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Abstract

:

Bearings might be damaged due to shock loads caused by disturbances, in addition to static loads. In this study, a flexible structure was applied to enhance the lubrication characteristics of misaligned journal bearings subjected to impact loads. When an impact load is added to the bearing, a misaligned journal bearing has a high possibility of metal-to-metal contact. It might also lead to failure. Misalignment can occur at any time during bearing operation. A flexible structure is applied to the end of the bearing as a way to improve lubrication performance in a system where impact loads might be applied. The bearing’s lubrication performance was numerically assessed under unsteady-state conditions. An elastohydrodynamic lubrication analysis was conducted, taking into account elastic deformation. The lubrication characteristics of misaligned journal bearings were compared with the dimensionless minimum film thickness. The flexible structure and elastic modulus of the bearing were investigated so that it could support the load without contact according to the change in the maximum magnitude of the impact load. When subjected to oil film pressure, this flexible structure underwent elastic deformation, resulting in enlargement of the oil film. A misaligned journal bearing with a suitable flexible structure provided stable lubrication without metal-to-metal contact, even under shock load conditions. The flexible structure was incorporated into the high-load-bearing region of the journal bearing as a groove. Therefore, the application of a flexible structure in misaligned journal bearings can effectively enhance lubrication performance in misaligned conditions and under shock loads.
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1. Introduction


Hydrodynamic lubrication generates oil pressure through the relative movement of mating surfaces and creates a lubricant film that completely separates the two contact surfaces [1]. As the shaft rotates, the supporting force from the lubricant film within the bearing and keeps the journal bearing separated [2,3,4]. However, metal-to-metal contact can occur in journal bearings for various reasons, leading to wear and failure.



Bearings often encounter misalignment of the journal axis, leading to an uneven distribution of film thickness for bearing clearance along the axial direction. This irregular distribution is primarily caused by factors such as asymmetric loads and errors during installation [5,6,7]. In addition, during operation, a bearing is bound to encounter diverse forms of disturbances arising from shock loads. The impact of these shock loads will inevitably influence both the bearing’s performance during operation and its overall service life [8]. Moreover, shock can induce rapid and early failure of high-speed bearings [9,10].



Even a minor misalignment angle between shafts and bearings resulting from manufacturing errors, non-central loads or shaft deformation can change the distribution of the oil film. As a consequence of this misalignment, the oil film pressure, load carrying capacity and frictional force of the bearing undergo considerable variations [11,12]. Furthermore, inadequate operational quality can induce undesirable shaft vibrations [13].



Related studies can be largely divided into numerical studies, experimental studies [14] and studies [15,16,17] that combine numerical and experimental research. Most of them are numerical studies that perform CFD (computational fluid dynamics) analysis based on the FSI (fluid–structure interaction) technique [18], THD (thermohydrodynamic) analysis [19,20,21], EHD (elastohydrodynamic) analysis [22,23] and TEHD (thermoelastohydrodynamic) analysis [5,24]. Various methods have been proposed to enhance the lubrication performance of misaligned journal bearings. In terms of bearing material, a ZA-27 alloy [25] and a carbon-fiber phenolic composite [26] can be applied to improve the lubrication characteristics. To improve the lubrication characteristics, micropolar fluid [7] can be applied as lubricant in terms of lubricant, and a profile [7,27] or flexible structure [23,28,29,30] can be applied in terms of design. The grooved area experiences elastic deformation as a result of the oil film pressure exerted on the surface of the journal bearing. This can increase oil film thickness, effectively avoiding direct metal contact resulting from misalignment of the bearing. In a static load condition, when the groove is applied to the end of journal bearing, a larger oil film can be obtained in terms of the minimum film thickness than when the groove is not applied. However, when grooves of inappropriate geometries are applied, the minimum oil film thickness is smaller than when grooves are not applied [23]. Thus, to improve the lubricating properties of misaligned journal bearings under static load conditions, it is necessary to apply an appropriate flexible structure according to the operating conditions.



Several studies have been conducted on the shock behavior of different types of bearings, including oil bearings [31,32,33,34], air bearings [35,36] and water-lubricated bearings [37]. One study found that as the amplitude of random shock load increases, the average service life of sliding bearings decreases [31]. Another investigation revealed that rotor stability and vibration amplitude were favorable when foil bearings supported the rotor under various test conditions [35]. Furthermore, it has been reported that the use of double bladder structures can enhance the stability of water-lubricated bearings when subjected to half-sine shock load [37]. A study was conducted using a chamfer and profile to improve the lubrication characteristics of misaligned journal bearings under conditions where no shock load was applied [38] Moreover, lobe-type profiles or pockets were applied to the bearings to improve the lubrication characteristics under impact load conditions [37,38,39,40]. A study was conducted using a chamfer and profile to improve the lubrication characteristics of misaligned journal bearings under conditions where no shock load was applied [41,42,43].



