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Abstract

:

Rolling element bearings are required to operate in a variety of use cases that determine voltage potentials will form between the rolling elements and races. When the electrical field strength causes the dielectric breakdown of the intermediary lubricant film electrical discharge can damage the bearing surfaces. To reduce the prevalence and severity of electrical discharge machining an improved understanding of the coupled electrical and mechanical behavior is necessary. This paper aims to improve understanding of the problem through a combined elastohydrodynamic and electrostatic numerical study of charged elastohydrodynamic conjunctions. The results show the effect of amplitude reduction means that for typical surface topographies found in EHL conjunctions the maximum field strength is adequately predicted by the elastohydrodynamic minimum film thickness and potential difference. The paper also indicates the width of the elevated electrical field strength region is dependent on EHL parameters which could have important implications on the magnitude of current density during dielectric breakdown.
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1. Introduction


Electrical voltages form between bearing rolling elements in many applications such as electric vehicle powertrains [1], aircraft [2], rotorcraft [3], rolling stock axles [4], wind turbines [5] and spacecraft [6]. In the former common mode shaft voltages resulting from the inverter control systems lead to coronal discharge events at the bearing interfaces [1] and in space crafts a correlation between proximity to geomagnetic storms and electrical discharge initiated bearing failure has been observed [6]. In turbines, a tribostatic effect due to the lubricant flow over the bearing has resulted in charge build up between the rolling elements and race [7]. Electrical erosion and specifically electrical pitting otherwise known as Electrical Discharge Erosion (EDE) [8] (or electrical discharge machining wear EDM) are both common bearing failure modes. These events occur when a bearing ring to rolling element voltage exists and exceeds the ignition voltage [8]. When the ignition voltage is reached the electrical field strength in the lubricant film exceeds its dielectric breakdown strength [9]. An excessive current density discharge event can lead to localised high temperature regions on the surface, melt pools and in turn pit formation [8]. Electrical erosion causes frosting if the current is low and pitting if it is high. If the frosting damage continues, the damage increases until pits form. After pitting, the continued operation leads to fluting damage on the surface or surface fatigue of the race [2]. As well as damaging the surface the process can cause carbonisation and oxidation of the lubricant.



An experimental study conducted by Joshi and Blennow [10] on the electrical properties of lubricants showed that the number and duration of current discharge events was dependant on the voltage, shaft speed and bearing load. Bechev et al. [11] conducted an analysis of lubricant properties for use in electric motor bearings. They identified differences in breakdown voltage of the lubricant measured ex-situ and the breakdown voltage of the elastohydrodynamic film within the bearing assembly. The difference in idealised contact geometry of the ex-situ measurements and pressure-dielectric strength relation of the lubricant were suggested as possible reasons for the differences.



Within inverter fed variable speed e-motors, which are prevalent in electric vehicles, the charge build-up has been investigated [12,13,14]. Link [14] gave the main causes of static charge accumulation as; motor magnetic asymmetry, power supply asymmetry and voltage transients (dV/dt). With recent trends towards high switching frequencies and voltages in automotive inverter systems, fuelled by the drive for efficiency, automotive e-motors are set to become much more vulnerable to EDE failures. Bearing failures are already the main failure of electric drives [15,16].



One other technological trend may also introduce additional importance to electrostatic discharge, the selection of lubricants. Traditionally, e-motor bearings have been greased for lifetime use but as e-motor speeds increase, in pursuit of higher efficiencies, forced oil lubrication is becoming more common. This is sometimes shared with the rotor cooling system. The demand for environmentally sustainable lubricant alternatives is also driving a growing market in water-based lubricants, many of which have the benefits of very low viscosity and good heat capacity but have quite different electrical conductivity [17].Capacitive bearing models have been created by Schneider et al. [18] among others. The tribological and electrical analysis of the bearing conjunction showed there is little effect of the EHL Petrusevich spike [19] and minimum film thickness portion of the hertzian region on the bearing capacitance. This finding is in agreement with a significant body of work which has used the capacitive properties of the Elasto-Hydrodynamic Lubrication (EHL) lubricant film as a method to measure its thickness, with the methodology being pioneered in the early 1960’s [20,21]. An experimental study conducted by Sunahara et al. [22] investigated the location of electrical discharge events within the hertzian contact patch. They used a modification of the interferometry technique pioneered by Gohar and Cameron [23] to capture the light emission produced during a discharge event. It was observed that the discharge locations were found in the highlighted regions shown in Figure 1.



