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Abstract:



In industrial applications, a starved lubrication condition may occur, leading to a reduction in film thickness; by modifying the surface geometry, the tribological performance of the contact is enhanced. In this paper, the influence of surface texturing as a method for reducing the friction on the film thickness in parallel sliding surfaces for starved lubricated contacts is investigated. The results in this study have shown that surface texturing can improve film formation for starved lubricated contacts and, respectively, the load carrying capacity. The effect of starvation on several texturing patterns with several texturing properties was investigated and the film thickness for these conditions was studied. With the numerical algorithm developed and taking cavitation into consideration, the effect of shape, depth, size, and texture pitch on the film thickness was studied.
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1. Introduction


The prediction of the lubricant film thickness between lubricated surfaces has been the focus of attention for decades. Some of the parameters affecting the film thickness are velocity, load, lubricant viscosity, and contact geometry. All of the aforementioned parameters have their own effect on the film thickness. The study of starved lubrication—i.e., when a limited amount of lubricant is supplied to the contact—has attracted tribologists for many years. For example, this growing interest in starvation has shown a high probability of lubricant starvation in the contacts of high-speed bearings. It is observed that the starvation can have a significant effect on the lubricant’s film formation and that the film thickness generated by the existence of the lubricant will be severely limited due to the starvation. Frequently, the lubricant cannot ensure a full separation of the two surfaces, which leads to higher friction. It is known that by applying a texture, the tribological properties of the mechanical components can be enhanced. This technique has been employed in the past decades as a well-known option for improving the load carrying capacity and wear resistance, and for reducing the friction coefficient of lubricated systems. By optimizing the texture dimensions, it is possible to retain lubricant and improve the hydrodynamic effect [1,2,3,4,5,6,7,8,9].



Starved lubrication has been experimentally investigated by several authors, such as Wedeven et al. [10], Pemberton et al. [11], and Kingsbury [12]. Further, Chiu [13] and Chevalier et al. [14], followed by Damiens et al. [15], have theoretically studied starved lubrication. These theoretical studies were based on the work of Jakobsson and Floberg [16] and Olsson [17], who introduced the concept of “fractional film content” and derived continuity relations.



The influence of starvation on the lubrication of rigid cylinders was studied by Floberg [18]. Dalmaz and Godet [19] studied the influence of inlet starvation on the reduction in film thickness in the case of a sphere against a lubricated plate. In the work of Brewe and Hamrock [20], the influence of starvation was studied theoretically. In this work, by using the Reynolds boundary condition and by systematically reducing the fluid inlet level, they observed the pressure buildup for a given film thickness. In their study, the inlet meniscus boundary was taken as the start of the pressure buildup. They analyzed a wide range of geometry parameters from a ball on a plate to a ball in a conforming groove. Moreover, for a fully flooded conjunction, the film thickness formula was modified to incorporate the starvation effect into it. Bonessmicro [21] experimentally showed the importance of the starvation effects on the bearing failure and wear. Chevalier et al. [22] used a numerical hydrodynamic analysis. They studied the effect of repeated passes on the film thickness with a constant and harmonic oil inlet. In their study, they employed the work of Elrod et al. [23,24] and showed that the shape of the oil inlet film could influence film thickness behavior. Cann and Lubrecht [25] further studied the properties of the lubricant and four variable parameters—oil volume, velocity, load, and viscosity—and the influence of each parameter on lubricant film thickness. In their work, they presented the film thickness for a wide range of velocities and different lubricant parameters.



For fully flooded (elasto-) hydrodynamic lubrication, micro-geometric cavities have been successfully used to improve the lubrication between surfaces. These micro-scale cavities can increase the film thickness and the load carrying capacity, can entrap wear debris, and can act as micro-reservoirs; see for instance Etsion et al. [2,5,6]. Surface texturing also influences the transitions between the lubrication regimes [7], i.e., the lubrication regime transformation between full film, mixed, and boundary lubrication.



