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Abstract

:

This article presents a steady-state elastohydrodynamic lubrication model for the contact and sliding interface of an axial piston pump’s port plate pair. The wedge-shaped oil film thickness, pressure, viscosity, and elastic deformation distribution of the port plate pair were investigated by using the finite difference method. The elastohydrodynamic lubrication characteristics for different operating parameters and two materials of the port plate pair were analyzed for comparison. Existing conditions for the EHL were calculated, and variations in leakage and friction coefficients were investigated. The results show that the elastic deformation of the interface greatly influences the oil film’s overall performance, which is related to the material, inlet pressure, velocity, viscosity, and the minimum oil film thickness that determines the EHL. The deformation caused by oil film pressure greatly influences the model leakage and friction coefficient, especially when the deformation is equal to the oil film clearance.
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1. Introduction


Due to its high flexibility, the hydraulic system has been widely used in many industrial and aerospace applications. The axial piston pump is the critical component of many hydraulic systems. Because of its compact structure and convenient flow adjustment, it is widely used in various working conditions [1,2]. One of the leading causes of degradation in the performance of axial piston pumps is the wear of the vital frictional pairs, so the design of the lubrication interface is key to the performance of a pump. In addition, the primary source of power loss of the axial piston pump is viscous dissipation and leakage of the lubrication interface, so the service life of the axial piston pump is affected by structural parameters [3,4,5,6,7,8]. Among the three lubricating interfaces, the cylinder block/valve plate interface has the maximum contact area, which determines the leakage and energy dissipation of the axial piston pump [9]. In addition, contact loads often affect the surface of the valve plate and cylinder block, producing sizeable local stress and leading to component failure [10,11]. Therefore, the cylinder block/valve plate interface is one of the most critical design elements in the axial piston pump [12]. In addition to the hydrodynamic effects, the oil film thickness is also affected by surface deformation due to high operating pressure, which is usually of the same magnitude as the oil film thickness [13,14]. Therefore, small surface deformations significantly affect the pressure distribution of the interface [15]. The strengthening effect of fluid-solid coupling makes the oil viscosity change sharply, the sealing lubrication performance decrease, the friction pair wears seriously, and the local elastic stress and deformation of the core rotating parts increase [16]. The formation of the EHL takes into account the viscous effect and the elastic deformation between two metal surfaces [17,18]. The EHL model dramatically improves the theoretical models’ simulation accuracy by considering the interface’s micro-surface deformation.



For more than half a century, scholars at home and abroad have carried out theoretical and experimental research on the axial piston pump. For the first time, Yamaguchi introduced a numerical calculation method to calculate the pressure field distribution of the oil film in the port plate pair of the axial piston pump [19,20,21]. Pan et al. used the finite difference method to calculate the oil film thickness between the cylinder block and the port plate [22]. Bergada studied the leakage problem between the axial piston pump’s cylinder block and valve plate [23]. Huang assumed that elastic deformation could occur in the cylinder block and used the finite element method to calculate the pressure elastic deformation. The real-time correction of the oil film thickness is realized based on considering the elastic deformation. The simulation data obtained are closer to reality but cannot be used to calculate the high-pressure condition [24]. According to the Reynolds equation, Wang deduced the formula for the oil film pressure of the port pair and numerically analyzed the distribution of the oil film pressure field and temperature field [25]. Lin and Hu solved the dynamic friction model of slipper bearing with a genetic algorithm. They discussed the influence of cylinder speed, loading pressure, and oil viscosity on oil film thickness [26]. Li et al. analyzed the hydrothermal structure coupling of the friction pair of the valve plate in the axial piston pump. They revealed the coupling mechanism of internal multi-physical fields [27]. In 2009, a multi-body dynamic model of complete fluid-structure–heat coupling for piston/cylinder pair was proposed by Pelosi [28]. In 2015, Schenk established a transient thermal elastohydrodynamic lubrication model for the slipper/swashplate of an axial piston engine, considering a non-isothermal fluid model, pressure, and thermal deformation [29,30]. Tang et al. proposed a new TEHD lubrication model for the axial piston pump’s slipper pair and discussed the slipper pair’s deformation, oil film thickness, and pressure distribution. The oil film thickness is consistent with the measured value [31]. Qian et al. propose a new direct measurement method to achieve a high-precision pneumatic cylinder friction test [32,33,34].



In summary, the abovementioned analytical studies reveal that the oil film thickness and pressure studies are relatively common and thorough. However, studies on fluid–solid coupling for surface contact model of port plate pair are relatively few, especially considering the influence law of each lubrication parameter under the EHL conditions and the variation law of minimum oil film thickness. Therefore, the numerical coupling model of the lubrication performance of the cylinder block and valve plate of the axial piston pump is established. The model considers the load adaptivity of the port plate pair and solves the oil film pressure using finite differential methods. The point contact elastohydrodynamic lubrication model is adopted, the solid deformation effect and viscous extrusion under pressure are considered, the different working conditions of the port plate pair are compared and analyzed, and the fluid structure coupling mechanism is revealed. The results reveal the variation of the oil film’s pressure, secondary stress, and deformation. Therefore, it can lay the foundation for the design and improvement of the port plate pair.