The image shown in Figure 1 suggests that the location of discharge is associated with the regions of minimum film thickness, high-curvature, and high-pressure. In the region of interest discussed in Figure 1 it was Johns-Rahnejat and Gohar [24] and Safa and Gohar [25] who first managed to experimentally resolve the Petrusevich pressure spike in point and line contacts respectively. It has also been shown however that microscale surface roughness can, under certain conditions cause a significant effect on EHL film thickness and pressure distributions [26,27]. Venner and Napel [26] showed a significant flattening (amplitude reduction) of the microscale roughness in the EHL contact patch. The flattened asperities were accompanied by localised pressure spikes. Morales-Espejel [27] showed a complementary ripple amplitude model capable of accurately conforming to experimental micro EHL measurements. Experimental studies conducted by Becker and Abanteriba [2] on aircraft bearings proposed electrical discharge erosion took place between the asperities of the contiguous surfaces. At the same time there is an increased interest on the influence of lubricant physical properties on electrical discharge wear phenomena in rolling element bearings [28]. Despite the effect of amplitude reduction, it has been shown that the lambda ratio (oil film thickness over composite rms roughness) [29] plays an important role in predicting electrical discharge erosion wear in rolling element bearings [30].



A significant body of work has been conducted to determine lubricant electrical properties, experimental association between the lambda ratio and electrical discharge erosion wear. In addition, a significant amount of work has been conducted to predict surface roughness behaviour within elastohydrodynamic conjunctions, however, to date a numerical investigation of electrical field strength to indicate the location of discharge events in rough elastohydrodynamic contacts has not previously been published in open literature. This paper uses numerical analyses of infinite elastohydrodynamic line contacts and two-dimensional electrostatic problem to investigate if EHL microgeometry, lubricant density and microscale roughness has a significant influence on electrical field strength within dielectric lubricant films.




2. Methodology


To investigate the electrical field strength in elastohydrodynamic conjunctions a one-dimensional EHL model and two-dimensional electrostatic model are employed. The elastohydrodynamic problem is solved to determine the surface deflection, fluid film thickness and lubricant density. These properties are then passed as inputs to the electrostatic problem.



2.1. Contact Geometry and Mechanics


For simplicity an infinite line contact problem considering a pair of bodies which are axially aligned, cylindrical, counter formal and loaded against each other are considered. The two bodies rotate about their respective axes of cylindrical symmetry. The one-dimensional assumption is suitable for a range of conjunctions such as roller bearings and spur gears as a cross section at any axial position has the same tribological conditions (in the absence of misalignment, thermo-mechanical distortions and edge effects). A diagram representing the modeling approach is shown in Figure 2.



The dimensionless film thickness equation that describes the lubricant filled gap between the surfaces can be written as:


   H i  =  H  00   +  ℜ i  −  1 π    ∑   j = 1  n   K  i j    P j  +    X i 2   2   



(1)




where  ℜ  is the surface roughness profile which is provided at the beginning of the results section. Due to the 2D model the roughness is in effect considered as infinitely wide ridges running perpendicular to the direction of entrainment.    H  00     is an integration constant which is updated during the iterative load convergence scheme described in the solution procedure section. The third term describes the elastic deformation of the bodies resulting from the fluid film hydrodynamic pressure (P). While the last term describes the combined curvature of the two surfaces based on the dimensionless X coordinate. The surface roughness is considered as stationary as this study considers only pure rolling kinematics. Where the dimensionless X coordinate is defined as   X =  x b   , where x is the coordinate and b is the hertzian contact half width:


  b =     8 w R   π  E ′       



(2)




where w is the dimensional load per unit length and E’ is the composite elastic modulus combining the elastic modulus (E) and Poisson’s ratio (υ) of the two bodies.


