  =   ∑ i    f i     (  x , t  )   



(4)






  ρ u  (  x , t  )  =   ∑ i    c i   f i     (  x , t  )   



(5)






  p =   ρ  c s   2   



(6)






   σ  α β   ≈ −  (  1 −   Δ t   2 τ    )    ∑ i    c  i α      c  i β    (   f i  −  f i  e q    )   



(7)




where σβα is the viscous stress tensor; ci, ciα and ciβ are the sets of velocity vectors at different spatially oriented positions; τ is the relaxation time.



A critical factor in determining the distribution function of the particle is the lattice discrete velocity model of the LBM, which determines the direction of the particle’s motion. The discrete velocity DdQb models of the LBM (d represents the spatial dimensionality function, and b represents the counting subdistribution function) are D2Q7, D2Q9, D3Q15, D3Q27, and so on. In this paper, the D3Q27 model is used, i.e., 27 discrete velocity directions are used in three-dimensional space, as shown in Figure 1. Compared with the D3Q19 model, the discrete nodes of the D3Q27 model have higher degrees of freedom and higher computational accuracy, which can be used to better express the dynamic characteristics of the fluid.




2.2. Large Eddy Turbulence Modeling


Gearbox splash lubrication exists only in two phases: oil and gas. To analyze the oil distribution accurately, we select the VOF [32] (Volume of Fluid) two-phase flow model to analyze the internal flow field of the gearbox. The basic principle of the VOF model is to use the volume fraction (VOF function) to track and describe the interface location and morphology of different phases. The volume fraction in each grid cell represents the proportion of volume occupied by the liquid or gas phase, and takes a value between 0 and 1. When the volume fraction is 0, it indicates that the cell is in the gas phase; when the volume fraction is 1, it indicates that the cell is in the liquid phase; and when the volume fraction is between 0 and 1, it indicates that a mixture of the two phases is present.



In the VOF model, the flow behavior of different phases is calculated by solving the equations of conservation of mass, momentum, and energy. These equations include the continuity, momentum, and energy equations, and by imposing boundary and initial conditions, as well as by using appropriate numerical algorithms, the interfacial positions, morphological changes, and interaction processes of the two-phase flow can be simulated [33].



A turbulence model is introduced to ensure the accuracy of the computation while reducing the computational time. In this paper, the turbulence model is simulated by Large Eddy Simulation (LES), which introduces an additional viscosity, called turbulent eddy viscosity Vt, to simulate the sub-lattice turbulence. The LES scheme is the Wall-Adapting Wall Adaptive Localized Eddy (WALE) viscosity model, which provides consistent localized eddy viscosity and near-wall behavior [34,35], and the specific equations are as follows:


   V t  =  Δ f 2       (   G  α β  d   G  α β  d   )    3 / 2        (   S  α β    S  α β    )    5 / 2   +    (   G  α β  d   G  α β  d   )    5 / 4      
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   g  α β   =   ∂  u α    ∂  x β     



(11)




where Δf = CwΔx is the filter scale, Cw is the WALE model constant (usually 0.325), and Δx is the unit grid scale; Gdαβ is the trace-symmetric portion of the square of the velocity gradient tensor; Sαβ is the strain rate tensor at the decomposition scale; δαβ is the Kronedcker δ function; and α, β, and γ are the tensor subscripts.



After resolving the dynamic viscosity from the WALE model, the relaxation time τ can be obtained from the macroscopic behavior by determining the dynamic shear viscosity v using LBM:


  v =    c s   2   (  τ −   Δ t  2   )   



(12)







Considering that the numerical solution of boundary layer turbulence requires many grid cells, the wall function can be used to solve the near-wall boundary layer velocity.