The chamfer and profile were applied to minimize the vibration amplitude and to enhance the turbine stability limits. Research is also being conducted on methods to appropriately describe impact loads [44,45,46].



Some studies have been conducted to improve the lubrication characteristics of misaligned journal bearings. There are also studies on the lubrication characteristics of bearings against impact loads. However, studies applying a flexible structure when an impact load is applied to a misaligned journal bearing for improving lubrication characteristics have not been reported yet. Moreover, there are few analyses conducted under large-impact-load conditions. Thus, the objective of this study was to evaluate the lubrication performance of a groove-type flexible structure for preventing metal-to-metal contact under large-shock-load conditions, where the maximum value of the impact load was approximately three times the static load. In addition, the effect of an elastic modulus according to impact load condition within the range of the elastic modulus of bearing steel was evaluated. A numerical study was conducted on the design of an appropriate flexible structure that could prevent metal-to-metal contact under the shock load condition of misaligned journal bearings.




2. Numerical Model and Method


EHL analysis was performed to estimate the lubrication performance of the misaligned journal bearing under the given condition of an impact load. A flexible structure was applied to prevent metal-to-metal contact due to impact. EHL analysis was performed to consider elastic deformation due to oil film pressure. In this research, lubrication performance was evaluated over time using commercial software, COMSOL Version 6.0, capable of multi-physics analysis. This analysis software is based on the finite element method. It discretizes non-linear governing equations into algebraic equations. The numerical analysis involved the utilization of three key modules. The first module, known as the hydrodynamic bearing module, was utilized to analyze hydrodynamic lubrication. The second module, the solid mechanics module, was employed to study the elastic deformation of the bearing. Finally, the third module, called the solid–bearing coupling module, enabled smooth integration and interaction between the hydrodynamic bearing and solid mechanics modules [23]. The hydrodynamics bearing formula and the solid mechanics formula were combined into one matrix, and the calculation was performed using a fully coupled method. The linear elastic material model was applied to the flexible area (groove) where deformation occurs, and the rigid material model was applied to other parts. The geometric part to which the rigid body model was applied was given the condition of being fully constrained (deformation = 0). A rigid material model was applied to the rotation axis, and full constraints were applied in the axial direction (z-axis).



Misaligned journal bearings can lead to metal-to-metal contact at the end of the bearing due to various causes, as shown in Figure 1a. To prevent contact between metals, a flexible structure was applied, as represented by the black dotted line in Figure 1b. The flexible structure had a ring-type groove that could secure larger oil film thickness through elastic deformation caused by oil film pressure at the end of the bearing.



Figure 2 presents a schematic of a journal bearing with a flexible structure. The rigid shaft rotates about the z-axis with an angular velocity ω. To the center of the shaft, at z = l/2, a load w is exerted in the direction of θw. The flexible structure is located in the dotted regions of Figure 2b. It is applied at the end of the bearing using a groove to induce elastic deformation. The dimensions of the flexible structure are determined by its inner end thickness (d), outer end thickness (a) and length (lf). The shape of the flexible structure in the axial direction is determined by γ (=d/a), which can result in either a rectangular (for γ = 1) or a tapered (for γ > 1) shape, as shown in Figure 2c. In a previous analysis of the static load condition, lubrication performance was better when the groove shape was rectangular than when it was tapered [23]. Based on previous results, only cases where the shape of the groove was rectangular were considered in this study. The non-grooved section of the bearing surface remains rigid due to its large thickness, preventing any elastic deformation. The configurations of the journal bearing and the flexible structure are depicted by dimensionless parameters, as specified in Equation (1):


   A =   a r  ,    L =   l r  ,      L   f  =    l f   l  ,   β =  c r   ,    γ =  d a   



(1)







The Reynolds equation is employed to solve the oil film pressure (p) under unsteady-state conditions, as demonstrated in Equation (2):


   1   r 2     ∂  ∂ θ      h 3    ∂ p   ∂ θ     +  ∂  ∂ z      h 3    ∂ p   ∂ z      = 6 η ω    ∂ h   ∂ θ   + 12 η   ∂ h   ∂ t    



(2)







The dimensionless form of equation (2) becomes:


   ∂  ∂ θ      H 3    ∂ P   ∂ θ     +  ∂  ∂ Z      H 3    ∂ P   ∂ Z     =   ∂ H   ∂ θ   + 2   ∂ H   ∂ T    