In the work of Ryk et al. [9], the possible advantages of applying laser surface texturing (LST) to piston rings have been demonstrated theoretically and experimentally. By employing the full LST rings, the optimum texturing parameters, in the case of the minimum friction force, were found. Their work found good agreement with experimental results. Their results revealed the benefits of surface texturing in full lubrication conditions, as well as starved lubrication conditions. Based on this study, in an internal combustion engine application, the employment of micro-grooves in cylinder liners show lower fuel consumption and wear. The textured surfaces provide a thicker lubricant film than the non-textured surfaces in which the grooves act as local Rayleigh step bearings. Experimental measurements showed that due to texturing, the textured bearing can generate a lubricant film about three times thicker than the film thickness of the non-textured bearing throughout the range of the tested loads. In this paper, the effect of texturing (meso-geometry), including cavitation, on the lubricant film characteristics was studied for macroscopically starved lubricated plane-parallel sliding surfaces. The surfaces were smooth, i.e., no roughness (micro-geometry).




2. Materials and Methods


Osborne Reynolds in 1886 derived a partial differential equation to calculate the pressure buildup in self-acting bearings. This equation has been used successfully to explain the fluid film pressure distribution in lubricated contacts. This equation can be deduced from the Navier–Stokes equations under the narrow gap assumption that the Reynolds number of the fluid flow in the gap between the surfaces is small. The Reynolds equation in Cartesian coordinates can be written as Equation (1):


[image: ]



(1)







In this equation, [image: ] is the film thickness, [image: ] is the viscosity, [image: ] is the sum velocity, and [image: ] is the density of the lubricant. In sliding direction at the outlet of the cavity, the lubricant is dragged through a converging region and, as a result, pressure is generated. At the opening of the cavity, the flow diverges, which, according to the Reynolds equation (Equation (1)), results in a negative pressure. However, a negative pressure is suppressed by the lubricant.



In the case of lubricated systems under a moderate load, the Jakobsson–Floberg–Olsson (JFO) [16,17] cavitation theory is used. It is not suitable for cases where surface tension plays an important role, such as in face seals [26]. Based on the Jakobsson–Floberg-Olsson theory, in lubricated contacts when cavitation is present, there are two zones of lubrication. In the first zone the lubricant film is complete, and the pressure varies in this region, therefore the Reynolds equation is applicable. In the second zone, due to the cavitation existence, only a fraction of the lubricant film gap is occupied by the lubricant film. The pressure within the cavitation area is taken as constant [26].



According to the Payvar–Salant [27,28] model, the steady-state mass-conservation Reynolds equation, taking cavitation into account, in a Cartesian coordinate system can be written as Equation (2) [29]:
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(2)







In the above equation, [image: ] is the ambient pressure, [image: ] is the cavitation pressure, [image: ] is a dimensionless dependent variable, and [image: ] is the cavitation index. For more information, see Xiong and Wang [29].



Dobrica et al. [30] carried out an investigation based on the influence of cavitation and different texturing parameters on the hydrodynamic performance of textured surfaces. Their numerical study was based on the Reynolds equation with the JFO formulation on the plane-parallel contact and the sliding inclined contact. Their calculations focused on finding the optimum dimensions of the textured region and dimple aspect ratio. In their investigation on the plane-parallel textured sliding contacts, due to the cavitation, a significant influence on the performance is observed. The existence of cavitation in partially textured parallel sliders has a positive effect due to the increase of inlet flow (inlet suction). Furthermore, in convergent sliders with a high incline ratio, texturing shows a minimal effect, as well as cavitation. In this study, for different plane-inclined sliders, the optimal dimple depth and length were determined.