2.3. Heat–Fluid–Solid Coupling Solution Process


The key to the thermodynamic analysis of the enclosed space during gear transmission lies in the heat transfer between the fluid and the solid. The research method in this paper is shown in Figure 1. As can be observed, in Figure 2, in the analysis of the flow field inside the gearbox, the differential equation is discretized into a finite difference equation and solved to obtain the oil and gas mixture distribution field, pressure field, and velocity field, which in turn leads to convective heat transfer inside the gearbox. In the thermal analysis inside the gearbox, the gear is the body heat source, and heat transfer is carried out by heat conduction, convection, and convective heat transfer at each fluid–solid contact surface. The energy equations for the fluid and solid are solved to obtain the temperatures of the two-phase fluid and solid components. The heat flux is transferred between the fluid and the solid while the above iterative process continues. In the thermal analysis of the box, the heat flux density on the outer surface of the fluid domain after thermal equilibrium in the box is applied as a heat source on the inner wall surface of the box, and the heat transfer is carried out by heat conduction and convective heat transfer. The solid energy equation is solved to finally obtain the temperature field of the box [36].





3. Numerical Model


3.1. Physical Object Model


For the research topic of this paper, a two-stage conical–cylindrical gear transmission with a total transmission ratio of 8 is designed. The high-speed stage comprises a pair of bevel gears with a ratio of 2, and the low-speed stage comprises a cylindrical spur gear transmission with a ratio of 4. The input power is 5 KW, and the speed of the input gear is 4000 rpm. The materials of high-speed-stage gears are all 40 Cr, and the materials of low-speed-stage gears are all 45#. In this paper, the gearbox model is simplified appropriately, and the box is simplified into a rectangular body model based on retaining the original length, width, and height characteristics of the box. To study the motion process of the fluid in the closed space during gear transmission, the geometric dimension model of the finite physical space is established, as shown in Figure 3. The specific parameters of the main gears are shown in Table 1. Based on the above geometric dimension model, the gear transmission dynamics model of the closed space is established, as shown in Figure 3. The conical pinion gear of the input shaft and the meshing conical large gear, and the cylindrical spur gear of the low-speed stage and the cylindrical spur gear of the high-speed stage are named G1, G2, G3, and G4, respectively.



Based on the above model of geometric dimensions, the motion of the fluid in the enclosed space during gear transmission is studied, and the model is divided into three interfaces: lubricating oil, air and gear. The total height of the oil is 21 mm, the demarcation line between oil and air is located 4 mm below the centerline of the gear, and the rest of the box is air. The initial temperature of the oil is 20 °C and it is in a stationary state.




3.2. Fluid Dynamics Modeling and Initial Boundary Conditions


Meshing is used to discretize the container model, and it deals with finite space. Most traditional types of CFD software, such as STAR-CCM+2020, Phoenics 2019, and ANSYS Fluent 2022 R2, use the finite volume method [37,38,39] for meshing. Researchers need to spend much time delineating the mesh when using it, and the reliability of the calculation results is highly dependent on the mesh quality. However, the division size is directly related to the time and accuracy of numerical calculations. The calculation accuracy does not increase with the reduction in the grid size [40,41,42,43,44]. Reducing the grid size will increase the consumption of computational resources and computational time. Mesh division with high quality and an appropriate scale can also improve the numerical accuracy and computational efficiency. XFlow 2020X is a new generation of CFD software based on lattice Boltzmann technology, which adopts the automatic lattice-like meshing method based on an octree structure, i.e., a multiplication factor of 2, to adapt to the spatial and temporal scales, and LBM multi-level lattice encryption. It is an automatic point lattice generation and adaptive optimization function that avoids manual grid division and effectively shortens pre-processing time [45,46,47,48,49,50]. It can adapt to the complex geometric characteristics of different computational objects in architectural engineering, and has highly efficient and stable computational efficiency and good parallelism.



As seen from the mesh division in Figure 4, the mesh division of the shaft mainly employs a structured mesh; the model of mesh division is more uniform than others, and the distribution is roughly even. Due to the geometry, the bevel gear is relatively more complex, with curved surfaces, angles, and other characteristics relevant to the division of the primary use of unstructured mesh. Due to the significant variation in flow velocity on the bevel gear’s surface, the boundary layer mesh is generated in the region near the solid surface. For the meshing of cylindrical spur gears, a structured mesh is used. The meshes are denser near both gears’ tooth gaps and tooth surfaces.