(3)




where pa is the atmospheric pressure, and the dimensionless variables are:


   H =   h c  ,    P =     c 2       p − p   a         6 r   2  η ω   ,    X =   x r  ,    Y =   y r  ,    Z =   z r  ,    T =  ω t  



(4)







To determine the oil film pressure in Equation (2), it is essential to determine the oil film thickness (h) in the space between the bearing and shaft. Figure 3 illustrates the shaft’s motion, which involves eccentric and tilted movements. The midpoint of the shaft at the location where z equals l/2 is designated as O, while O1 and O2 represent the midpoints of the shaft at the ends of the bearing. In Figure 3a, two circles depict cross-sections of the shaft projected onto the x-y plane, with O1 and O2 serving as their centers. The eccentricity e represents the distance on the x-y plane between the center of the bearing and O. The angle ψ on the x-y plane indicates the altitude angle between the direction of the load and the straight line passing through O and the center of the bearing. The tilting orientation of the shaft aligns with θw, and the tilting amount e′ is equivalent to half the distance between O1 and O2 on the x-y plane.



Under the aligned condition with zero tilt, the shaft rotates within the bearing. The thickness of the oil film between the shaft and bearing is computed using Equation (5) [23].


   h = c + e  ⋅ cos    θ −     θ W  − π  + ψ       +  e ′      1 −   2 l  z   cos    θ −     θ W  − π        + h   e   



(5)







The non-dimensionalized representation of Equation (5) can be expressed as follows:


   H = 1 +  ε ⋅ cos    θ −     θ W  − π  + ψ      +  ε ′     1 − 2   Z L    cos    θ −     θ W  − π        + H   e   



(6)




where


   H e  =    h e   c   ,   ε =   e c   ,    ε ′  =      e ′    c   



(7)







The parameters ε and ε′ featured in Equation (7) represent the shaft’s eccentricity and tilting ratios, respectively. Additionally, in order to calculate Equation (5), obtaining the alteration in oil film thickness due to the elastic deformation of the flexible structure, denoted as he, is essential. The assessment of the elastic deformation of the bearing is conducted through the solid mechanics module. The obtained numerical results are integrated with the hydrodynamic bearing module for hydrodynamic lubrication analysis. Figure 4 displays a hexahedral mesh of the finite element model [23]. The preference for a hexahedral mesh in numerical calculations arises from its superior resolution and faster processing speed compared to the tetrahedral mesh [47]. In the analysis, 100 elements were utilized in the circumferential direction and 53 elements in the axial direction, with the exception of the groove region, where 108 elements were used in the circumferential direction. As a result, the total element count was 44,425.



The boundary conditions for solving Equations (2) and (8) are specified as follows:




	▪

	
Boundary condition for the oil film fracture zone:     ∂ p   ∂ n      = 0 ,   p = p   a   .




	▪

	
Pressure in the cavitation region:


     p = p   a      where      p  <  p a  .  



(8)








	▪

	
Pressure at the bearing ends and oil feeding groove   p ( 0 ,    z  )    = p   b   ,   p  ( θ ,    0  )    = p   b   ,   p  ( θ ,    l  )    = p   b   .




	▪

	
Displacement at the inner end of the flexible structure:   u      x ,   y ,   l   f     = 0   .









The direction of vector n, as indicated in Equation (8), is perpendicular to the boundary line of the oil film fracture. Additionally, periodic conditions are applied for both pressure and displacement in the ring-shaped bearing. Equation (8) can be expressed in a dimensionless form, given by Equation (9) [23]:




	▪

	
Boundary condition for the oil film fracture zone:     ∂ P   ∂ n    = 0 ,   P = 0   .




	▪

	
Pressure in the cavitation region:


   P = 0      where      P  < 0 .  



(9)








	▪

	
Pressure at the oil feeding groove and the bearing ends:


  P ( 0 ,    Z  )    = P   b   ,   P  ( θ ,    0  )    = P   b   ,   P  ( θ ,    L  )    = P   b  .  












	▪

	
Deformation at the inner end of the flexible structure:   U      X ,   Y ,   L   f     = 0   .









The oil film force, represented as fo, arises from the oil film pressure. It is utilized to determine the shaft’s motion through comparison with the applied load. Figure 2a illustrates the visualization of the oil film force exerted on the shaft. The components of the oil film force in the x and y directions, denoted as fox and foy, respectively, were computed using Equations (10) and (11). The calculation of the oil film force was achieved through Equation (12) [23]:


   f  ox   =    ∫ 0 l      ∫ 0   2 π      p   r   sin θ d θ dz         



(10)






   f  oy    = −     ∫ 0 l      ∫ 0   2 π      p   r   cos θ d θ dz         



(11)






   f o  =    f  o x     2  +  f  o y     2     



(12)







Equations (13)–(15) are dimensionless forms of Equations (10)–(12).