   2  E ′   =   1 −  υ 1 2     E 1    +   1 −  υ 2 2     E 2     



(3)







And R is the composite radius of curvature of the two surfaces in contact and can be written as:


   1 R  =  1   R 1    +  1   R 2     



(4)







The penultimate term in Equation (1) can be discretised as described by Venner and Napel [26] and the deflection kernel can be described as:


   K  i j   =  (  i − j +  1 2   )  d X  (  l n  (   |  i − j +  1 2   |  d X  )  − 1  )  −  (  i − j −  1 2   )  d X  (  l n  (   |  i − j −  1 2   |  d X  )  − 1  )   



(5)







The elastic deformation considered above assumes a state of plane strain as is typical for analyses of this type however recent studies have shown potential refinement of the approach using plane stress assumptions [31,32].




2.2. Hydrodynamics


A one-dimensional stationary form of Reynolds Equation (6) is discretised as described by Venner and Napel [26].


   d  d X    (  ϵ   d P   d X    )  −   d  (   ρ ¯  H  )    d X   = 0  



(6)







The dimensionless: Pressure P and Reynolds equation Coefficient ϵ terms are fully described in the Nomenclature and numerical values given in Table 1 and Table 2. The discretised form of the equation is given as:


     ϵ  i −  1 2     P  i − 1   −  (   ϵ  i −  1 2    +  ϵ  i +  1 2     )   P i  +  ϵ  i +  1 2     P  i + 1     d  X 2    −     ρ ¯  i   H i  −   ρ ¯   i − 1    H  i − 1     d X   = 0  



(7)




where dX is the dimensionless grid spacing parameter and for convenience dimensionless terms are defined as:   ϵ =    ρ ¯   H 3     η ¯  λ    ,   P =  (  p /  p h   )    and   H =     h R    b 2     . A second order central difference of the Poiseuille term and first order upstream difference for the wedge term are employed to discretise the Reynolds equation as described by [26,33] due to the formulations improved stability [34]. The boundary conditions, labeled (B.C.) in Figure 2, are both set using dimensionless atmospheric pressure    (   p  a t m   /  p h   )   . The Moe’s dimensionless groups [35,36] are used to characterise the EHL contact.


  L = α  E ′         η 0   u s     E ′  R    4   



(8)






  M =  w   E ′  R      (     η 0   u s     E ′  R    )    − 1 / 2    



(9)




where α is the pressure viscosity coefficient and us is the sum of the contacting surface velocities u1 and u2:


   u s  =  u 1  +  u 2   



(10)







In this paper only pure rolling is consider and therefore u1 = u2. The load balance equation is written as:


  d X     ∑   j = 1   n − 1    1 2   (   P j  +  P  j + 1    )  =  π 2   



(11)








2.3. Lubricant Physical Properties


The dielectric lubricant constant is dependent on the dimensionless lubricant density,     ρ ¯   , which varies with pressure as described by Dowson and Higginson [37]:


   ρ ¯  =    C 1  +  C 2     p     C 1  +  p     



(12)







In the current study an isothermal assumption is employed and the dimensionless viscosity is described using Roelands [38] pressure viscosity relation as:


   η ¯  =  e    α  p 0   z   [     (  1 +  p   p o     )   z  − 1  ]     



(13)




where z is Roelands pressure viscosity parameter,    p o    is a constant and α is the pressure viscosity index. There are limitations in the accuracy of Equation (13) to match experimentally measured data of real fluids [39,40]. In this study however where the specific lubricant is undefined the relation is deemed fit for purpose. In practice thermo-viscous behaviour and conjunctional thermal behaviour is often of importance and this would be an interesting addition to the current work [41].



For the electrostatic model the dielectric constant of the lubricant is required. The dielectric constant is calculated using the Clausius-Mossotti equation [18,42,43] using the dimensionless density calculated using Equation (12) which is determined during the elastohydrodynamic calculations.


  ε =    ε r  + 2 + 2  (   ε r  − 1  )   ρ ¯     ε r  + 2 −  (   ε r  − 1  )   ρ ¯     



(14)




where    ε r    is the reference dielectric constant measured at the same temperature and pressure as the reference density [44].