The fluid region is interconnected with the gear model, and the fluid and the solid engage in the mutual transfer of momentum and energy [51,52,53,54,55]. That is, when the gears mesh, they contact with and rub against each other, generating specific pressures and moments. These pressures and moments act on the lubricant, forming a lubricant film of a certain thickness on the contact surfaces of the gears. With the rotation of the gear, the lubricant film will be squeezed, twisted, and sheared so that the lubricant is stirred. Moreover, when the gear rotates, the rotation and meshing process of the gear will produce an eddy current effect so that the lubricant in the gearbox forms a rotating or eddy flow state; this eddy current effect will also cause the lubricant to churn. At the same time, the lubricant takes away the heat generated by the gears by absorbing and conducting heat.



The initial boundary conditions of the dynamic model are shown in Table 2, and the basic parameters of the fluid medium and gear material are shown in Table 3.





4. Numerical Simulation Results


4.1. Fluid Distribution Analysis


From 0 s to 2 s, the variation in the distribution of the fluid in the gearbox case at different moments is shown in Figure 5.



It can be observed from the above description and illustration that from a time point of 0.01 s, the lubricant starts to be stirred as the bevel gear rotates. The lubricant at the spur gear has not yet been stirred at this stage due to the low rotation speed of the output spur gear. During the period from 0.01 s to 0.1 s, the lubricant at the spur gear is gradually stirred, a small portion of which enters the gear mesh, while a large amount of lubricant has already been stirred at the bevel gear. This lubricant continues to move in the direction of gear rotation and enters the gear mesh. Between 0.1 s and 0.15 s, a portion of the lubricant on the tooth surfaces begins to dislodge and surge toward the top of the case due to the high-speed rotation of the bevel gear. Between 0.15 and 0.2 s, a portion of the lubricant on the spur gears begins to come off the teeth and rush toward the top of the case. This process indicates a gradual increase in the volume of lubricant being churned in the gearbox.



When the gearbox is operating, the distribution of lubricating oil in the gear meshing area inside the box can be used as a fundamental indicator to evaluate the lubrication effectiveness of gears under different operating conditions, and to assess the lubrication performance [19]. Figure 6 shows the lubricant distribution in the gear meshing region during lubrication. As shown in Figure 6a, when the gearbox is working at the beginning, there is only a sporadic presence of lubricant oil at G1 and G2 due to the effect of gear steering, while the content of lubricant oil in the gear meshing region at G3 and G4 is rich. With the gear operation, the content at G3 and G4 of lubricant oil is rich and uniform; at G1 and G2 at the gear meshing area, the content of lubricant oil gradually increased, but remained slightly lower than at G3 and G4, with G1 showing more. Nevertheless, enough oil is distributed on the surface of each gear tooth at the mesh. The gears continue to run, and oil is abundant in the G1 and G2 meshing areas and the G3 and G4 meshing areas. As a result, the oil thoroughly lubricates the gear mesh area.



The high-speed rotation of the gears in the box will cause the lubricant and air inside the box to move together. Since the lubricant and air in the box initially have no kinetic or potential energy, they are in passive motion. During this passive motion, the fluid creates a specific resistance that impedes the rotation of the gears. The change in resistance moment of the four gears is monitored. Real-time resistance moment values are output, as shown in Figure 7. From the figure, it can be seen that the resistance moment starts with a sharp rise and then a sharp fall, with huge fluctuations, followed by a gradual increase in the resistance moment, and finally a slight vibration around the steady state mean value. This is because, when the gearbox starts to work, the lubricant distribution inside the box is relatively chaotic, resulting in sharp fluctuations in the overall resistance moment value of the gear. With the passage of time, the lubricant inside the box gradually tends to stabilize, and the flow field inside the box also begins to enter a steady state; the fluctuation of the resisting moment gradually decreases, and the power loss inside the box gradually tends to stabilize.