Mathematical Solution


Four different texture patterns have been investigated: circular pocket, triangular pocket, chevron, and groove. Figure 1 shows the different cavity shapes and the parameters characterizing their geometries. The chevron pattern is defined by two similar equilateral triangles of different sizes. The triangular pocket is a special case of the chevron with the inner edge length of the chevron equal to zero. For these two cases, the center of the unit cell coincides with the midpoint of the altitude line of the triangle or chevron shape; see also [31]. All patterns investigated in this study had a rectangular cross-sectional profile. The general film gap can be formulated as Equation (3):
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(3)






Figure 1. Geometrical scheme of patterns, (a) circular pocket; (b) triangular pocket; (c) chevron; and (d) groove; (e) Schematic illustration of cavity profile (Reproduced with permission from Mingfeng Qiu, Bret R. Minson, Bart Raeymaekers, Tribology International, published by Elsevier, 2013) [31].
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In the case of flat-flat contact, the macro geometry is omitted and Equation (3) reduces to Equation (4) [31,32]:
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(4)







The formula for the circular pocket is given in Equation (5):
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(5)




where [image: ] and [image: ]. The film thickness formula for the triangular pocket can be written as Equation (6):


[image: ]



(6)







The formula for the chevron can be written as Equation (7):


[image: ]



(7)







The formula for the grooves is given in Equation (8):
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(8)







For solving Equation (2), the tri-diagonal matrix algorithm (TDMA) is used. Furthermore, to reduce the storage needed for calculation, the line-by-line TDMA solver (Patankar [33]) is applied. In the case of a two-dimensional problem, the TDMA becomes iterative, and sweeping is done line-by-line and column-by-column or row-by-row [34].



After developing the numerical code, the next step is to check the validity of the code. In this study, to validate the model and algorithm, a comparison was performed between the experimental measurements from the literature and the calculated results of this algorithm. In this validation, the experimental results were provided from the work of Kovalchenko et al. [35]. In their work, they investigated the effect of size and the density of dimples on the coefficient of friction. In Figure 2, two types of dimple arrays from this work are presented.


Figure 2. (a) Disk 3 dimple array, (b) Disk 6 dimple array (Reproduced with permission from Andriy Kovalchenko, Oyelayo Ajayi, Ali Erdemir, et al., Tribology Transactions, published by Taylor and Francis, 2004) [35].
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The geometrical properties of these two samples are presented in Table 1.


Table 1. Geometrical properties of the textured samples (Reproduced with permission from Andriy Kovalchenko, Oyelayo Ajayi, Ali Erdemir et al., Tribology Transactions, published by Taylor and Francis, 2004) [35].





	
Parameter

	
Standard

	
High Density of Dimples




	

	
Disk 3

	
Disk 6






	
Depth of dimples [image: ]

	
5.5

	
5




	
Diameter of dimples [image: ]

	
78

	
58




	
Distance between dimples [image: ]

	
200

	
100










The measurement results for these two disks are presented in Figure 3.


Figure 3. Measurement results (Reproduced with permission from Andriy Kovalchenko, Oyelayo Ajayi, Ali Erdemir, et al., Tribology Transactions, published by Taylor and Francis, 2004) [35].
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From Figure 3 it is possible to extract the experimental data. Further, by using the numerical model for the full film non-starved condition when the lubricant kinematic viscosity is [image: ] at [image: ], and by applying [image: ] as the normal load, the hydrodynamic lubrication friction is calculated. The simulated texture array is presented in Figure 4.


Figure 4. (a) Simulated texture array and (b) cavity profile.
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The comparison between the numerical results and experimental measurements for the abovementioned dimple types is presented in Figure 5.


Figure 5. Comparison between numerical and experimental results.
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From Figure 5, it is possible to see that there is a difference between the values of coefficient of friction calculated by the numerical model and experimentally measured results of this parameter. For example, when the velocity is [image: ], the calculated value is around 9% higher than the measured value for disk 6 and less than 1% for disk 3. This figure shows that the calculated coefficient of friction has almost the same trend and value as the measured coefficient of friction.



