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Abstract

:

This study investigated the lubrication characteristics (i.e., the groove ratio and width) of water-lubricated stern tube bearings, based on the flexibility matrix method and lubrication theory. Considering the elastic deformation of the lining, a fluid structure interaction (FSI) model of the surface micro-groove texture of a water-lubricated stern tube bearing was established, and the correctness and rationality of the model were verified by experiments. Micro-grooved, surface-lubricated, water-lubricated stern tube bearings with three different cross-sectional shapes (rectangular, circular, and triangular) were designed. The influences of the groove area ratio and width on the bearing load-carrying capacity and friction coefficient were analyzed. At a groove area ratio of 0.31, the load-carrying capacity of the rectangular grooved stern tube bearing reached the maximum value and the friction coefficient reached the minimum value. It is recommended to design and use water-lubricated stern tube bearings, especially Thordon water-lubricated stern tube bearings, with rectangular micro-grooves, with a groove area ratio of 0.30–0.32, so that the best lubrication performance can be obtained. With the increase in the micro-groove width, the lubrication of water-lubricated stern tube bearings with partial rectangular micro-grooves is significantly better than that of others. Under the same conditions, the bearing load-carrying capacity and friction performance of local groove stern bearings is significantly better than that of global groove stern bearings.
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1. Introduction


The water-lubricated stern tube bearing is a crucial supporting component in a propulsion system, with low-viscosity seawater or freshwater as the lubricant [1,2,3,4]. Considering the pollution caused by the leakage of lubricating fluid to the environment, this type of bearing has natural environmental advantages. In the operation of a water-lubricated stern tube bearing, water is both the lubricant and the coolant. Given that the specific heat of water is greater than that of lubricating oil, the cooling effect is good, and long-term operation will not result in the overheating phenomenon or shaft holding phenomenon. However, due to the low viscosity of water, water-lubricated stern tube bearings exhibit poor lubrication performance, resulting in the lubricating water film not being formed effectively. Specifically, the water-lubricated stern tube bearing’s load-carrying capacity is insufficient, and the friction coefficient is high, which affects the reliability and safety of the whole dynamic system [5,6]. At present, the arrangement of the surface microtexture on the inner surface of the bearing is an effective means by which to improve the lubrication effect of a water-lubricated stern tube bearing [7,8]. The types of surface textures mainly include micro-grooves and micro-dimples. Scholars have studied the location, shape, and geometry of micro-dimples. Tala-Ighil et al. pointed out that the texture of the whole bearing surface does not necessarily improve the performance of the bearing, but the complete texture will have a positive effect on the low journal rotation speed, while the local texture at the outlet of the active pressure zone has a positive effect on the high rotation speed [9,10]. Choudhury et al. studied the dimple shape of an artificial hip joint, and the results show that a prosthesis with a square dimple array is the best in the formation of the lubricating film of the artificial hip joint [11]. Shinde et al. studied the performance of conical fluid dynamic journal bearings using numerical and experimental methods. On a smooth surface, the local texture of the bearing surface in the 90–180° area increased the maximum fluid film pressure by 42.08% [12]. Dong Ning et al. established a mathematical model of the elastohydrodynamic lubrication of surface texture sliding bearings, and numerically calculated and analyzed the pits in three forms: circular, rectangular, and isosceles triangular. It was found that the pits have a significant effect on the peak pressure fluctuation and film thickness of the bearing [13,14]. The parameters that have been studied include the shape of the texture, the depth of the texture, the number of textures, the percentage of textures, and the surface roughness. The findings demonstrate that specific parameter textures on the bearing surface can increase the load-carrying capacity by 36.32% and reduce frictional torque by 1.66% compared to bearings without texture. However, the numerical model has not been verified by experiments, and the effect of elastic deformation on the lining material has not been considered [15]. Blatter et al. [16] conducted experimental research on the effect of micro-grooves using a pin-on-disk tribometer. They highlighted that appropriately sized and shaped micro-grooves can reduce wear and significantly extend the sliding life. Yuan et al. [17] designed and executed experiments to study the influence of groove orientation on friction performance. Their findings revealed that micro-grooves aligned perpendicularly or parallel to the sliding direction strongly impact the friction performance of sliding surfaces. Wahab et al. [18] experimentally investigated the effects of micro-grooves on the tribological behavior of an Al2O3-13%TiO2 coating. The results demonstrate that the textured coating effectively decreased the wear rate by entrapping wear debris within the grooves. Ali et al. [19] explored the behavior of transverse limited micro-grooves in EHL point contacts. They observed that surfaces with such micro-grooves exhibited lower friction and larger film thickness during reciprocation motion compared to smooth surfaces. Ehret et al. [20] studied the influence of waviness orientation in EHL point contacts on lubrication performance using the multigrid multi-integration method. Their results indicate that transverse waviness provide the best lubrication capability. Thakre et al. [21] conducted theoretical research on the impact of surface textures with various waveforms on the lubricating behavior of ionic liquids. The results highlight that the texture pattern and material combinations significantly affect micro-EHL contact behavior. Kaneta [22] and Shi [23] also investigated micro-grooves using numerical and experimental methods, respectively. Gong Jiayu et al. established a mathematical model of micro-groove water-lubricated stern bearings for fluid solid coupling, conducted strip specimen tests on a testing machine, and used orthogonal methods to study the influence of groove geometry and position on lubrication performance. The results show that the two types of water-lubricated stern bearings, namely, locally micro-grooved and globally micro-grooved, were significantly affected by the geometry and position, but the study only considered the effects of a single eccentricity and the distance between micro-grooves [24]. A numerical model based on the average flow Reynolds equation was developed and validated by Wu et al. [25]. The effects of three types of grooves (rectangular, triangular, and wedge-shaped), groove location, groove size, and number of grooves on the low-speed lubrication performance of a water-lubricated groove bearing were investigated. The water-lubricated bearing without grooves had poor lubrication performance at low speeds. The groove shape parameter has more influence on the lubrication performance. However, Wu’s study did not specify which structure of micro-groove bearing had the best performance and did not consider the effects of groove ratio and groove width on the lubrication performance of the water-lubricated stern tube bearing.