   F  OX   =    ∫ 0 L      ∫ 0   2 π      P   sin θ d θ dz         



(13)






   F  OY    = −     ∫ 0 L      ∫ 0   2 π      P   cos θ d θ dz         



(14)






   F O  =    F  O X     2  +  F  O Y     2     



(15)






   F  OX   =    c 2   f  ox        6 r   4  η ω      ,   F    OY   =    c 2   f  oy        6 r   4  η ω      ,   F   O  =    c 2   f o       6 r   4  η ω    



(16)







The load used in the analysis is shown in Figure 5. The analysis was performed under the condition that the impact load was added to the static load. In Figure 5, T1 and T3 are time intervals in which only the dimensionless static load W acts. T2 is the time interval in which the impact load acts together with the static load. The impact load is assumed to be in the form of a wave with attenuation. The analysis was performed for cases where the maximum value of the total load given was 1.5 times (Wmax = 1.5 W), 2 times (Wmax = 2 W) or 3 times (Wmax = 3 W) the static load. In the case of actual misaligned journal bearings, shocks and impulses are applied in various directions in addition to the vertical load. In this study, in order to evaluate the lubrication characteristics of the flexible structure under impact load conditions, it was simply assumed that the impact load acts in the vertical direction.



The dynamic viscosity and density of the lubricant used in the analysis were 0.02083 Pa·s and 904 kg/m3, respectively. It is difficult to specify information about the actual size and lubricant due to company security reasons since this is an interpretation of journal bearings applied to the home appliances of electronic company. Therefore, a dimensionless analysis was performed.




3. Numerical Results and Discussion


In a previous study [23], EHL analysis [48,49,50,51,52,53] was performed for a misaligned journal bearing with a flexible structure under a static load condition. The flexible structure of the misaligned journal bearing effectively increased the minimum film thickness. This was because the oil film thickness increased via elastic deformation in the flexible structure at the end of the bearing, with the lubrication performance of the bearings improved, as shown in Figure 6. From the overall dimensionless displacement in Figure 6, it can be confirmed that there is appropriate deformation due to oil film pressure in the area where the flexible structure was applied. In addition, a rectangular-shaped flexible structure was more effective in improving lubrication characteristics than a taper-shaped one [23]. Therefore, in this study, lubrication characteristics under impact load conditions were evaluated for misaligned journal bearings to which a rectangular-shaped flexible structure was applied. In addition, when metal-to-metal contact occurred in misaligned journal bearings, the elastic modulus of the bearing steel was changed, and the lubrication characteristics were compared with those of the existing bearing steel.



The lubrication characteristics following a change in the flexible structure geometry and a change in the tilting ratio (ε′) were examined under three load conditions in which the impact load and the static load acted together. Changes in the dimensionless thickness (A) and length (Lf) were used to vary the geometry of the flexible structure. The dimensionless thickness ratio (γ) of the flexible structure was constant at 1 because it was found that the flexible structure with a rectangular shape was more effective than the taper-shaped one in improving the lubrication characteristics [23].



The dimensionless minimum oil film thickness due to changes in the dimensionless thickness (A) of the flexible structure was investigated over time, as shown in Figure 7. The lubrication characteristics were compared under three load conditions and two elastic modulus conditions with other specifications, as shown in Table 1. When A was increased, the dimensionless minimum film thickness decreased overall, resulting in poor lubrication characteristics. When A was 0.6 and 0.8, the difference in the dimensionless minimum oil film thickness was very small. However, when A exceeded 0.8, the advantage of the flexible structure did not appear under impact load conditions. This was because when A exceeded a certain value, the elastic deformation due to oil film pressure was rapidly reduced. In other words, when A exceeded a certain value, it was difficult to secure sufficient oil film thickness through elastic deformation. As the maximum load due to impact load increased, the lubrication properties deteriorated. Additionally, when the dimensionless elastic modulus (E*) was reduced by about 32% to 1.5 × 104, the overall lubrication characteristics were improved.



The smallest dimensionless minimum film thickness within the dimensionless time region of Figure 7 is shown in Figure 8. In the analysis results under static load conditions, the lubrication characteristics were good even when A was 1.4. It is almost unrealistic to apply conditions where A is 0.8 or more. The actual applicable range will be 0.4 or less. However, this analysis was performed to show that the lubrication characteristics were improved by the flexible structure even when the total load was about three times the static load.