2. Establishment and Solution of the Port Plate Pair Mathematical Model


2.1. Model Calculation of the Port Plate Pair


Figure 1 shows the model of the port plate with an inclined cylinder block at the top of the valve plate: Figure 1a shows the assembly diagram of the valve plate and cylinder block; Figure 1b is a schematic diagram of the valve plate. The values of R1 to R4 are shown in Table 1. The cylinder block is tilted against the valve plate and rotated counterclockwise. The oil film in the contact area between the valve plate and the cylinder block is annular [35,36,37].



A low Reynolds number characterizes the fluid flow in the lubrication clearance. The governing equations of the lubrication model include the Reynolds equation, oil film thickness equation, deformation equation, and viscosity–pressure equation [38].



Reynolds equation:


   ∂  ∂ r    (    r  h 3   η    ∂ p   ∂ r    )  +  1 r   ∂  ∂ θ    (     h 3   η    ∂ p   ∂ θ    )  = 6 ω r   ∂ h   ∂ θ    



(1)







Oil film thickness equation:


   h  (  x , y  )  =  h c  + v  (  x , y  )      h c  =  h O  + R sin θ tan φ   



(2)







Deformation equation:


   v  (  x , y  )  =  2  π E     ∬  Ω    p  (  s , t  )         (  x − s  )   2  +    (  y − t  )   2      d s d t     1 E  =  1 2   (    1 −  V 1    2     E 1    +   1 −  V 2    2     E 2     )    



(3)







Under the EHL conditions, the elastic deformation of the valve plate and cylinder surface will change the shape of oil film clearance, and the deformation will be the surface settlement. Therefore, the elastic deformation equation is superimposed on the film thickness equation to calculate the EHL.



In addition to the elastic deformation of the contact surface in the EHL theory, the oil viscosity effect is also involved as a function of pressure according to the viscosity–pressure equation.



Viscosity–pressure equation:


   η =  η  0     e x p  {   (  ln  η  0     + 9.67  )   [  − 1 +    (  1 +  p   p 0     )   z   ]   }     z = 0.68   



(4)








2.2. Model Calculation of the EHL


The viscosity of the viscosity–pressure equation and the elastic deformation of the film thickness equation varies with the change in pressure. The initial pressure distribution for calculating the film thickness and viscosity is given. Then the new pressure distribution is solved by using the Reynolds equation, and the original pressure distribution is iteratively modified. The elastic deformation of the film is calculated, and the thickness of the film is changed. The iteration ends once the pressure difference between the two iterations is very close. The distribution of final pressure and film thickness with elastic deformation is obtained.



Figure 2 shows the EHL model: Figure 2a is an elastic deformation at any point of contact; Figure 2b is an elastic deformation of surface contact. The contact surface is discretized to solve the pressure distribution of each point. When solving elastic deformation, surface contact becomes point-to-point contact. We replace the elastic deformation of each point in the discrete state with the point contact model, and then extend to the whole surface contact in turn. This paper uses the deformation matrix method to solve the elastic deformation problem.



The deformation displacement:


  δ x , y =  2  π E     ∬  Ω      p ′   (  x , y  )       x 2  +  y 2      d x d y  



(5)







Polar coordinates transformation:


   x = r cos θ ,   y = r sin θ    δ ( x , y ) =  2  π E     ∬  Ω    p ″   (  r , θ  )  d r d θ   



(6)








2.3. Mesh Generation


A discrete form of elastic deformation Equation [39]:


   δ  k l   =  2  π  E ′      ∑   i = 1  n    ∑   j = 1  m   D  i j   k l    p  i j    



(7)







Compute all of    D  i j   k l     at once and store it. Then, calculate the deformation repeatedly during the iteration and substitute into Equation (6).