Therefore, although scholars have researched the effect of surface texturing on the lubrication characteristics of stern bearings, there has been no in-depth research on the influence of groove proportion and width. The main purpose of this study was to research the effects of different groove parameters, especially the micro-groove structure type, micro-groove occupancy ratio, and micro-groove width, on the lubrication performance of water-lubricated stern tube bearings. In this case, based on the flexibility matrix method and lubrication theory, the fluid solid coupling model of a surface micro-groove weave structure water-lubricated stern tube bearing was established to account for the elastic deformation of the liner, and the correctness and reasonableness of the model were verified through experiments. Three different cross-sectional shapes of micro-groove surface woven water-lubricated stern tube bearing (rectangle, circle, and isosceles triangle) were designed, and the influences of the groove ratio and width on the load-carrying capacity and friction coefficient of the water-lubricated stern tube bearing were compared and analyzed. This study provides a theoretical basis for the selection of grooves in water-lubricated stern tube bearings.




2. Mathematical Model


The lubrication model of the micro-groove stern tube bearing is shown in Figure 1.



R and r denote the inner radius of the bearing and the radius of the shaft, respectively, m; O1 and O2 are the centers of the bearing and the shaft, respectively; e is the eccentricity distance, m; θ is the attitude angle, °; hmin and hmax are the minimum and maximum film thickness, respectively, m; φ is the circumferential coordinate starting from the maximum film thickness, °; Ψ and γ are the circumferential starting angle and the circumferential arrangement range of the micro-groove area, respectively, °; Wt and Dt are the width and depth of the micro-grooves, respectively, m; Ft is the radial load applied on the spindle, N; ω is the rotational speed of shaft, rad/s; and Pt is the span of the micro-grooves, m.



The flow solid coupling theory for hydrodynamic lubricated stern tube bearings makes the following assumptions:




	(1)

	
The inner diameter of the stern tube bearing, and the outer diameter of the shaft are much larger than the thickness of the water film.




	(2)

	
There is no relative sliding between the water film and the inner wall of the stern tube bearing or the outer wall of the shaft.




	(3)

	
Inertial forces and other volume forces of the water film are ignored.




	(4)

	
Due to the extremely thin water film, small changes in water film pressure in the direction of the thickness are not considered.




	(5)

	
Only the velocity gradient along the thickness direction of the water film is considered, and other directions are neglected.




	(6)

	
Only the laminar flow of water is considered.




	(7)

	
The variation of lubricant viscosity and density along the direction of water film thickness is not considered.




	(8)

	
The working condition of the bearing is the metastability state; that is, the balance state of the bearing. The starting and stopping conditions are not considered.




	(9)

	
The thermal effect of the shafting operation is ignored.









The Reynolds equation [26,27] for finite-width water-lubricated stern tube bearings in a steady state is


   ∂  ∂ x        h 3   η    ∂ p   ∂ x     +  ∂  ∂ y        h 3   η    ∂ p   ∂ y     = 6 ω   ∂  h    ∂ x    



(1)




where x and y are the two coordinate directions of the water film, m; h is the water film thickness, m; p is the water film pressure, Pa; ω is the component of tangential velocity at the journal surface, rad/s; and η is the viscosity of the water, Pa·s.



The boundary conditions are the Reynolds boundary conditions [19,28]. In Figure 2, the pressures in columns 1 and (m + 1) are set to 0, which is used as the circumferential starting boundary. The circumferential rupture boundary is realized as follows: the pressure along the circumference is calculated point by point in rows from j = 2 to n, and in columns from i = 2 to m. When the pressure value is negative, it is determined that the water film rupture occurs at this point, and the pressure is set to zero at this point and the points after the row in which it is located. After iterative calculation, the rupture boundary gradually approaches the natural rupture boundary, and the pressure distribution satisfies the Reynolds boundary conditions.


        p = 0   and     ∂ p   ∂ ψ   = 0 ,   when    ψ =  θ f         p = 0 ,   when   λ = 0 , l        



(2)







Here, λ is the axial direction coordinate of the bearing; l is the length of the bearing, m; and θf denotes the angular coordinate at the position of natural rupture of the water film, °.