The analysis was performed to show that the lubrication characteristics were improved by the flexible structure even when the total load was about three times the static load. However, as shown in Figure 8a, when the maximum load was 3 times and A was 0.8 times the static load, metal-to-metal contact occurred. Similar to the results shown in Figure 7, it was confirmed that when A was increased, the dimensionless minimum film thickness decreased. Moreover, when A was 0.8, metal-to-metal contact did not occur when the maximum load was 1.5 and 2 times the static load. However, they had a very small dimensionless minimum film thickness, leading to poor lubrication characteristics. To prevent contact between metals, the lubrication characteristics were investigated by changing the dimensionless elastic modulus of the bearing. By reducing the elastic modulus, deformation due to oil film pressure was made easier in the flexible structure. Figure 8a,b show the results when the dimensionless elastic modulus was 2.2 × 104 and 1.5 × 104, respectively. When the dimensionless elastic modulus is reduced by about 32%, the change in lubrication characteristics is expressed as a percentage, as shown Figure 8b. The percentage is expressed as a percentage of the difference in the dimensionless minimum film thickness at the two elastic moduli based on the dimensionless minimum film thickness in the case of the existing dimensionless elastic modulus (E* = 2.2 × 104). The lubrication characteristics were generally improved when the dimensionless elastic modulus was 1.5 × 104. In particular, looking at the case where A was 0.8, when contact occurred or the dimensionless minimum oil film thickness was very small, it was confirmed that no contact occurred and the lubrication characteristics were greatly improved. Figure 9 shows the dimensionless minimum film thickness and dimensionless maximum displacement with variation in the dimensionless time for four cases among the results in Figure 8. The point when the dimensionless minimum film thickness was the smallest is indicated by a blue dotted line. The point when the maximum dimensionless displacement was the greatest is indicated by a red dotted line. When the dimensionless elastic modulus was 2.2 × 104 and A was 0.2, the point when the dimensionless minimum film thickness was the smallest and the point when the dimensionless maximum displacement was the greatest were almost similar in the entire dimensionless time region. However, when A was 0.6, these two points in dimensionless time, when the dimensionless minimum oil film thickness was the smallest and when the dimensionless maximum deformation was the greatest, were clearly different. This pattern of results was similar even when the dimensionless elastic modulus was 1.5 × 104. Depending on the change in A, the results varied depending on the reactivity of the flexible structure. In other words, when A was small, the deformation of the flexible structure was immediate due to the oil film pressure. However, when A was large, it was believed that the influence of the deformation in the flexible structure had a slight delay. Figure 10 and Figure 11 show dimensionless film thickness distribution and oil pressure distribution, respectively, at the point where the smallest dimensionless minimum film thickness occurs in the time region. At this time, A was 0.4, the maximum load was 1.5 times, 2 times and 3 times the static load, and the dimensionless elastic moduli were 2.2 × 104 and 1.5 × 104. Figure 10 shows a similar pattern of dimensionless film thickness distribution. However, in Figure 10f, where the maximum load was 3 times the static load and the dimensionless elastic modulus was small, at 1.5 × 104, it shows a different form. In this case, the regions where the dimensionless film thickness is large and small are relatively large. That is, under conditions where the dimensionless elastic modulus is small and the maximum load is large, the hydrodynamic pressure increases, and elastic deformation due to the generated oil film pressure is easy. In Figure 11, under the condition that the non-dimensional elastic modulus was the same, when the maximum load is increased, the hydrodynamic oil pressure in the area where oil film pressure occurred is relatively increased.



Figure 12 shows the dimensionless film thickness and dimensionless pressure in the circumferential direction for the three red lines shown in Figure 10b,e and Figure 11b,e. Figure 12a,b show the results when the maximum load is twice the static load and the dimensionless elastic moduli are 2.2 × 104 and 1.5 × 104, respectively. Compared to the static load analysis results [23], it was found that the location where the maximum load occurred moved toward the edge of the bearing. Moreover, after the dimensionless maximum pressure occurred, a dimensionless minimum film thickness occurred, that is, the two points mentioned above did not coincide. The displacement distribution was investigated at the point where the minimum film thickness occurred. Figure 13 shows the dimensionless displacement at the point where the smallest dimensionless minimum film thickness occurs in the time region. At this time, A was 0.4, the maximum load was 1.5 times, 2 times and 3 times the static load, and the dimensionless elastic modulus was 2.2 × 104 or 1.5 × 104. As the dimensionless maximum load increased, the area where deformation occurred widened, with its size increasing overall. Moreover, when the dimensionless elastic modulus was small, more deformation occurred. In other words, the lubrication characteristics were improved as the oil film thickness was relatively large due to a larger amount of elastic deformation.