4.2. Effect of Speed and Steering on Heat Transfer in the Gearbox


Speed and steering are crucial for studying heat flow coupling and gear power loss. Therefore, it is significant to study the influence of speed and steering on transmission lubrication performance during the lubrication work of electric vehicle transmission. Six different working conditions are obtained by changing the input shaft and steering speed, respectively. The rotational speeds are 2000 r/min, 4000 r/min, and 8000 r/min, respectively.



The total kinetic energy of the fluid in the gearbox is measured separately for different operating conditions, as shown in Figure 8.



By observing the figure, we can see that when all other conditions remain constant, the total kinetic energy of the fluid increases significantly as the rotational speed increases. However, when other conditions are kept constant, and only the steering is changed, the total kinetic energy of the fluid does not differ much. When the gear speed increases, the friction frequency between gear and gear, and between gear and fluid, increases, and the power of the transmission system increases. The heat emitted by the gear increases significantly. When the input gear is turned counterclockwise, the total heat generated by the gear is slightly greater than the total heat generated by the gear set when the input gear rotates clockwise, but the difference in the heat generated is sufficiently small to be ignored.



To verify this conjecture, monitoring points were established at distances of 10 mm, 30 mm, and 50 mm below the output gear, as illustrated in Figure 9. The fluid temperature variation at each monitoring point was then measured, resulting in the temperature change function depicted in Figure 10.



Observing Figure 10, it is evident that changing the direction and torque of the input shaft will have a certain impact on the heat transfer and heat dissipation in the lubricating oil. By separately analyzing Figure 10a–c, it can be seen that when the input gear rotates counterclockwise, initially, there is little difference in temperature between the lubricating oil and the clockwise gear. As the flow field evolves, the temperature difference continues to increase, and eventually, the temperature of the lubricating oil when rotating counterclockwise will be significantly higher than when rotating clockwise.



Table 4 shows the results in terms of the temperature increase under different gear rotation conditions. Combining the three graphs and data analysis shows that when the rotational speed increases, the temperature of the lubricant rises significantly, as the heat emitted from the gears increases with the gear rotation. The overall temperature rise of the transmission under the condition of the counterclockwise rotation of the gear is significantly higher than under the condition of the clockwise rotation of the gear, but the temperature difference between clockwise and counterclockwise gear steering is fixed, and it will not increase with the increase in rotational speed. This is because when the input shaft gear rotates counterclockwise, the fluid climbs along the contact area between the gears, and this contact area forms a relatively small gap, so the fluid will be subjected to greater compression and friction, and the amount of heat absorbed increases.




4.3. Influence of Lubricant Dynamic Viscosity and Heat Transfer Coefficient on Heat Transfer in Gearboxes


In order to explore the effect of the fluid’s properties on the heat transfer of the fluid in the enclosed space during gearing, six different working conditions were obtained by changing the thermal conductivity and dynamic viscosity of the lubricant, respectively, while keeping other qualities constant. Monitoring points were set up at 20 mm directly below the large and small gears of the low-speed stage, respectively, and the temperature change at each monitoring point was measured to obtain the temperature change function shown in Figure 11. From Figure 11, Table 5 and Table 6, it can be seen that changing the dynamic viscosity and thermal transfer coefficient of the lubricant will affect the heat dissipation effect of heat transfer in the lubricant. As the dynamic viscosity increases, the fluid’s warming decreases slowly, and the dynamic viscosity has a limited effect on the temperature rise. In contrast, as the thermal conductivity increases, the fluid’s warming increases dramatically. The thermal conductivity has a significant effect on the temperature rise. The higher the thermal conductivity, the lower the dynamic viscosity, and the better the fluid’s heat dissipation effect on the gear.



To further explore the effects of different fluid qualities on the fluid motion during gearing in a confined space, the variations in fluid kinetic energy were obtained, as shown in Figure 12. It can be seen that the kinetic energy transferred to the fluid by the gear increased as the heat transfer coefficient decreased with the increase in dynamic viscosity.