The water film thickness equation [24,26,27,29,30] of micro-groove water-lubricated stern tube bearings is


  h =        h s  + δ     Areas   without   texture        h s  + δ +  D t      Areas   with   texture        



(3)




where δ is the radial deformation of the bearing inner surface nodes; hs is the thickness of the water film when ignoring the bearing deformation and groove, hs = c + ecos(Ψ − θ), c is the radius clearance, e is the eccentricity distance; and Dt is the depth of the micro-groove texture.



The flexibility matrix method [31,32,33] is used to input the meshing, cell numbering etc. into the finite element software ANSYS. The flexibility matrix method explicitly gives the relationship between elastic deformation and pressure distribution, which improves the coupling of the Reynolds equation and elastic deformation. The finite element model of the bearing liner is established in ANSYS, the finite element meshing of the bearing is adopted as a 6-plane cell, and the rectangular mesh of its inner surface is the mesh section required for the differential discrete Reynolds equation. For convenience, this is called the inner surface grid of the bearing and the inner surface cell. The solution of the elastic deformation equation involves calculating the radial deformation of the inner surface of the bearing under normal pressure distribution. For linear elastic materials, the elastic deformation equation can be expressed as


      δ     n o d e   =     G     n o d e ∗ e l e m       p     n o d e    



(4)




where the subscript “node” represents the number of nodes on the inner surface of the bearing; the subscript “elem” represents the number of elements on the inner surface of the bearing; {δ} is the radial deformation of bearing inner surface nodes; and {p} is the average pressure of the inner surface elements of the bearing, and the pressure of the inner surface nodes is obtained by solving the Reynolds equation. The average pressure of the inner surface elements is the average of the pressures at the nodes of the constituent units; [G] is the flexibility matrix. The physical significance of the jth column vector is the radial deformation of the inner surface node at the inner surface cell j under the action of element pressure distribution.



In generating the flexibility matrix using ANSYS, the mesh size is 3 × 400 × 40, i.e., 3 nodes are taken in the radial direction, n = 400 nodes in the circumferential direction (τ direction), and m = 40 nodes in the axial direction (λ direction). Thus, the differential grid size for the discrete Reynolds equation is 400 × 40.



The equation for calculating the combined water film force is


         F s  = −    ∬ Ω  p   sin  ψ  d x d y        F c  = −    ∬ Ω  p   cos  ψ  d x d y       F =    F s 2  +  F c 2           



(5)




where Fs is horizontal component of the water film force; Fc is the vertical component of water film force; F is the combined force of the water film force; and Ω is the water film intact zone.



The friction coefficient equation is as follows:


         F 1  = u    ∫  − l / 2   l / 2       ∫   ψ 1     ψ 2      η h  d x d y + u    ∫  − l / 2   l / 2     h b     ∫   ψ b     ψ 2      η   h 2    d x d y                    F 2  =   e sin θ   2 r   F        F T  =  F 1  +  F 2        f =    F t   F         



(6)




where F1 is the shear flow resistance, N; F2 is the pressure flow resistance, N; FT is the total resistance, N; f is the friction coefficient; Ψ1, Ψ2 are the starting and ending angular coordinates of the bearing, respectively; Ψb is the angular coordinate at the point of water film rupture; hb is the water film thickness at the point of water film rupture; and l is the bearing length, m.



We dimensionalize Equations (1) to (6) and provide dimensionless relative units as follows:


    x 0  =  x ψ  = r   ;    y 0  =  y λ  =  l 2    ;    η 0  =  η   η ¯      ;    h 0  =  h   h ¯    = c   ;   ε =  e c    ;    p 0  =  p   p ¯    =   2 ω  η s     ϕ 2      ;   ϕ =  c R    











c is the bearing radius clearance, m; R is the bearing radius, m; ϕ is the bearing clearance ratio; ε is eccentricity; η is the viscosity of the lubricant, and when the temperature is 20 °C, η = η0 = 0.001 Pa·s; and l is the bearing length, m.



The dimensionless Reynolds equation for micro-groove water-lubricated stern tube bearings is


   ∂  ∂ ψ         h ¯  3    η ¯     ∂  p ¯    ∂ ψ     +      d l     2   ∂  ∂ λ         h ¯  3    η ¯     ∂  p ¯    ∂ λ     = 3   ∂   h ¯     ∂ ψ    



(7)







The dimensionless equation for the water film thickness     h  ¯    of micro-groove water-lubricated stern tube bearings is:


   h ¯  =         h ¯  s  +  δ ¯      Areas   without   texture         h ¯  s  +  δ ¯  +    D t     h 0        Areas   with   texture        



(8)




where       h  ¯    s   = 1 + ε   cos  ⁡    Ψ − θ      ,     δ  ¯  =   G   p   0     p  ¯      h   0      .