Isometric grid:


    D  i j   k l   =  D  k j   i l       D  i j   k l   =  D  i l   k j     



(8)







The calculation formula of the elastic deformation:


   δ  i j   = Δ x   ∑   k = 1  N    ∑   l = 1  N   a  i − k , j − l    p  k l    



(9)




where:


   a  i − k , j − l   =  (  j − l + 0.5  )  · l n  [    f  (  j − l + 0.5 , i − k + 0.5  )    f  (  j − l − 0.5 , i − k − 0.5  )     ]  +  (  i − k − 0.5  )  · l n  [    f  (  i − k − 0.5 , j − l − 0.5  )    f  (  i − k + 0.5 , j − l − 0.5  )     ]  +  (  j − l − 0.5  )  ·  l n  [    f  (  j − l − 0.5 , i − k − 0.5  )    f  (  j − l + 0.5 , i − k − 0.5  )     ]  +  (  i − k + 0.5  )  · l n  [    f  (  i − k + 0.5 , j − l + 0.5  )    f  (  i − k − 0.5 , j − l + 0.5  )     ]   



(10)




where:


  f  (  x , y  )  = x +    x 2  +  y 2     



(11)








2.4. Program Block Diagram


The structure parameters of the port plate pair are determined. The lubrication interface of the port pair has meshed, and the boundary conditions are set. The finite difference method solves the Reynolds equation of oil film thickness and pressure. The over-relaxation iteration method is used to reduce computational complexity and time. The numerical calculation is carried out with the FORTRAN language. Figure 3 is the calculation block diagram of isothermal EHL.





3. Oil Film Clearance and Pressure Distribution under the EHL Characteristics


Table 1 shows the normal operating parameters of the port plate pair.



3.1. Distribution of the Oil Film Thickness


Figure 4 shows the distribution of oil film thickness: Due to the tilt of the cylinder, the oil film thickness distribution is not uniform, and its thickness varies with the circumferential angle. At 0°, the oil film is located on the inclined central axis, and the oil thickness is the initial oil film thickness h0 at this point. At 90°, the oil thickness reaches the maximum with the increase in angle. Then, the oil thickness begins to decrease as the circumferential angle increases. At 270° the side of the cylinder tilts, and the oil thickness reaches the minimum. Until the final 360°, the oil thickness increases again to the initial oil film thickness h0.




3.2. Oil Film Pressure Distribution


Figure 5 shows the distribution of oil film pressure. In the no-load condition, the oil film pressure is concentrated in the convergence area of the wedge-shaped oil film gap due to the hydrodynamic pressure effect, and the oil film pressure is in the form of a single peak, as shown in Figure 5a,b.



The wedge-shaped oil film of the port plate pair presents 35 MPa in working condition at the high-pressure oil port, and the hydrodynamic pressure effect appears in the convergence area of the wedge-shaped oil film at the counterclockwise boundary of the high-pressure oil port, as shown in Figure 5c,d.



As the high-pressure oil is passed into the high-pressure oil port at this time, resulting in excessive pressure at the high pressure oil port, the hydrodynamic pressure of the oil film is far less than the pushing force formed by the hydrostatic pressure. Therefore, the peak pressure generated by the hydrodynamic pressure effect is not easy to observe and compare.




3.3. Elastic Deformation Distribution of Oil Film


Figure 6 shows the elastic deformation distribution of oil film. As the valve plate is a circular thick plate structure under the pressure of surface oil film, the surface of the valve plate will produce vertical deformation. Its deformation can be explained by the elastic deformation theory, which is related to the pressure on its surface and the material of the valve plate and cylinder, so the elastic deformation distribution of the valve plate will be similar to the oil film pressure distribution.



In no-load conditions, the elastic deformation is concentrated in the convergence area of wedge-shaped oil film, showing a single peak pattern. However, under the working pressure of 35 MPa, the elastic deformation is mainly concentrated in the sealing area around the high-pressure oil port.




3.4. Oil Film EHL Distribution


Figure 7 shows the oil film clearance under elastic deformation: The oil film thickness distribution considering EHL can be obtained by accumulating the elastic deformation amount and the oil film thickness. Due to the tilting of the cylinder, the oil film pressure around the low-pressure oil port is small, the oil film thickness is thick, and the elastic deformation is inapparent compared with the oil film thickness without considering the EHL. In contrast, around the high-pressure oil port, the elastic deformation can be visually seen to increase significantly due to the higher oil film pressure.




3.5. Analysis of EHL Characteristics


Figure 4, Figure 5, Figure 6 and Figure 7 shows oil film thickness, elastic deformation, and pressure distribution. The following analysis can be obtained from the variation rules of the EHL characteristics presented in the figure.



	(1)

	
Wedge oil film thickness varies with the inclination angle of the cylinder. It is thicker on the top and thinner on the bottom. Oil film pressure distribution in the sealing zone is nonlinear, resulting in dynamic changes in the oil film; oil film thickness in the low-pressure zone is thick. As the oil inlet and outlet of the valve plate are in a state of high pressure and low pressure, the cylinder block will be subjected to unloading torque, resulting in a slight inclination.




	(2)

	
The elastic deformation is mainly concentrated in the anticlockwise transition of the high-pressure oil outlet. Therefore, the elastic deformation of the cylinder block/valve plate significantly influences the overall performance of fluid oil film.