In this investigation, we performed changes in the dimensionless minimum film thickness in relation to variations in the dimensionless length (Lf) of the flexible structure, as shown in Figure 14. The lubrication characteristics were compared under three load conditions and two elastic modulus conditions with other specifications shown in Table 2. In a previous study [23], there was no metal-to-metal contact when Lf was 0.2 under the condition of a dimensionless static load, W. However, metal-to-metal contact occurred under the condition of an impact load being applied along with the static load. When Lf was 0.2, the flexible structure covered a very small area, 20% of the bearing’s axial length. It is believed that it is difficult to secure a sufficient oil film due to deformation under conditions where impact load is also applied. Thus, numerical analysis was performed only for Lf between 0.3 and 0.6. Figure 14a,b show the results obtained for dimensionless elastic moduli of 2.2 × 104 and 1.5 × 104, respectively. When the dimensionless elastic modulus is reduced by about 32%, these changes in dimensionless minimum film thickness are expressed as a percentage, as shown in Figure 14b. This percentage quantifies the difference in dimensionless minimum film thickness between the two elastic moduli, based on the dimensionless minimum film thickness when the dimensionless elastic modulus is 2.2 × 104. When the dimensionless elastic modulus was 2.2 × 104, the variance in the dimensionless minimum film thickness was relatively small when the maximum load was 1.5 and 2 times the static load. However, when the maximum load was 3 times the static load, the difference in the dimensionless minimum film thickness became significantly smaller, as shown in Figure 14a. In Figure 14b, it can be seen that if the dimensionless elastic modulus was changed to a small value, the lubrication characteristics were improved in terms of minimum film thickness. In particular, when Lf was small, the improvement in the lubricating characteristics was greater due to changes in the dimensionless elastic modulus than when it was large. Moreover, when Lf increased under the same load condition, the percentage generally decreased. That is, when Lf increased and the elastic modulus decreased, the increase rate of the minimum film thickness was not large; thus, the improvement in the lubricating characteristics was not distinct.



Figure 15 illustrates the changes in the non-dimensional minimum film thickness with changes in the tilting ratio (ε′). Furthermore, we compared lubrication characteristics across three different load conditions and two elastic modulus conditions, with the specifications and details outlined in Table 3. When the dimensionless elastic modulus was 2.2 × 104 under the three load conditions, the non-dimensional minimum film thickness varied with changes in the tilting ratio, as shown in Figure 15a. As the tilting ratio was increased, the dimensionless minimum film thickness decreased. This was because as the tilting ratio was increased, misalignment became more severe, resulting in unstable driving conditions that made it difficult to secure a sufficient oil film. In previous studies [23] where a static load was applied, an oil film was secured and the lubrication characteristics were good, even at a tilting ratio of 0.4. However, under conditions where an impact load was also applied, metal-to-metal contact occurred when the tilting rate exceeded 0.2. Thus, we tried to change the dimensionless elastic modulus in order to improve the lubrication characteristics. When the dimensionless elastic modulus is reduced by about 32%, these variations in dimensionless minimum film thickness are expressed as a percentage, as shown in Figure 15b. These percentages were obtained in the same manner as previously mentioned. Due to change in the elastic modulus, the increase rate of the minimum oil film thickness at the tilting rate was smaller than the increase rate of the minimum film thickness with the same dimensionless thickness and length of the flexible structure. If the tilting ratio was large, the increase rate of the dimensionless minimum film thickness was large upon changing the dimensionless elastic modulus. However, when the tilting ratio was small, the improvement upon changing the dimensionless elastic modulus was negligible. Overall, it was ineffective in terms of improving the lubrication characteristics by facilitating elastic deformation by reducing the non-dimensional elastic coefficient with the change in tilting rate.