The heat transfer process of the lubricant is divided into two essential parts to improve the heat transfer efficiency. First, we consider the gear agitation portion, in which the lubricant and the gear wall are in contact with each other, and heat is transferred from the gear to the lubricant. Second, the heat is dispersed into the lubricant as it falls back into the gearbox, further equalizing the temperature distribution. The drastic warming of the gear meshing region is effectively avoided through heat transfer.



By increasing the thermal conductivity of the lubricant, we have enhanced the two primary heat transfer processes to ensure rapid heat transfer. Adjusting the dynamic viscosity of the lubricant further optimizes the warming phenomenon. We observed that with reduced dynamic viscosity, the increase in fluid kinetic energy resulted in a longer contact time between the gear and the lubricant, which allowed the heat transfer process to be accomplished more efficiently. These improvements not only increase the overall heat transfer efficiency of the lubricant but also help to maintain temperature equilibrium in the gearbox, preventing dramatic warming.





5. Conclusions


The study of heat transfer mechanism in an enclosed space during gear transmission has crucial scientific research value and engineering application prospects. This paper proposes an approach to modeling and solving gear and fluid heat transfer in closed spaces to study the fluid motion process and heat transfer mechanism under different conditions. The main conclusions are as follows:




	(1)

	
The lubricating oil thoroughly lubricates the gear meshing area, and is uniformly distributed therein. Initially, some gears are immersed in oil, and gear rotation must overcome oil resistance, resulting in significant power loss. As the gear speed increases, oil splashing occurs gradually, and the degree of oil resistance that is overcome by gear rotation becomes smaller and smaller until a steady state is reached;




	(2)

	
The temperature rise curve shows that the gears release more heat during operation, resulting in an increase in lubricant temperature. As the gear speed increases, the lubricant temperature rises significantly, and the overall temperature rises sharply under counterclockwise rotation conditions;




	(3)

	
The characteristics of the lubricant itself also affect the heat transfer mechanism. As the lubricant dynamic viscosity decreases, the rate of fluid temperature rise increases slightly, but the degree of fluid kinetic energy enhancement decreases significantly. As the fluid heat transfer coefficient rises, the heat absorbed by the fluid increases, the temperature rises, and the increase in fluid kinetic energy decreases slightly. That is, under the premise of keeping the other properties unchanged, for a certain range of increase in the thermal conductivity of the lubricant, reducing the kinetic viscosity can effectively improve the lubricant’s heat dissipation effect on the gear.









The construction and solution of a thermodynamic model for gears and fluids in a gearbox is a very challenging problem. In this paper, a coupled fluid structure dynamics model of a gearbox is constructed and simulated based on the lattice Boltzmann model (LBM) combined with the Large Eddy Simulation (LES) method. This combination utilizes the advantages of LBM in dealing with complex boundaries and efficient parallel computation, while the LES method is used to improve the accuracy of turbulence simulation. However, in this simulation, we implemented a simplified version of the gearbox model, which introduced uncertainties related to the assumptions made about the model. Concurrently, the experiment faced constraints due to software capabilities and computational resources, potentially causing computational approximations or errors. Together, these factors contribute to what is known as Type B uncertainty.



The theoretical aspect can provide a useful reference for research into the energy transfer and thermodynamic characteristics involved in the fluid during gear movement in the closed space; in the technical aspect, it can provide a useful reference for improving the heat dissipation efficiency of the gears and prolonging the service life of the gearbox, and it has a better prospective engineering application in the fields of the automobile industry and the aerospace industry.
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Figure 1. D3Q27 model diagram. 
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Figure 2. Flowchart of the solution. 
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Figure 3. Model of gearbox geometry. 
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Figure 4. Transmission dynamics model. (a) Fluid domain model. (b) Localized view of input gear. (c) Localized view of output gear. 
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Figure 5. Fluid distribution in the gearbox. (a) t = 0.01 s; (b) t = 0.1 s; (c) t = 0.15 s; (d) t = 0.2 s. 