4. Calculation of the EHL Characteristics of Two Pairs of Port Plate Pair


The high-pressure oil will leak through the sealing ring, forming static pressure support. The oil film and pressure distribution are formed by the combined action of static pressure, dynamic pressure, and elastic deformation. Table 2 shows the mechanical properties of the valve plate/cylinder block. Two port plate pairs with different materials are selected to study the EHL characteristics and make a comparison.



4.1. Influence of the Velocity on EHL Characteristics


Figure 8 shows the variation of oil film thickness with the velocity of rotation under elastic deformation: As the rotational velocity increases, the elastic deformation increases.



Figure 9 shows the effect of the velocity on the oil film clearance and pressure. The rotation velocity changes the oil film’s pressure distribution by generating a hydrodynamic pressure effect on the oil film. When the rotation velocity of the cylinder is increased, hydrodynamic pressure effects are more pronounced in the convergence region with a tiny wedge film thickness, which leads to an increase in the peak pressure and maximum oil film pressure in the convergence region.



Although the increase of the peak pressure will lead to more significant elastic deformation of the valve plate and thus increase the oil film thickness, the thickness change in the area of the minimum oil film thickness is three orders of magnitude smaller than that of the original film thickness and can be ignored.




4.2. Influence of Cylinder Block Inclination on the EHL Characteristics


Figure 10 shows the variation of oil film thickness with inclination under elastic deformation: As the cylinder block inclination increases, the elastic deformation increases.



Figure 11 shows the effect of the inclination on the oil film clearance and pressure. The inclination of the cylinder block directly affects the angle of the lubricating film. The larger the inclination of the cylinder block, the larger the angle of the oil film, the larger the rate of film thickness change in the convergence zone, and the more pronounced the hydrodynamic pressure effect, which leads to an increase in the pressure peak value and the maximum pressure value of the oil film. At the same time, Equation (2) for the oil film thickness shows that the smaller the tilt angle of the cylinder, the smaller the minimum oil film thickness.




4.3. Influence of Initial Oil Film Thickness on the EHL Characteristics


Figure 12 shows the variation of oil film thickness with initial oil film thicknesses under elastic deformation: As the initial oil film thickness increases, the elastic deformation decreases.



Figure 13 shows the effect of the initial oil film thickness on the oil film clearance and pressure. On the one hand, the change in initial oil film thickness directly affects the distribution of oil film thickness to modify the solving process of the Reynolds equation, thus affecting the distribution of pressure. On the other hand, when the initial film thickness is increased, the film thickness in the convergence region of the wedge film increases simultaneously. In this case, the rate of film thickness change decreases, and the effect of hydrodynamic pressure becomes less pronounced. This will result in a decrease in the peak pressure and a decrease in the maximum oil film pressure.




4.4. Influence of the Oil Film Viscosity on Elastohydrodynamic Characteristics


Figure 14 shows the variation of oil film thickness with viscosity under elastic deformation: as the oil film viscosity increases, the elastic deformation increases.



Figure 15 shows the effect of the viscosity on the oil film clearance and pressure. The lubricating oil viscosity is an essential factor affecting the hydrodynamic pressure effect. The hydrodynamic pressure effect becomes more pronounced when the lubricating oil viscosity increases, increasing the peak pressure and maximum oil film pressure values. The increase in the peak pressure will lead to an increase in the elastic deformation of the valve plate. However, the elastic deformation in the sealing area around the high-pressure oil port is tiny and negligible, so the minimum oil film thickness remains constant.




4.5. Influence of the Sealing Belt Width on EHL Characteristics


Figure 16 shows the variation of oil film thickness with sealing belt width under elastic deformation: As the width of the sealing belt increases, the elastic deformation increases.



Figure 17 shows the effect of the sealing belt width on the oil film clearance and pressure. As the width of the sealing belt increases, the area of the wedge-shaped oil film increases, which directly affects the thickness distribution of the oil film and changes the solution process of the Reynolds equation, which affects the pressure distribution. Consequently, the minimum oil film thickness also decreases, and the maximum pressure increases.




4.6. Comparison of the Operating Parameters on EHL Characteristics


The EHL characteristics of the contact surface of the port plate pair significantly impact the oil film’s overall performance. They are related to the port plate pair material, inlet pressure, velocity, and viscosity. Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17 show the variation of the EHL characteristics with the operating parameters of the port plate pair. The elastic deformation value was magnified by 100 times for the convenience of observation.



	(1)

	
The velocity of rotation: The tilt-gap dynamic pressure effect is evident when the cylinder block rotates at a high velocity. Dynamical pressure effects can only be formed when the two elements forming the seal gap form a relative motion and increase with increasing velocity.




	(2)

	
The angle of inclination: The angle of inclination can change the oil film clearance. Dynamical pressure effects are evident as the tilt angle increases. The minimum film thickness is inversely proportional to the angle.