4. Conclusions


This study demonstrates the utilization of a flexible structure in enhancing the lubrication performance of misaligned journal bearings under shock load conditions. Shock loads applied for various reasons can cause wear and failure due to contact in misaligned journal bearings. To improve this phenomenon, a flexible structure that could facilitate elastic deformation was applied to the end of the journal bearing, and EHL analysis was performed on misaligned journal bearings. The impact load of the journal bearing was assumed to be in the form of a wave. It was applied in addition to the static load. Three conditions were used, in which the overall maximum load was applied at 1.5, 2 and 3 times the static load. In addition, in order to improve the conditions of poor lubrication, such as metal-to-metal contact, the elastic modulus was reduced within the range of the elastic modulus of bearing steel currently used, and the lubrication characteristics were compared with those of the existing elastic modulus. The assessment of lubrication performance involved a comparison of the minimum film thickness of the journal bearing equipped with a flexible structure using different dimensionless thicknesses, lengths and tilting ratios. The dimensionless thickness ratio (γ) for the flexible structure remained constant at 1, since it was determined that the rectangular-shaped flexible structure outperformed the tapered one in terms of enhancing lubrication properties in previous research. The application of the flexible structure of misaligned journal bearings is very effective in improving lubrication characteristics under impact load conditions. This is because even if an impact load is added to the static load, a sufficient oil film thickness is secured due to elastic deformation in the flexible structure. A misaligned journal bearing with a flexible structure could prevent metal-to-metal contact until a maximum load of approximately three times the rated load is reached. When contact occurs or the lubrication performance is poor in a misaligned journal bearing with a flexible structure, the lubrication performance is significantly improved by changing the modulus of elasticity to be slightly lower. Finally, the numerical results showed that the application of a flexible structure to misaligned journal bearings improved the lubrication characteristics under impact load conditions. However, from an empirical perspective, additional research is needed to apply experimental verification to actual systems such as compressors and hydraulic pumps.
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Nomenclature




	A
	Dimensionless thickness of the flexible structure (=a/r)



	E
	Modulus of elasticity (GPa)



	E*
	Dimensionless modulus of elasticity (=c2E/(6r2ηω))



	F
	Dimensionless force (=c2f/(6r4ηω))



	FO
	Dimensionless oil film force (=c2fo/(6r4ηω))



	FX
	Dimensionless force in the X direction



	FY
	Dimensionless force in the Y direction



	FZ
	Dimensionless force in the Z direction



	FOX
	Dimensionless oil film force in the X direction



	FOY
	Dimensionless oil film force in the Y direction



	H
	Dimensionless oil film thickness (=h/c)



	He
	Dimensionless oil film thickness variation by elastic deformation (=he/c)



	Hm
	Dimensionless minimum film thickness (=hm/c)



	L
	Ratio of length to radius of the bearing (=l/r)



	Lf
	Dimensionless length of the flexible structure (=lf/l)



	O
	Center of the shaft at the middle of the bearing



	O1, O2
	Center of the shaft at both ends of the bearing



	P
	Dimensionless oil film pressure (=c2(p − pa)/(6r2 ηω))



	Pb
	Dimensionless pressure at the bearing ends and oil feeding groove (=c2(pb − pa)/(6r2ηω))



	T
	Dimensionless time (=ωt)



	T1, T3
	Time interval in which static load acts



	T2
	Time interval in which static and impact loads acts together



	U
	Dimensionless displacement in the element (=u/r)



	W
	Dimensionless load acting on the shaft (=c2w/(6r4ηω))



	X, Y, Z
	Dimensionless rectangular coordinate system (X = x/r, Y = y/r, Z = z/r)



	a
	Thickness at the outer end of the flexible structure (mm)



	c
	Clearance (μm)



	d
	Thickness at the inner end of the flexible structure (mm)



	e
	Tilting amount of the shaft (μm)



	e′
	Tilting amount of the shaft (μm)



	f
	Force (N)



	fo
	Oil film force (N)



	fx
	Force in the x direction (N)



	fy
	Force in the y direction (N)



	fz
	Force in the z direction (N)



	fox
	Oil film force in the x direction (N)



	foy
	Oil film force in the y direction (N)



	h
	Film thickness (μm)



	he
	Change in film thickness due to elastic deformation (μm)



	hm
	Minimum film thickness (μm)



	l
	Length of the bearing (mm)



	lf
	Length of the flexible structure (mm)



	p
	Oil film pressure (MPa)



	pa
	Atmospheric pressure (MPa)



	pb
	Pressure at bearing ends and oil feeding groove (MPa)



	r
	Radius of the bearing (mm)



	t
	Time (seconds)



	u
	Displacement in the element (mm)



	w
	Load acting on the shaft (N)



	x, y, z
	Rectangular coordinate system (mm)



	β
	Ratio of clearance to bearing radius (=c/r)



	ε
	Eccentricity ratio (=e/c)



	ε′
	Tilting ratio (=e′/c)



	γ
	Ratio of thickness at both ends of the flexible structure (=d/a)



	η
	Absolute viscosity of the lubricant (Pa∙s)



	ν
	Poisson’s ratio



	θ
	Cylindrical coordinate (rad)



	θw
	Direction of the load in the cylindrical coordinate system (rad)