The equation for the dimensionless water film pressure in the horizontal direction is:


     F ¯   s  = −    ∬ Ω    p ¯     sin  ψ  d ψ d λ  



(9)




where   Ω   is the water film completion area.



The equation for the dimensionless water film pressure in the vertical direction is:


     F ¯   c  = −    ∬ Ω    p ¯     cos  ψ  d ψ d λ  



(10)







The dimensionless water film’s load-carrying capacity equation obtained from Equations (9) and (10) is:


   F ¯  =      F ¯   s 2  +    F ¯   c 2     



(11)







The equation for dimensionless shear flow resistance is:


     F ¯   1  =  1 2     ∫  − 1  1      ∫   ψ 1     ψ b        η ¯     h ¯          d ψ d λ +  1 2     ∫  − 1  1      h ¯   b     ∫   ψ 1     ψ b        η ¯       h ¯   2          d ψ d λ  



(12)







The equation for dimensionless pressure flow resistance is:


     F ¯   2  =  1 2   F ¯  ε sin θ  



(13)







The total resistance equation obtained from Equations (12) and (13) is


     F ¯   f  =    F ¯   1  +    F ¯   2   



(14)







The friction coefficient equation obtained from Equations (11) to (14) is


  f =      F ¯   f     F ¯    ϕ  



(15)







2.1. Discretization of the Reynolds Equation (7)


The finite difference method [34,35,36,37] is used to solve the Reynolds Equation (7) by dividing m mesh cell along the axial direction (λ direction) of the bearing and n mesh cell along the circumferential direction (τ direction) of the bearing; the mesh division is shown in Figure 2.



According to the idea of finite difference method, both      ∂ p     ∂ τ      and      ∂ p    ∂ λ     can be expressed by the difference quotient formed by the pressure values on adjacent nodes.


         ∂  p ¯    ∂ ψ       i , j   ≈      p ¯    i + 1 , j   −    p ¯    i − 1 , j     2 Δ ψ     ;         ∂  p ¯    ∂ λ       i , j   ≈      p ¯    i , j − 1   −    p ¯    i , j + 1     2 Δ λ     



(16)







If the values on half a step size are used to form the difference quotient, the results will be more accurate.


         ∂  p ¯    ∂ ψ       i , j   ≈      p ¯    i + 0.5 , j   −    p ¯    i − 0.5 , j     Δ ψ     ;         ∂  p ¯    ∂ λ       i , j   ≈      p ¯    i , j − 0.5   −    p ¯    i , j + 0.5     Δ λ     



(17)







The second derivative at any node can be represented by the difference of the first derivative at the insertion point of adjacent half-steps.


       ∂  ∂ ψ        h ¯   3    ∂  p ¯    ∂ ψ         i , j   ≈          h ¯   3    ∂  p ¯    ∂ ψ       i + 0.5 , j   −        h ¯   3    ∂  p ¯    ∂ ψ       i − 0.5 , j     Δ ψ    



(18a)






       ∂  ∂ λ        h ¯   3    ∂  p ¯    ∂ λ         i , j   ≈          h ¯   3    ∂  p ¯    ∂ λ       i , j + 0.5   −        h ¯   3    ∂  p ¯    ∂ λ       i , j − 0.5     Δ λ    



(18b)







Furthermore, the first derivative in Equation (18) is represented by the difference quotient of the corresponding node.


         h ¯   3    ∂  p ¯    ∂ ψ       i + 0.5 , j   ≈    h ¯    i + 0.5 , j  3       p ¯    i + 1 , j   −    p ¯    i , j     Δ ψ    



(19a)






         h ¯   3    ∂  p ¯    ∂ ψ       i − 0.5 , j   ≈    h ¯    i − 0.5 , j  3       p ¯    i , j   −    p ¯    i − 1 , j     Δ ψ    



(19b)






         h ¯   3    ∂  p ¯    ∂ λ       i , j + 0.5   ≈      h ¯    i , j + 0.5  3     p ¯    i , j + 1   −    h ¯    i , j + 0.5  3     p ¯    i , j     Δ λ    



(19c)






         h ¯   3    ∂  p ¯    ∂ λ       i , j − 0.5   ≈      h ¯    i , j − 0.5  3     p ¯    i , j   −    h ¯    i , j − 0.5  3     p ¯    i , j − 1     Δ λ    



(19d)







We can obtain the following equation:


       ∂  ∂ ψ        h ¯   3    ∂  p ¯    ∂ ψ         i , j   ≈      h ¯    i + 0.5 , j  3     p ¯    i + 1 , j   +    h ¯    i − 0.5 , j  3     p ¯    i − 1 , j   −      h ¯    i + 0.5 , j  3  +    h ¯    i − 0.5 , j  3       p ¯    i , j         Δ ψ    2     



(20a)






       ∂  ∂ λ        h ¯   3    ∂  p ¯    ∂ λ         i , j   ≈      h ¯    i , j + 0.5  3     p ¯    i , j + 1   +    h ¯    i , j − 0.5  3     p ¯    i , j − 1   −      h ¯    i , j + 0.5  3  +    h ¯    i , j − 0.5  3       p ¯    i , j         Δ λ    2     