	(3)

	
Initial oil film thickness: The initial oil film thickness between the cylinder and the valve plate can affect the oil film’s overall distribution and average stiffness. As the oil film becomes thinner, the pressure rises rapidly. The smaller the oil film gap, the larger the oil film squeeze, leading to more significant elastic deformation. The improper setting will fail to form a stable dynamic pressure effect, resulting in oil film rupture or leakage.




	(4)

	
The lubricating oil viscosity: The dynamic pressure effect is evident as the viscosity increases. The greater the viscosity, the greater the shear force, higher pressure, and surface friction are formed, and the elastic deformation becomes more extensive and more profound.




	(5)

	
Sealing belt width: The width of the valve plate’s inner and outer sealing belt can change the oil leakage speed, and the pressure gradient decreases along the width direction.









5. Lubricating Characteristics of the Port Plate Pair


The lubricating characteristics of the port plate pair were determined as the structural parameters were changed to obtain a comparative analysis.



Carrying capacity:


  F =   ∑   i = 1  n    ∑   j = 1  m   P  i , j    r  i , j   Δ θ Δ r  



(12)







Offset load moment:


    T 1  =   ∑   i = 1  n    ∑   j = 1    2 m     P  i , j    r  i , j     2  sin (  θ  i , j   ) Δ θ Δ r     T 2  =   ∑   i = 1  n    ∑   j =  2 m   m   P  i , j    r  i , j     2  cos  (   θ  i , j    )  Δ θ Δ r    T =  T 1  −  T 2    



(13)







Friction force:


   F f  =   ∑   i = 1  n    ∑   j = 1  m  μ ω    r  i , j     2     h  i , j     Δ θ Δ r  



(14)







Friction coefficient:


  f =    F f   F   



(15)







Leakage:


  Q =   φ  h 3    12 μ     Δ p   ln    R 2     R 1      +   φ  h 3    12 μ     Δ p   ln    R 4     R 3       



(16)







5.1. Calculation of Mechanical Lubrication Characteristics


The friction coefficient decreases significantly from boundary lubrication to mixed lubrication to dynamic lubrication to the EHL. The elastic deformation is neglected in dynamic pressure lubrication, and the elastic deformation and the viscosity pressure change are taken into account in the EHL. Figure 18 shows the variation of the lubrication property (carrying capacity, frictional force, offset load moment, friction coefficient) with speed.



The force of the port plate pair is not uniform to produce the unbalance load moment, and the low-pressure area friction lubrication effect is poor. The inlet pressure can increase the carrying capacity. Consider the EHL can reduce the bearing capacity, the friction, and the friction coefficient.




5.2. Calculation of Leakage Amount


The valve plate pair leakage is mainly divided into internal and external leakage, and the total leakage can reach 50% ~ 75% of the total leakage of the piston pump [40]. According to the theoretical model of leakage flow, the leakage flow of the valve plate pair is positively correlated with the velocity of the oil film along the radial direction, and the radial velocity of the oil film is correlated with the pressure of the oil film and the cylinder rotation speed. However, elastic deformation is closely related to these parameters. Therefore, the leakage of the valve plate pair needs to be analyzed in depth considering the elastic deformation to obtain the change rule of leakage under different parameters. Figure 19 shows the influence of different working conditions on the leakage quantity. In addition, it shows the comparison of leakage between the two groups of materials and whether elastic deformation is considered.



It can be seen from the figures that the valve plate pair leakage is closely related to the operating pressure and velocity, when the velocity and operating pressure are increased, the radial velocity of the oil increases, which improves the leakage.



The larger the inclination of the cylinder block, the larger the rate of film thickness change in the convergence zone, and the more pronounced the hydrodynamic pressure effect, which leads to an increase in the leakage.



Initial oil film thickness, either too thick or too thin, will cause elastic deformation and lead to increased leakage. However, the influence of elastic deformation can be ignored when the initial oil film thickness exceeds 30 um.



Too thin viscosity causes too thin minimum film thickness, causing severe leakage and elastic deformation, resulting in oil film rupture and unable to form full film lubrication.



A severe leak will cause the piston pump to fail to work thoroughly. Inadequate leakage will lead to insufficient lubrication of the port plate pair, forming direct contact solid friction between the cylinder block and the valve plate, producing high temperature, and significantly reducing the service life of the port plate pair.





6. Oil Film Lubrication Characteristics Experiment of Port Plate Pair


Figure 20, Figure 21, Figure 22 and Figure 23 shows the experiment of the oil film thickness test; Figure 24, Figure 25 and Figure 26 shows the experiment of friction coefficient test; Figure 27 and Figure 28 shows the experiment of leakage and moment.