	ω
	Angular velocity (rad/s)
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Figure 1. Misaligned journal bearing: (a) metal-to-metal contact; (b) application of a flexible structure. 
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Figure 2. Schematic of journal bearing with flexible structure: (a) x-y plane; (b) y-z plane; (c) shapes of the flexible structure. 
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Figure 3. The shaft in the bearing under eccentric and tilted motion conditions: (a) x-y plane; (b) y-z plane. 
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Figure 4. Finite element model of journal bearing. 
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Figure 5. Dimensionless load conditions with dimensionless time. 
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Figure 6. Dimensionless displacement of overall misalignment journal with flexible structure. 
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Figure 7. Dimensionless minimum film thickness with A: (a) E* = 2.2 × 104, Wmax = 1.5 W; (b) E* = 2.2 × 104, Wmax = 2 W; (c) E* = 2.2 × 104, Wmax = 3 W; (d) E* = 1.5 × 104, Wmax = 1.5 W; (e) E* = 1.5 × 104, Wmax = 2 W; (f) E* = 1.5 × 104, Wmax = 3 W. 
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Figure 8. Dimensionless minimum film thickness with A and Wmax: (a) E* = 2.2 × 104; (b) E* = 1.5 × 104. 
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Figure 9. Relationship between dimensionless minimum film thickness and dimensionless maximum displacement with variation in dimensionless time: (a) A = 0.2, E* = 2.2 × 104; (b) A = 0.6, E* = 2.2 × 104; (c) A = 0.2, E* = 1.5 × 104; (d) A = 0.6, E* = 1.5 × 104. 
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Figure 10. Dimensionless film thickness distribution with E* and Wmax: (a) E* = 2.2 × 104, Wmax = 1.5 W; (b) E* = 2.2 × 104, Wmax = 2 W; (c) E* = 2.2 × 104, Wmax = 3 W; (d) E* = 1.5 × 104, Wmax = 1.5 W; (e) E* = 1.5 × 104, Wmax = 2 W; (f) E* = 1.5 × 104, Wmax = 3 W. 
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Figure 11. Dimensionless pressure distribution with E* and Wmax: (a) E* = 2.2 × 104, Wmax = 1.5 W; (b) E* = 2.2 × 104, Wmax = 2 W; (c) E* = 2.2 × 104, Wmax = 3 W; (d) E* = 1.5 × 104, Wmax = 1.5 W; (e) E* = 1.5 × 104, Wmax = 2 W; (f) E* = 1.5 × 104, Wmax = 3 W. 
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Figure 12. Circumferential distribution of dimensionless film thickness and pressure: (a) A = 0.4, Wmax = 2 W, E* = 2.2 × 104; (b) A = 0.4, Wmax = 2 W, E* = 1.5 × 104. 
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Figure 13. Dimensionless displacement distribution with E* and Wmax: (a) E* = 2.2 × 104, Wmax = 1.5 W; (b) E* = 2.2 × 104, Wmax = 2 W; (c) E* = 2.2 × 104, Wmax = 3 W; (d) E* = 1.5 × 104, Wmax = 1.5 W; (e) E* = 1.5 × 104, Wmax = 2 W; (f) E* = 1.5 × 104, Wmax = 3 W. 
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Figure 14. Dimensionless minimum film thickness with Lf and Wmax: (a) E* = 2.2 × 104; (b) E* = 1.5 × 104. 
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Figure 15. Dimensionless minimum film thickness with ε′ and Wmax: (a) E* = 2.2 × 104; (b) E* = 1.5 × 104. 
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Table 1. Specification of the analysis model (variation in A, W and E*).
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	Parameter
	Value
	Parameter
	Value





	A
	0.2, 0.4, 0.6, 0.8
	W
	Wmax = 1.5 W, 2 W, 3 W



	E*
	2.2 × 104, 1.5 × 104
	β
	10−3



	L
	3.0
	γ
	1.0



	Lf
	1/3
	ε′
	0.2



	Pb
	0.3
	
	










 





Table 2. Specification of the analysis model (variation in Lf, W and E*).
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	Parameter
	Value
	Parameter
	Value





	A
	0.4
	W
	Wmax = 1.5 W, 2 W, 3 W



	E*
	2.2 × 104, 1.5 × 104
	β
	10−3



	L
	3.0
	γ
	1.0



	Lf
	0.3, 0.4, 0.5, 0.6
	ε′
	0.2



	Pb
	0.3
	
	










 





Table 3. Specification of the analysis model (variation in ε′).
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	Parameter
	Value
	Parameter
	Value





	A
	0.4
	W
	Wmax = 1.5 W, 2 W, 3 W



	E*
	2.2 × 104, 1.5 × 104
	β
	10−3



	L
	3.0
	γ
	1.0



	Lf
	1/3
	ε′
	0.05, 0.1, 0.15, 0.2



	Pb
	0.3
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