2.4. Electrostatics


This paper investigates the electrical field intensity in an electrostatic condition during which the two electrically conductive contiguous surfaces are at a fixed potential of (±1V). These values were selected to be in the same order of magnitude as those observed in various applications [7,13,45,46] however the specific values have no other particular significance. The surface geometry is provided from the converged elastohydrodynamic model as shown in Figure 3.



The lubricant film which separates the surfaces is considered as a perfect dielectric which forms a continuous film between the surfaces. The effect of polar additive constituents of the lubricant (particularly detergents [47]), particulates [48] and other contaminants such as water are ignored in this analysis despite their potential importance when present in practice. The generalised Poisson equation shown below in Equation (15) describes the electrostatic behaviour of the elastohydrodynamic contact [49]:


  ∇ ·  [  ε  ( r )  ∇ V  ( r )   ]  =   − ρ  ( r )     ε 0     



(15)




where the charge density  ρ , dielectric constant ε and voltage potential V are functions of spatial position described by position vector r. The dielectric constant is calculated at each node from Equation (14) using the lubricant densities calculated during the elastohydrodynamic analysis. Finally,    ε 0    is the permittivity of free space and should not be confused with the dielectric constant  ε . The two dimensional Poisson equation is necessary as from an electrostatic perspective it is not clear if the contact can be idealised as 1D as the curvature of the surfaces may have an effect on the field strength. The problem is 1D in terms of the EHL problem as the pressure is assumed constant across the thickness of the film and symmetric through the depth of the contact.



A successive over relaxed finite difference scheme is employed to solve the generalised Poisson equation in two dimensions. Although direct inversion is possible, the coefficient matrix is large and sparse making successive over relaxation preferable considering the computational resources available for this study. The dielectric constant is defined using a grid staggered from that of the voltage potential function as described by Nagel [50].


   ℝ  l , k   =  1   a 0     (   a 1   V  l + 1 , k   +  a 2   V  l , k + 1   +  a 3   V  l − 1 , k   +  a 4   V  l , k − 1   +    Q  l , k      ε 0     )  −  V  l , k    



(16)




where the coefficients    a 0  ,  a 1  ,  a 2  ,  a 3  , &    a 4    are described by Nagel [50] and are also provided for completeness in the Appendix A.


   V  l , k   n + 1   =  V  l , k  n  + ξ  ℝ  l , k    



(17)




where  ℝ  is the residual and ξ is the damping factor. The field strength is found simply from the following definition. Typically, it is assumed the maximum electric field strength in an EHL contact is determined by the voltage potential across the contact and the minimum film thickness. The electrical field strength is therefore non-dimensionalised using the voltage potential    V  12    ) between the two surfaces and minimum film thickness (   h  m i n    ) as:


   E ¯  = − ∇ V        h  m i n      V  12      



(18)







The model was constructed with the capability to use a refined grid spacing in comparison to the elastohydrodynamic model. To solve the electrostatic problem linear interpolation was used to transfer the lubricant density and surface geometry data between the two grids in the region −1.25< X <1.25. In addition, it was assumed the lubricant had a uniform density across the film at any X coordinate location. On the two conducting surfaces a Dirichlet boundary with fixed voltage potential is used, these form the top and bottom region of the solution domain. This boundary conditions are applied using the local charge, Q, in Equation (16). The local charge on bodies 1 and two is determined from the voltage potential as   Q = V  ε 0  .   The solution domain is discretised and solved numerically using a successive over relaxation scheme.




2.5. Solution Procedure


The elastohydrodynamic problem is initialised using a hertzian pressure distribution and an initial guess for the integration constant. Then the hydrodynamic problem is solved values in the range −4 < X < 2, and the deflection field updated. A multigrid methodology outlined by Venner and Napel [26], Venner [33] and Wijnant [51] with the most refined grid consisting of 3200 nodes was employed. The refined grid has a sub micrometre spacing comparable to the surface roughness measurement lateral resolution. The integration constant is updated as:


   H  00      n e w   =  H  00      o l d   + c    (   π 2  − d X     ∑   j = 1   n − 1    1 2   (   P j  +  P  j + 1    )   )   



(19)




where c is a numerical damping factor. Once the recursive multigrid solution has converged. The converged geometry and lubricant density are used to solve the electrostatic problem. The density of the lubricant from the elastohydrodynamic model is used to calculate the dielectric constant (Equation (14)) at each coordinate location. The electrostatic problem is initialised assuming a linearly varying voltage between the contiguous surfaces after which Equations (16) and (17) are solved until convergence is met.