6.1. Experiment on Measuring the Oil Film Thickness of Port Plate Pair


Figure 20 shows the device for testing the oil film thickness. The upper computer software adopts LabVIEW for online measurement and data collection.



Figure 21 shows the schematic diagram of the internal circuit for measuring the displacement by the inductive micro-displacement sensor. The data are transmitted and displayed after communicating with the upper computer through the RS232 interface.



Figure 22 shows the oil film thickness test curve of the port plate pair at 1000 rpm and 20 MPa. Figure 22a is the oil film thickness at the oil inlet of the port plate pair. Figure 22b is the oil film thickness of the oil outlet. The upper side or lower side represents the position of the upper side or lower side of the kidney-shaped slot.



Figure 23 shows the oil film thickness experimental statistical curve under different pressures. From the experimental statistical data, the oil film thickness of the inlet is smaller than that of the outlet because the oil film was squeezed due to the pressure rise of the inlet pressure. The oil film thickness increases with the increase in rotating speed. At the same speed, the oil film thickness decreases with the pressure increasing. This also proves why the leakage increases when the oil pressure rises.




6.2. Experiment of Friction Coefficient


Figure 24 shows the setup for testing the friction coefficient for the valve plate on CETR UMT-3 (Type of Rub Tester): the speed of the friction test machine increased from 50 rpm to 300 rpm during operation.



Figure 25 shows the test curve for the friction coefficient for the valve plate on CETR UMT-3 as the pressure under 110 N, and the speed of the friction test machine increased from 50 rpm to 300 rpm; it partially demonstrates the increase in friction coefficient with increasing cylinder speed.



Figure 26 shows the test curve obtained for the friction coefficient for the valve plate as the pressure increased from 30 N to 110 N. In general, the cylinder speed increase can improve the oil film bearing capacity, the lubrication performance, and the oil film stiffness, which is conducive to reducing the piston pump operation process due to the cylinder and the contact with the plate pair caused by friction wear. However, at the same time, the increase in cylinder speed also brings friction, friction torque, and friction coefficient increases, which will reduce friction efficiency. These results are consistent with the trend in Figure 18.




6.3. Leakage and Torque Experiments


Figure 27 shows the leakage of the port plate pair and the torque of the piston pump experimental device. Figure 27a is the side view of the experimental device; Figure 27b is an instrument display device; Figure 27c is the experimental installation diagram of the port plate pair; Figure 27d is the oil mouth device. The offset load torque and leakage are tested by changing the piston pump speed from 500 rpm to 3000 rpm. Due to the experimental conditions, the maximum speed is less than 3000 rpm.



Figure 28 shows the experimental data of leakage and torque. The increase in rotational velocity and working pressure will promote an increase in the radial velocity of the oil, thus increasing the leakage quantity of the port plate pair, as shown in Figure 28a. On the other hand, as the rotation speed increases, the piston pump’s torque decreases, as shown in Figure 28b. Therefore, the trends of the leakage and offset load torque experiments match those of the theoretical calculations.





7. Conclusions


In this paper, an EHL model is adopted to study the lubrication characteristics of two different port plate pairs on the interface of the axial piston pump under certain working conditions. The results show that the elastic deformation of the contact and sliding interfaces greatly influences the film’s overall performance.



	(1)

	
The pressure field can be changed by the transient deformation change caused by pressure. The simulation results show that transient deformation extrusion pressure affects the overall fluid film thickness. Furthermore, the wedge gap between the cylinder block and the valve plate produces mixed friction.




	(2)

	
The simulation results show that the fluid film of design 2 (as shown in Table 2) has better stability, thinner fluid film, and more minor deformation, which ensures the whole film’s hydrodynamic lubrication and improves the sealing performance. For the cylinder body/valve plate interface performance to be stable and reliable, it is necessary to conduct the structural design and material properties.




	(3)

	
The deformation due to fluid pressure significantly impacts the modeling leakage and the friction coefficient, especially when the deformation magnitude becomes comparable to the oil film clearance. Due to the reduction in static pressure bearing capacity, friction force, and friction coefficient caused by elastic deformation, a large amount of hydrodynamic pressure production is needed. The EHL effect is evident at the convergence of oil film.




	(4)

	
Under high load and high speed, the rotation of the cylinder block affects the oil pressure field of port plate pairs. The local pressure peak affects the elastic deformation of the cylinder body/valve plate, which improves the EHL effect. In addition, because of the EHL effect, the back edge of the valve plate is lifted off the cylinder block, effectively maintaining the film thickness.




	(5)

	
The oil film elastic deformation is related to the structural parameters of the piston pump, working conditions parameters of the piston pump and lubrication parameters of the oil film. However, further simulations and experimental verification are required to provide a theoretical basis for a high-speed and high-pressure piston pump. The calculated friction coefficient and offset load torque showed good qualitative and quantitative agreement with the measurements. A discrepancy between experimental and simulation results could have been caused by the restrictions imposed by the conditions used in the experiment since the pump can only change the speed, lubricating oil viscosity, and inlet pressure during the experiment.
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Nomenclature




	
Symbol

	
Name

	
Symbol

	
Name




	
h

	
Oil film thickness (m).