(20b)







Similarly,     ∂  h ¯    ∂  p ¯      can also be expressed as


        ∂  h ¯    ∂  p ¯        i , j   ≈      h ¯    i + 0.5 , j   −    h ¯    i − 0.5 , j     Δ ψ    



(21)







Through the above simplification, the dimensionless Reynolds equation of an incompressible water film with constant temperature, constant viscosity, and normal working conditions can be obtained:


         h ¯    i + 0.5 , j  3     p ¯    i + 1 , j   +    h ¯    i − 0.5 , j  3     p ¯    i − 1 , j   −      h ¯    i + 0.5 , j  3  +    h ¯    i − 0.5 , j  3       p ¯    i , j         Δ ψ    2    +         d l    2       h ¯    i , j + 0.5  3     p ¯    i , j + 1   +    h ¯    i , j − 0.5  3     p ¯    i , j − 1   −      h ¯    i , j + 0.5  3  +    h ¯    i , j − 0.5  3       p ¯    i , j         Δ λ    2    =     3      h ¯    i + 0.5 , j   −    h ¯    i − 0.5 , j     Δ ψ      



(22)







After simplifying, we can obtain the discretized form of the continuous Reynolds Equation (7), as shown below:


   B  1 i , j      p ¯    i + 1 , j   +  B  2 i , j      p ¯    i − 1 , j   +  B  3 i , j      p ¯    i , j + 1   +  B  4 i , j      p ¯    i , j − 1   −  B  5 i , j      p ¯    i + 1 , j   =  B  6 i , j    



(23)







The coefficients in Equation (23) are


         B  1 i , j   =    h ¯    i + 0.5 , j  3         B  2 i , j   =    h ¯    i − 0.5 , j  3         B  3 i , j   =      d l     2        Δ ψ   Δ λ      2     h ¯    i , j + 0.5  3         B  4 i , j   =      d l     2        Δ ψ   Δ λ      2     h ¯    i , j − 0.5  3         B  5 i , j   =  B  1 i , j   +  B  2 i , j   +  B  3 i , j   +  B  4 i , j          B  6 i , j   = 3 Δ ψ    h  i + 0.5 , j   −  h  i − 0.5 , j            



(24)








2.2. Discretization of Elastic Deformation Equation     δ  ¯   ,     δ  ¯      in Equation (8)


Discretizing the continuous elastic deformation equation yields the following elastic deformation formulation:


     δ ¯    i , j   =    p 0     h 0      ∑ i     ∑ j    G  i , j          p ¯    i , j    



(25)








2.3. Ultra-Relaxation Iterative Method for Solving Pressure Distribution and Pressure Convergence Conditions


Equation (23) obtained from the discretization is a system of linear algebraic equations, which is solved using the super-relaxed iterative method, calculated as:


       p ¯      i , j  k  = β      B  1 i , j        p ¯      i + 1 , j   k − 1   +  B  2 i , j        p ¯      i − 1 , j   k − 1   +  B  3 i , j        p ¯      i , j + 1   k − 1   +  B  4 i , j        p ¯      i , j − 1   k − 1   −  B  6 i , j      B  5 i , j       +      p ¯      i , j   k − 1    



(26)




where β is the super relaxation factor, 1 < β < 2; k is the number of stress iterations.



Combined with the boundary conditions, the pressure calculation formula can end the iterative calculation after a certain number of iterations to satisfy the following convergence conditions.


      ∑  j = 2  n     ∑  i = 2  m          p ¯      i , j  k  −      p ¯      i , j   k − 1             ∑  j = 2  n     ∑  i = 2  m          p ¯      i , j  k          ≤ ζ  



(27)







ζ is the pressure convergence accuracy, ζ = 1.0 × 10−4.



The diagram of calculation process is shown in Figure 3.





3. Experiment


The test was carried out on a JXH-C liquid dynamic sliding bearing test bench, and the schematic diagram of the test bench is shown in Figure 4.



Experimental technique: The power part of the left side of the test bench is a small DC motor, for which the power is 600 W, the rated voltage is 220 V, and the maximum is 3000 r/min. The right side of the test part mainly consists of the test spindle and the two high-precision single-row centripetal ball bearings. The main spindle is equipped with a large pulley, and the pulley side of the belt wheel is equipped with an infrared velocimeter, which is used to measure the rotational speed of the journal. The diameter of the spindle is 60 mm, the length of the spindle is 100 mm, and the speed range of the spindle is 0~1500 r/min. Pressure sensor 9, as shown in Figure 4, uses an HM91A-H1-2-V2-F1-W1 sensor, with a maximum range of 2 MPa and an accuracy of 0.025%. A complete loading device (1, as shown in Figure 4) consisting of a screw loading rod, loading force sensor (2, as shown in Figure 4), and loading rollers (3, as shown in Figure 4) is mounted directly above the spindle. The device changes the size of the loading force through the screw, uses the loading roller to apply the loading force on the slat, and collects the size of the loading force through the loading force sensor. The loading force sensor 2 is a BHR-4 type load cell with a maximum range of 2000 N and an accuracy of 0.1%. The slats are arranged directly above the spindle for ease of loading. In order to simulate the dynamic pressure lubrication of the bearing slats more realistically, the slats should be completely submerged by water. The water in the tank is in a flowing state to ensure a constant water temperature, which is set at 20 °C.