3. Results


The lubricant physical properties and the key tribological properties are shown in Table 1 and Table 2 respectively. The values are chosen for purposes of validation and that they are typical of the tribological conditions found in many machine elements such as spur gear pairs and roller bearings. In addition, the minimum film thicknesses are sufficient that the quantum mechanical tunnel mechanism that leads to conductive behaviour in sub-nanometer thickness boundary films does not need to be considered [52,53]. For the electrostatic model it is considered    R 1  =  R 2   ,    E 1  =  E 2    and    ν 1  =  ν 2   .



3.1. Smooth Surface EHL and Electrical Field Strength Results


The elastohydrodynamic section of the model was validated against the data provided by Venner and Napel [26]. The predicted minimum and average film thicknesses for all conditions presented are within 3% of their published values as shown in Table 3. The results provide a good degree of confidence in the numerical elastohydrodynamic model for both minimum and average film thicknesses.



The voltage potential for two of the cases investigated is shown in Figure 4 where the constant voltage potential regions of ±1V are defined by the boundary condition applied to the conductive bodies. The electric field strength results for a range of M and L Moe’s non-dimensional EHL group values are presented for 1 and 2 GPa maximum hertzian contact pressure conjunctions shown in Figure 5 and Figure 6 respectively. The non-dimensional electric field strength is shown to have a maximum value of very close to unity at the location of the minimum film thickness. This is independent of the varying EHL behaviour characterised by the non-dimensional EHL groups. The electric field strength is therefore well predicted for a smooth conjunction by      V  12      h  m i n      . The field strength in the central film thickness region is shown to consistently have a non-dimensional field strength value close to 0.9.



The results shown in Figure 6 show the same magnitude of dimensionless electrical field strength at the minimum and central film thickness regions even at the increased maximum contact pressure. This indicates a minor effect of the fluid film pressure induced change to its dielectric constant on the electrical field strength. Thermal effects resulting from flash temperature rise within the contact are ignored in this paper, however their significance on electrostatic behvaiour has not yet be evaluated. This provides an interesting further area of research.



The electrical field strength clearly increases linearly with minimum film thickness. The cross section of electrical field strength at middle of the fluid film (as defined by half of the average film thickness) is presented in Figure 7. Interestingly, the width of the high field strength region located in the vicinity of the minimum film thickness location changes with M and L non-dimensional groups. The width of this region is of great interest to help determine the current density during electrical breakdown of the dielectric lubricant. Current density    (  A    m  − 2    )    has been reported to be a key parameter to limit damage caused by electrical discharge erosion [54] with Busse et al. [45] suggesting the peak current density during a dielectric breakdown event should be less than 0.8    (  A    m  − 2    )    to not adversely affect bearing life. It is suggested that elastohydrodynamic micro geometry could have a role on the width of the breakdown region and therefore current density during discharge. The experimental research of Plazenet et al. [46] showed the maximum and average lateral dimension of pits formed through electrical discharge erosion are 4 µm and 1.7 µm diameter respectively. These dimensions are in the same order as the width of the minimum film thickness region rather than the hertzian contact half width for both the conjunctions in this research and for similar bearings in electric vehicle applications [55]. The presented numerical results therefore highlight the importance of elastohydrodynamic micro geometry on electrical discharge erosion wear behaviour.




3.2. Rough Surface EHL and Electrical Field Strength Results


A measured rough surface was included to investigate the effect of surface roughness on electrical field strength. A Mini-Traction-Machine disc commonly used for elastohydrodynamic experimentation was measured using a focus variation microscopy technique (Alicona InfiniteFocus G4) with ×100 magnification. The disc root mean square roughness Rq is 0.01 µm. The rough surface profile is shown in Figure 8.



The roughness profile was included with in the elastohydrodynamic simulations and the converged solution provided to the electrostatic model. The roughness profile is truncated at ±0.05 µm to help stability of the EHL model. The results shown in Figure 9 and Figure 10 show the electrical field strength for the same conditions as previously investigated (1 and 2 GPa max hertzian contact pressure) but on this occasion with the inclusion of surface roughness.