	
P

	
Working pressure (Pa).




	
    h 0    

	
Initial oil film thickness.

	
    p 0    

	
Standard atmospheric pressure




	
    h c    

	
Oil film thickness without deformation.

	
η

	
Lubricating oil viscosity (Pa·s).




	
v

	
Elastic deformation (μm).

	
    η 0    

	
Initial oil film viscosity.




	
   v  (  x , y  )    

	
Elastic deformation displacement caused by pressure.

	
θ

	
Circumferential angle(°).




	
    p  i , j     

	
  Pressure   at   node    (  i , j  )   .

	
δ

	
Deformation displacement.




	
Ω

	
Solution domain.

	
    δ  k l     

	
Elastic deformation at node (k, l).




	
    a  i − k , j − l     

	
   The   integral   coefficient   of   the    D  i j   k l     

	
    δ  i j     

	
  Elastic   deformation   at   node  (   x i  ,  y j   )   .




	
    p  k l     

	
   Pressure   at   node .    (   x k  ,  y l   )    




	
    D  i j   k l     

	
The amount of deformation produced on the node k, l.

	
    δ 1    

	
Deformation displacement of valve plate (μm).




	
    R 1    

	
Inner diameter (interior sealing belt).

	
    δ 2    

	
Deformation displacement of cylinder block (μm).




	
    R 2    

	
Outer diameter (interior sealing belt).

	
ω

	
Velocity of rotation.




	
    R 3    

	
Inner diameter (outer sealing belt).

	
φ

	
Tilt angle




	
    R 4    

	
Outer diameter (outer sealing belt).

	
B

	
Sealing belt width (m).




	
  E  

	
Comprehensive elastic modulus (Pa).

	
    V 1    

	
Poisson’s ratio for valve plate.




	
    E 1    

	
Elastic modulus of valve plate (Pa).

	
    V 2    

	
Poisson’s ratio for cylinder block.




	
    E 2    

	
Elastic modulus of cylinder block (Pa).

	
f

	
Friction coefficient.




	
F

	
Carrying capacity (N).

	
Q

	
Leakage (L/min).




	
T

	
Offset load torque (N · m).

	
    F f    

	
Friction force (N).
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Figure 1. The model of port plate pair for piston pump. (a) The assembly diagram of the valve plate and cylinder block; (b) A schematic diagram of the valve plate. 
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Figure 2. The EHL model for point and surface contact. (a) Elastic deformation of point contact; (b) elastic deformation of surface contact. 
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Figure 3. Isothermal EHL calculation block diagram. 
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Figure 4. Oil film thickness distribution: (a) three-dimensional diagram of oil film distribution; (b) top view of wedge oil film thickness. 
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Figure 5. Oil film pressure distribution (a) pressure distribution 3D diagram; (b) pressure distribution top view; (c) pressure distribution 3D diagram under 35 MPa; (d) pressure distribution top view under 35 MPa. 
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Figure 6. Elastic deformation distribution of oil film (a) elastic deformation distribution; (b) elastic deformation distribution under 35 MPa. 
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Figure 7. The distribution of the oil film thickness (considered EHL). (a) Three-dimensional diagram of EHL distribution; (b) top view of the EHL distribution. 
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Figure 8. Effect of the velocity of rotation on the oil film clearance under elastic deformation. (a) ω = 2000 rpm; (b) ω = 4000 rpm; (c) ω = 6000 rpm; (d) ω = 8000 rpm. 
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Figure 9. Effect of the velocity on the oil film clearance and pressure. (a) The oil film thickness and the elastic deformation with the velocity of rotation; (b) the minimum oil film thickness and maximum pressure with the velocity of rotation. 
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Figure 10. Effect of the angle of inclination on the oil film clearance under elastic deformation. (a) φ = 0.002°; (b) φ = 0.004°; (c) φ = 0.006°; (d) φ = 0.008°. 
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Figure 11. Effect of the inclination on the oil film clearance and pressure. (a) The oil film thickness and the elastic deformation with the angle of inclination; (b) the minimum oil film thickness and maximum pressure with the angle of inclination. 
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Figure 12. Effect of the initial oil film thicknesses on the oil film clearance under elastic deformation. (a) h0 = 0.02 mm; (b) h0 = 0.03 mm; (c) h0 = 0.04 mm; (d) h0 = 0.05 mm. 
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Figure 13. Effect of the inclination on the oil film clearance and pressure. (a) The oil film thickness and the elastic deformation with the initial oil film thickness; (b) the minimum oil film thickness and maximum pressure with the initial oil film thickness. 
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Figure 14. Effect of the viscosity on the oil film clearance under elastic deformation. (a) η = 0.02 pa·s; (b) η = 0.04 pa·s; (c) η = 0.06 pa·s; (d) η = 0.08 pa·s. 
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Figure 15. Effect of the viscosity on the oil film clearance and pressure. (a) The oil film thickness and the elastic deformation with the viscosity; (b) the minimum oil film thickness and maximum pressure with the viscosity. 
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Figure 16. Effect of the sealing belt width on the oil film clearance under elastic deformation. (a) B = 0.010 m; (b) B = 0.011 m; (c) B = 0.012 m; (d) B = 0.013 m. 
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Figure 17. Effect of the sealing belt width on the oil film clearance and pressure. (a) the oil film thickness and the elastic deformation with the sealing belt width; (b) the minimum oil film thickness and maximum pressure with the sealing belt width. 
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Figure 18. Effect of the velocity on the lubrication property. (a) Carrying capacity; (b) friction force; (c) offset load moment; (d) friction coefficient. 
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Figure 19. The effect of the different working conditions on the leakage quantity. (a) Velocity; (b) angle of inclination; (c) initial oil film thickness; (d) viscosity; (e) sealing belt width; (f) inlet pressure. 
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Figure 20. The oil film thickness measurement device of the port plate pair. (a) Device for calibrating the micro displacement sensor; (b) three-dimensional view of the oil film thickness test; (c) oil film thickness testing device; (d) oil film thickness test interface. 
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Figure 21. Electrical schematic diagram of micro-displacement sensor. 
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Figure 22. The oil film thickness test curve of the port plate pair. (a) The oil film thickness at the oil inlet of the port plate pair; (b) the oil film thickness of the oil outlet. The green lines represent the oil film thickness measured on the upper side of the kidney slots. The red lines represent the oil film thickness measured on the lower side of the kidney slots. 