Before the formal test, to ensure that the inner surface of the slat and the surface of the spindle had a better fit, the slat was soaked in water for 24 h, and then the slat was mounted on the test bench to break in for 30 min. After the break-in was completed, the formal test began. During the test, the water film pressure was measured by three pressure sensors on the slat, which were installed in the three round holes shown in Figure 5a.



To verify the correctness of the fluid solid coupling mathematical model of the water-lubricated micro-groove texture stern tube bearing, the lining material of the test strip was Thordon, the elastic modulus was 490 MPa, the density was 3220 kg/m3, and Poisson’s ratio was 0.45. The slab shell was 6061 aluminum alloy. The lining and shell were pasted with epoxy resin. There were two groups of slabs in this experiment: no micro-grooves and local micro-grooves. The shaft diameter was 60 mm, the bearing inner diameter was 60.25 mm, the bearing length was 100 mm, the rectangular groove was a through-type, the span was 0.4 mm, the groove spacing was 2 mm, and the groove depth was 50 μm. The load was 12 N and the speed was 1000 r/min. The local micro-groove lath was a micro-groove with a rectangular cross-section shape uniformly processed from the inlet edge to the circumferential 30° range. The test block with local micro-grooves is shown in Figure 5.



The water film pressure values were measured at 10°, 30°, and 50° positions of the test block, along the circumferential angle direction, three times at each position, and then the average value was taken. The tested average and simulated values are listed in Table 1.



The water film pressure test values of two types of micro-grooved stern tube bearing test blocks were obtained and compared with the simulation values, as shown in Figure 6.



It can be seen from Figure 6 that the simulations of the two types of test blocks without micro-grooves and with local micro-grooves are in good agreement with the experimental water film pressure, thus verifying the correctness of the numerical results.




4. Results and Discussion


4.1. Effect of Groove Ratio


The groove ratio is the ratio of the area of the grooves to the area of the bearing lining. From the above experiments and simulations, the size of the groove area has a certain effect on the bearing load-carrying capacity. Therefore, we designed three kinds of through-type grooves with different cross-sectional shapes: rectangle, circle, and isosceles triangle. The shapes of the designed groove sections are shown in Figure 1. The geometric parameters of the groove were Wt = 0.4 mm, Dt = 0.05 mm, and Pt = 2 mm. The speed was 1000 r/min, and the eccentricity ε was 0.3. The groove ratio was set to 0, 0.25, 0.50, 0.75, and 1.00. The dimensionless bearing load-carrying capacity     F  ¯   , Equation (11), and friction coefficient   f  , Equation (15), of the stern tube bearings were calculated, as shown in Figure 7.



Figure 7 illustrates that the bearing load-carrying capacity of rectangular, circular, and isosceles triangular groove stern tube bearings increases nonlinearly with the groove ratio and reaches its maximum at around 0.25 before decreasing. At a groove ratio of 0.25, micro-grooves are positioned on the water inlet side of the minimum water film thickness of the stern tube bearing. During shaft rotation, water is drawn into the bearing gap, and the micro-grooves undergo micro deformation under load. This results in the formation of the water sac effect in the internal space of the micro-grooves, further increasing the hydrodynamic force and enhancing the bearing load-carrying capacity of the stern tube bearing. However, if the groove ratio exceeds 0.25, as the number of micro-grooves increases, the grooves will act badly on the water film, resulting in a thicker water film thickness in the groove region, which in turn causes a reduction in the water film pressure, leading to a reduction in the load-bearing capacity. The friction coefficient is inversely proportional to the bearing load-carrying capacity of the stern tube bearing, as shown in Equation (11). As the groove ratio increases, the friction coefficient decreases first and then increases nonlinearly. Comparing the load-carrying capacity and friction coefficient curves of the three different cross-sectional groove stern tube bearings, the rectangular groove texture stern tube bearing exhibits superior bearing load-carrying capacity and friction performance when the groove ratio is less than or equal to 0.25. When the groove ratio is greater than 0.25, the isosceles triangular groove texture stern tube bearing demonstrates better bearing load-carrying capacity and friction performance than the other two types.



To determine the optimal value for the local micro groove ratio, stern tube bearings with rectangular, circular, and isosceles triangular groove textures were selected with the target of achieving a maximum bearing load-carrying capacity and minimum friction coefficient. The speed was 1000 r/min and the eccentricity ε was 0.3. The calculation was carried out within the groove ratio range 0.20 to 0.35. Figure 8 shows the results obtained.



At a groove ratio of around 0.31, the rectangular groove stern tube bearing achieves its maximum bearing load-carrying capacity and minimum friction coefficient. To obtain optimal lubrication performance, especially with Thordon-lined water-lubricated stern tube bearings, a groove ratio of 0.30 to 0.32 is recommended. Isosceles triangular groove stern tube bearings outperform circular and rectangular groove stern tube bearings in terms of the bearing load-carrying capacity and friction coefficient at groove ratios above 0.31.