The roughness is shown in Figure 9 and Figure 10 to create small perturbations to the electrical field strength due to a combination of small changes in local film thickness and pressure perturbations causing changes in the fluid film dielectric constant. The magnitude of the perturbations in dimensional electrical field strength are shown to be small relative to the electrical field strength at the location of the minimum film thickness in Figure 11.





4. Conclusions


The combined electrostatic and elastohydrodynamic numerical modelling approach expounded in this research has advanced the understanding of electrical field strength within elastohydrodynamic films. The model shows, for the first time, an approach to predicting the electrical field strength in elastohydrodynamic contacts. The key findings of this research are:




	
For rough, full film, rolling EHL contacts amplitude reduction determines that      V  12      h  m i n       can still be used to approximate the maximum electric field strength in the contact.



	
Dimensionless Moe’s EHL group parameters (M and L) change the width of the high field strength region with implications for current density during arcing events.



	
Changes in contact pressure and as result dielectric strength of the lubricant only have a minor effect on the non dimensional electrical field strength in the conjunction.








The findings of this paper will inform the tribological design of electro-mechanical systems and the lubricants and bearings that are required for their operation without the scourge of electrical discharge erosion.







Author Contributions


Conceptualization, M.L. and N.J.M.; Funding acquisition, M.L.; Investigation, S.A.M.; Methodology, N.J.M.; Software, S.A.M.; Supervision, M.L. and N.J.M.; Writing—original draft, N.J.M.; Writing—review & editing, S.A.M., M.L. and N.J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors would like to extend their thanks and appreciation to AVL List GmbH for the financial support and advice that has helped enabled this research.




Conflicts of Interest


The authors declare no conflict of interest.




Nomenclature




	
  A  

	
Ampere




	
  a  

	
Coefficients for Electrostatic calculations




	
    C 1    &    C 2    

	
Density pressure relation coefficients




	
  E  

	
Elastic modulus




	
   E ¯   

	
Dimensionless electric field strength




	
   E ′   

	
Composite elastic modulus




	
    h  m i n     

	
Minimum film thickness




	
  h  

	
Film thickness




	
  H  

	
Dimensionless film thickness   H =     h R    b 2     




	
    H  00     

	
Integration constant




	
  i  

	
Grid index for elastohydrodynamic model in x direction




	
  j  

	
Grid indexing for elastohydrodynamic model in x direction




	
  k  

	
Grid index for electrostatic model in y direction




	
  K  

	
Deflection kernel




	
  l  

	
Grid index for electrostatic model in x direction




	
    p h    

	
Maximum hertzian pressure




	
    p o    

	
Roelands equation constant




	
  p  

	
pressure




	
  P  

	
Dimensionless pressure    (  p /  p h   )   




	
  Q  

	
Local charge




	
  r  

	
Position vector




	
  ℜ  

	
Dimensionless surface roughness




	
    u s    

	
sum of surface velocities




	
  V  

	
Voltage potential




	
  U  

	
Dielectric strength of fluid




	
  w  

	
load per unit length




	
  x  

	
coordinate




	
  X  

	
Dimensionless coordinate    (  x / b  )   




	
z

	
Roelands pressure viscosity parameter




	
  α  

	
Pressure viscosity coefficient




	
    V  12     

	
Voltage potential between surface 1 and surface 2




	
  ϵ  

	
Reynold’s equation coefficient      ρ ¯   H 3     η ¯  λ    




	
    ε 0    

	
Permittivity of free space




	
    ε r    

	
Dielectric constant at reference conditions




	
  ε  

	
Dielectric constant




	
  ρ  

	
Electrical charge density




	
   ρ ¯   

	
dimensionless lubricant density




	
  λ  

	
velocity parameter   6    η 0   u s   R 2     b 3   p h     




	
    η 0    

	
viscosity at reference pressure and temperature




	
  ν  

	
Poisson’s ratio




	
  ξ  

	
Numerical damping factor




	
Subscript




	
1,2 denotes a property of Surface 1 and surface 2 respectively









Appendix A


Residual coefficients as described by Nagel [50]:


   a 0  =  ε  l , k   +  ε  l − 1 , k   +  ε  l , k − 1   +  ε  l − 1 , k − 1    



(A1)






   a 1  =  1 2   (   ε  l , k   +  ε  l , k − 1    )     