Figure 5. Fluid distribution in the gearbox. (a) t = 0.01 s; (b) t = 0.1 s; (c) t = 0.15 s; (d) t = 0.2 s.



[image: Processes 12 00381 g005]







[image: Processes 12 00381 g006] 





Figure 6. Lubricant distribution at the point of engagement. (a) t = 0.01 s; (b) t = 0.1 s; (c) t = 0.4 s. 
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Figure 7. Torque of each gear. 
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Figure 8. Total fluid kinetic energy vs. rotational speed steering. (a) Speed 2000 rpm; (b) speed 4000 rpm; (c) speed 8000 rpm. 
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Figure 9. Setting of sensors. 
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Figure 10. Fluid temperature variation with rotational speed steering. (a) Speed 2000 rpm; (b) speed 4000 rpm; (c) speed 8000 rpm. 
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Figure 11. Fluid temperature variation and lubricant characteristics: (a) thermal transfer coefficient; (b) dynamic viscosity. 
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Figure 12. Fluid kinetic energy change versus lubricant properties: (a) Thermal conductivity; (b) dynamic viscosity. 
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Table 1. Basic geometrical parameters of gears.






Table 1. Basic geometrical parameters of gears.





	

	
G1

	
G2

	
G3

	
G4






	
Number of teeth

	
30

	
60

	
30

	
120




	
Tooth width (mm)

	
40

	
40

	
90

	
95




	
Module (mm)

	
3.5

	
3.5

	
3

	
3




	
Pressure angle

	
20

	
20

	
20

	
20




	
Diameter of tooth top circle (mm)

	
108

	
213

	
96

	
366




	
Center distance (mm)

	
157.5

	
225











 





Table 2. Boundary conditions of the fluid dynamic model.
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	Item
	Parameter





	Input shaft speed (rpm)
	4000



	Gravity force (N)
	9.81



	Direction of gravity
	z-axis negative direction



	Initial oil level (m)
	0.21



	Initial speed (m/s)
	0










 





Table 3. Basic parameters of material.
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	Medium
	Density

(kg·m−3)
	Specific Heat (J·kg−1·K−1)
	Thermal Conductivity (W·m−1·K−1)
	Kinetic Viscosity (Pa·s)





	Oil
	870
	1960
	0.134
	1.2 × 10−1



	Air
	1.225
	1000
	0.023
	1.79 × 10−5



	45#
	7850
	488
	50.2
	/



	40 Cr
	7850
	460
	32.6
	/










 





Table 4. Comparison of gear steering temperature increase.
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2000 rpm

	
4000 rpm

	
8000 rpm




	

	
Clockwise

	
Anticlockwise

	
Clockwise

	
Anticlockwise

	
Clockwise

	
Anticlockwise






	
Point1/(°C)

	
34.2

	
32.5

	
61.4

	
57.2

	
84.5

	
83.8




	
Point2/(°C)

	
33.6

	
31.7

	
61.0

	
57.1

	
81.1

	
79.5




	
Point3/(°C)

	
32.4

	
31.41

	
60.5

	
56.5

	
80.7

	
74.3











 





Table 5. Fluid temperature under lubricant conditions with different thermal conductivities.
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	Thermal Conductivity (W·m−1·K−1)
	0.13
	0.15
	0.17





	Point4 (°C)
	62.7
	73.5
	80.2



	Point5 (°C)
	59.5
	69.5
	75.6










 





Table 6. Fluid temperature under lubricant conditions for different dynamic viscosities of lubricants.






Table 6. Fluid temperature under lubricant conditions for different dynamic viscosities of lubricants.





	Dynamic Viscosity (Pa∙s)
	0.12
	1.12
	2.12





	Point4 (°C)
	59.5
	59.2
	59.0



	Point5 (°C)
	61.4
	61.0
	60.9
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