4.2. Effect of Groove Width


To investigate the effect of the groove width on the bearing load-carrying capacity and friction coefficient of stern tube bearings, we selected rectangular, circular, and isosceles triangular micro-groove stern tube bearings. The local groove ratio was fixed at 0.31, and the global groove ratio was set to 1.00. The groove dimensions were Dt = 0.05 mm and Pt = 2 mm, and the bearings were tested at a speed of 1000 r/min with eccentricity ε of 0.3. We varied the value of Wt from 200 to 1600 μm in intervals of 200 μm. The resulting calculations are presented in Figure 9.



As can be seen from Figure 9, under the same conditions, the bearing load-carrying capacity of the local micro-groove stern tube bearing test block is greater than that of the global micro-groove stern tube bearing test block. The reason for this is that the location of the local micro-groove is on the inlet side of the minimum water film thickness, which makes it easy to form the water sac effect and helps to increase the bearing load-carrying capacity. The global micro-groove stern tube bearing’s groove position across the domain of the minimum water film thickness on both sides (that is, the inlet side and the outlet side; although a water bladder effect is formed on the inlet side, the thickness of the water film on the outlet side is thickened, resulting in a lower pressure on the water film on the outlet side) results in the bearing load-carrying capacity being less than that of the local micro-groove stern tube bearing.



Comparing the water-lubricated stern tube bearing blocks with local micro-groove and global micro-grooves, the bearing load-carrying capacity of the local micro-groove and global micro-groove water-lubricated stern tube bearing blocks showed a nonlinear increase and a fractional linear decrease with the increase in the width of the micro-groove, respectively. This phenomenon is due to the location of the micro-groove. The groove of the local micro-groove water-lubricated stern tube bearing is on the water inlet side of the minimum water film thickness, and as the width of the micro-groove increases, a larger water sac is formed in the groove, and the larger water sac helps to increase the bearing load-carrying capacity of the water-lubricated stern tube bearing. The grooves of the global micro-groove water-lubricated stern tube bearing are not only distributed on the inlet side of the minimum water film thickness but also on the outlet side. As the width of the groove increases, the load-carrying capacity of the global micro-groove water-lubricated stern tube bearing increases on the inlet side, but the load-carrying capacity decreases due to the thickening of the water film thickness of the global micro-groove water lubricated stern tube bearings on the outlet side results in a lower water film pressure, and the decrease in the load-carrying capacity on the outlet side is greater than the increase in the load-carrying capacity on the inlet side as the width of the groove increases.



The dimensionless bearing load-carrying capacity of both global and local isosceles triangular micro-groove stern tube bearings first increases and then decreases nonlinearly with an increase in groove width. Similarly, the friction coefficient decreases first and then increases nonlinearly. For global and local rectangular groove stern tube bearings, the dimensionless bearing load-carrying capacity exhibits a nonlinear decreasing and increasing trend with the increase in groove width, while the friction coefficient shows a nonlinear increasing and decreasing trend. Moreover, the dimensionless bearing load-carrying capacity of global and local circular groove stern tube bearings shows a non-linear decreasing and non-linear increasing trend with an increase in groove width, and the friction coefficient exhibits a non-linear increasing and non-linear decreasing trend. Overall, the lubrication performance of the local rectangular groove stern tube bearing is superior to that of the isosceles triangle and circular groove stern tube bearings.



Under identical conditions, the bearing load-carrying capacity and friction performance of local groove stern tube bearings are significantly superior to those of global groove stern tube bearings. At a groove width of 1600 μm, the local rectangular groove stern tube bearing exhibits a 217% increase in dimensionless bearing load-carrying capacity compared to the global rectangular groove stern tube bearing (i.e., |0.19 − 0.06|/0.06 × 100%), while the friction coefficient decreases by 65% (i.e., |0.20 − 0.07|/0.20 × 100%). With the increase in groove width, the lubrication effect of the local rectangular groove water-lubricated stern tube bearing outperforms the other two types.





5. Conclusions


	(1)

	
Reasonably arranging the groove ratio is beneficial for improving the lubrication effect of water-lubricated stern tube bearings. Rectangular groove stern tube bearings exhibit superior bearing load-carrying capacity and friction coefficient performance compared to circular and isosceles triangular micro-groove stern tube bearings when the groove ratio is between 0.30 and 0.32, resulting in the best lubrication performance. Isosceles triangular groove stern tube bearings exhibit better bearing load-carrying capacity and friction coefficient performance than the other two types when the groove ratio is above 0.31.




	(2)

	
Increasing the width of the groove results in a significantly better lubrication effect of the local rectangular groove stern tube bearing compared to other stern bearings. The dimensionless bearing load-carrying capacity can be increased by 217%, and the friction coefficient can be reduced by 65%.