(A2)






   a 2  =  1 2   (   ε  l − 1 , k   +  ε  l , k    )     



(A3)






   a 3  =  1 2   (   ε  l − 1 , k − 1   +  ε  l − 1 , k    )     



(A4)






   a 4  =  1 2   (   ε  l , k − 1   +  ε  l − 1 , k − 1    )     



(A5)
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Figure 1. Location of discharge events shown by Sunahara et al. [22] in their paper “Preliminary measurements of electrical micropitting in grease-lubricated point contacts” in Tribology transactions, copyright © Society of Tribiologists and Lubrication Engineers, www.stle.org, reprinted by permission of Taylor & Francis Ltd. (Oxfordshire, UK), http://www.tandfonline.com (accessed on 20 January 2022) on behalf of Society of Tribiologists and Lubrication Engineers, www.stle.org. 
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Figure 2. Depiction of elastohydrodynamic model formulation. 
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Figure 3. Depiction of electrostatic model formulation. 
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Figure 4. Electrical potneital of smooth surfaces EHL film at (a) M12L15 and (b) M34L9. 
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Figure 5. Electrical field strength of smooth surface, 1 GPa max Hertzian contact pressure EHL contacts (a) M12L15 (b) M17L13 (c) M24 L11 (d) M34L9. 
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Figure 6. Electrical field strength of smooth surface, 2 GPa max Hertzian contact pressure EHL contacts (a) M49 L15 (b) M68 L13 (c) M98 L11 (d) M139 L9. 
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Figure 7. Mid fluid film thickness electrical field strength in (a) 1GPa and (b) 2GPa max hertzian contact pressure conjunctions. 
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Figure 8. (a) Measured rough surface profile and (b) example pressure distributions for M34L9 with and without roughness. 
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Figure 9. Electrical field strength of rough surface 1 GPa max Hertzian contact pressure EHL contacts (a) M12L15 (b) M17L13 (c) M24 L11 (d) M34L9. 
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Figure 10. Electrical field strength of rough surface 2 GPa max Hertzian contact pressure EHL contacts (a) M49L15 (b) M68L13 (c) M98 L11 (d) M139L9. 
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Figure 11. Mid fluid film thickness dimensionless electrical field strength with roughness. 
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Table 1. Lubricant physical properties.
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	Parameter
	Value
	Units





	  α  
	   22   ×   10   − 9     
	     Pa   − 1     



	    η 0    
	   4   ×   10   − 4     
	    Pa   s    



	  z  
	   0.67   
	  −  



	    p o    
	   1.98 ×   10  8    
	   Pa   



	    ε r    
	   2.4   
	  −  



	    C 1    
	   0.59 ×   10  9    
	   Pa   



	    C 2    
	   1.34   
	  −  
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Table 2. Geometric, Load, Elastic and Kinematic properties of the conjunction.
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	Parameter
	Value
	Units





	   E ′   
	   226   
	   GPa   



	    u s    
	   1 , 2 , 4   &   8   
	      m   s    − 1     



	  R  
	   1.41 ×   10   − 2       
	  m  



	  w  
	   1.57 ×   10  6    
	     Nm   − 1     



	  X  
	−4 to 2
	  −  



	    ε 0    
	   8.854 ×   10   − 12     
	     Fm   − 1     
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Table 3. Elastohydrodynamic model validation.
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2GPa

	
Venner & Napel [26]

	
Current Model




	
us [ms−1]

	
M

	
L

	
hmin [μm]

	
hav [μm]

	
hmin [μm]

	
hav [μm]






	
8

	
49.2

	
15.7

	
0.65

	
0.73

	
0.64

	
0.71




	
4

	
69.6

	
13.2

	
0.39

	
0.44

	
0.38

	
0.43




	
2

	
98.4

	
11.1

	
0.24

	
0.27

	
0.24

	
0.26




	
1

	
139.1

	
9.35

	
0.15

	
0.17

	
0.15

	
0.16
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