Figure 22. The oil film thickness test curve of the port plate pair. (a) The oil film thickness at the oil inlet of the port plate pair; (b) the oil film thickness of the oil outlet. The green lines represent the oil film thickness measured on the upper side of the kidney slots. The red lines represent the oil film thickness measured on the lower side of the kidney slots.



[image: Machines 10 01109 g022]







[image: Machines 10 01109 g023 550] 





Figure 23. Oil film thickness statistics of the port plate pair. (a) The oil film thickness of the inlet; (b) the oil film thickness of the outlet. 
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Figure 24. Friction coefficient test of port plate pair on CETR UMT-3 (1) pin holder, (2) force sensor, (3) link holder, (4) cylinder block, (5) rotary table. 
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Figure 25. Friction coefficient test curve for the valve plate on CETR UMT-3. The green line represents the friction coefficient under the condition of 30N. The blue line represents the friction coefficient under the condition of 50N. The purple line represents the friction coefficient under the condition of 70N. The red line represents the friction coefficient under the condition of 90N. The black line represents the friction coefficient under the condition of 110N. 
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Figure 26. Friction coefficient calculation results. 
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Figure 27. Leakage and torque experimental device. (a) is the side view of the experimental device; (b) is an instrument display device; (c) is the experimental installation diagram of the port plate pair; (d) is the oil mouth device. (1) Inlet and outlet flow and return oil, (2) JN338M-A torque speed measuring instrument, (3) vibration-proof pressure gauge, (4) torque, (5) velocity, (6) output power, (7) oil inlet port, (8) oil out port, (9) variable port, (10) oil returning port. 
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Figure 28. Experimental data of the leakage and torque. (a) The leakage quantity of the port plate pair changes with the speed of rotation; (b) the torque of the piston pump changes with the speed of rotation. 
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Table 1. Working parameters of the port plate pair.
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	Parameters
	p
	ω
	φ
	h0
	η0





	Numerical
	35 MPa
	3500 rpm
	0.004°
	32.5 μm
	0.0365 pa·s



	Parameters
	R1
	R2
	R3
	R4
	B



	Numerical
	0.0298 m
	0.0339 m
	0.0379 m
	0.0419 m
	0.0121 m
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Table 2. Mechanical Properties of Valve Plate/Cylinder Block Materials.
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	Component
	Materials
	Poisson’s Ratio (V)
	Elastic Modulus (E)





	Cylinder block-1
	Nodular cast iron (QT 500)
	0.24
	168 GPa



	Cylinder block-2
	Manganese brass (HMn60-3-1-0.75)
	0.35
	110 GPa



	Valve plate-1
	Cast copper alloy (LBC3)
	0.3
	103 GPa



	Valve plate-2
	Nitriding steel (38CrMoAl)
	0.3
	210 GPa
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