6. Further Research


In this study, we focused on investigating the water-lubricated stern tube bearing made of Thordon material as the research subject. We aimed to explore the impact of microscopic surface groove structures on the lubrication performance of water-lubricated stern tube bearings. The selection of lining materials for water-lubricated stern tube bearings is not restricted to Thordon material alone. Other options, such as NBR, phenol, ACM, SF, and iron pearwood, can also be utilized as linings for water-lubricated stern tube bearings.



Materials such as Thordon, phenol, ACM, SF, and iron pearwood exhibit high hardness. Thus, when they are employed as liners for water-lubricated stern tube bearings, it becomes more convenient to incorporate micro-grooves into the inner surface of the liner. However, the task of creating micro-grooves in rubber-based linings poses a significant challenge due to the low hardness and susceptibility to deformation under force. This characteristic greatly complicates the process of machining micro-grooves. In practical operations, the geometry of micro-grooves becomes difficult to maintain due to the extrusion and deformation of the rubber-based liner, resulting in substantial distortions of the micro-groove shape. Consequently, researchers are interested in investigating the lubrication characteristics of water-lubricated stern tube bearings equipped with micro-grooves. To facilitate their study, we recommend that scholars opt for materials with higher hardness.
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Nomenclature




	c
	bearing radius clearance



	Dt
	depth of the micro-grooves



	e
	eccentricity distance



	“elem”
	the number of elements on the inner surface of the bearing



	f
	friction coefficient



	F
	combined force of the water film force



	     F  ¯    
	dimensionless bearing load-carrying capacity



	F1
	shear flow resistance



	F2
	pressure flow resistance



	Fc
	vertical component of water film force



	Fs
	horizontal component of the water film force



	Ft
	radial load applied on the spindle



	FT
	total resistance



	[G]
	flexibility matrix



	h
	water film thickness



	hb
	water film thickness at the point of water film rupture



	hmin
	minimum film thickness



	hmax
	maximum film thickness



	hs
	thickness of the water film when ignoring the bearing deformation and groove



	k
	number of stress iterations



	l
	bearing length



	“node”
	the number of nodes on the inner surface of the bearing



	O1
	centers of the bearing



	O2
	centers of the shaft



	p
	water film pressure



	Pt
	span of the micro-grooves



	{p}
	average pressure of the inner surface elements of the bearing



	r
	radius of the shaft



	R
	inner radius of the bearing



	Wt
	width of the micro-grooves



	β
	super relaxation factor



	γ
	circumferential arrangement range of the micro-groove area



	δ
	radial deformation of the bearing inner surface nodes



	{δ}
	radial deformation of bearing inner surface nodes



	ε
	eccentricity ratio



	ζ
	pressure convergence accuracy



	η
	viscosity of the water



	θ
	attitude angle



	θf
	angular coordinate at the position of natural rupture of the water film



	λ
	axial direction coordinate of bearing



	φ
	circumferential coordinate starting from the maximum film thickness



	ω
	rotational speed of shaft
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Figure 1. Lubrication model of micro-groove stern tube bearing. (a) Schematic diagram of micro-groove stern tube bearing structure; (b) rectangular structure of micro-grooves; (c) triangle structure of micro-grooves; (d) semi-circular structure of micro-grooves. Adapted from [15]. 
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Figure 2. Grid division. 
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Figure 3. Diagram of calculation process. 
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Figure 4. Test bench schematic: 1. screw for loading; 2. sensor for measuring loading force; 3. roller for loading; 4. test plate material to be tested; 5. shaft; 6. water tank; 7, 13. water hole; 8. base; 9. pressure sensor; 10. temperature sensor; 11. belt; 12. motor. 
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Figure 5. Test block with local micro-grooves: (a) image of the object; (b) schematic diagram. 
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Figure 6. Tested and simulated pressure values of water film. 
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Figure 7. Effect of groove ratio on dimensional bearing load-carrying capacity     F  ¯   , and friction coefficient   f   of stern tube bearing. 
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Figure 8. The dimensionless bearing load-carrying capacity and friction coefficient of the stern tube bearing as the groove ratio ranges from 0.20 to 0.35. 
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Figure 9. Effect of groove width on bearing load-carrying capacity and friction coefficient of stern tube Bearing. Tri. represents triangular; Rec. represents rectangular; Cir. represents circular; Global represents stern tube bearing with a triangular micro-groove ratio of 1.0; Local represents stern tube bearing with a triangular micro-groove ratio of 0.31;     F  ¯    represents the dimensionless bearing load-carrying capacity; and f represents the friction coefficient. 
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Table 1. The water film pressure values of blocks.
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Without Grooves

	
Local Grooves




	
Angle/°

	
Simulation/kPa

	
Test/kPa

	
Relative Error

	
Simulation/kPa

	
Test/kPa

	
Relative Error






	
10

	
0.02401

	
0.02423

	
0.91%

	
0.02466

	
0.02489

	
0.92%




	
30

	
0.06388

	
0.06423

	
5.44%

	
0.06411

	
0.06492

	
1.25%




	
50

	
0.01839

	
0.01856

	
0.92%

	
0.01872

	
0.01889

	
0.89%
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