In this study, after the validation of the algorithm, several simulations were carried out to investigate the influence of starvation for textured surfaces with various texturing patterns and to investigate the film thickness behavior of the film thickness based on the different texturing parameters. The number and distance between the pockets are defined by introducing a new parameter, pitch. The pitch for the chevron, triangle, and circular pockets was calculated as follows:



Texture size = [image: ]



Pitch in x direction: [image: ]; see Figure 1 for a definition of the geometry.





3. Results


Several simulations were performed in order to understand the effect of limited lubricant supply on the calculated film thickness for different texturing parameters for different patterns.



The film thickness obtained by texturing is under the influence of the limited amount of lubricant in the input region of the contact. By considering different values for the lubricant supply thickness [image: ], the effect of this parameter over the starved film thickness was calculated. Furthermore, the effect of texturing parameters—i.e., pattern type, texture pitch ([image: ]), texture depth ([image: ]), and texture size ([image: ]) on the starved film thickness ([image: ])—was studied. These simulations were based on surfaces with grooved, circular, triangular, and chevron pockets, presented in Figure 6.


Figure 6. Schematic illustration of different patterns.
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To study the effect of the value of lubricant supply thickness [image: ] over different texturing patterns, [image: ] was assumed to equal [image: ]. In Figure 7, a schematic illustration of starved lubricated contact is presented.


Figure 7. Schematic illustration of limited lubricant supply ([image: ]) and calculated film thickness ([image: ]).
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When the texture pitch [image: ], texture size [image: ], and texture depth [image: ] values were zero are close to zero, there was no film formation because of the absence of the wedge effect in flat-flat contact and the disappearance of texturing; therefore, there was no pressure generation. By increasing the values of [image: ], [image: ], and [image: ], textures appeared over the surface and pressure generation occurred in the contact due to the wedge effect. By increasing the texture depth and after passing the optimum value of this parameter, a higher depth resulted in a pressure drop due to the higher effect of cavitation. If the pitch value tends to a maximum value of itself—which is equal to one—then [image: ]. That means that there was no texture on the surface of a flat-flat contact to build pressure at the contact. In the case of cavity size, after [image: ] passed a specific value, the bigger size reduced the number of cavities until a single cavity existed over the surface. The existence of only one cavity would mean that there was only one outlet cavity wall against the lubricant flow. Therefore, larger cavity sizes can reduce the effect of texturing.



3.1. Grooves


The film thickness obtained with a patterned, grooved surface with different values for [image: ] and [image: ] and [image: ] is shown in Figure 8.


Figure 8. Film thickness as a function of velocity obtained by grooves for [image: ], for different values of (a) [image: ], (b) [image: ], and (c) [image: ].
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Figure 8a shows the effect of a limited lubricant supply on starved film thickness for different values of the texture depth parameter. When the sliding was in the lower velocity range [0 m s−1–0.3 m s−1], the film thickness was more sensitive to increasing texture depth than when the sliding velocity was in the higher velocity range [0.3 m s−1–0.7 m s−1]. In Figure 8b, when the contacts were sliding in the lower range of the velocity, the film thickness increased when [image: ] was increased from [image: ] to [image: ]. However, after passing [image: ], there was a decrease in film thickness. The aforementioned effect of the variation of [image: ] on the film thickness was sensitive when the surface sliding velocity was low. However, for higher velocities, the starvation effect had a greater influence on the film thickness. For high velocities, the film thickness was less sensitive to the pitch.



The influence of texture size ([image: ]) on the starved film thickness is shown in Figure 8c. From this calculation, it is shown that by increasing the velocity, the effect of employing the optimum values for texture size on film thickness was on the decrease and textures with different sizes had a tendency towards the same values of film thickness.



Figure 9 shows the film thickness for grooves. The effect of the lubricant supply [image: ] on [image: ] was studied for the geometry resulting in the highest film thickness. In this calculation, [image: ] varied from [image: ] to [image: ] and [image: ], [image: ], and [image: ] are shown.


Figure 9. Effect of [image: ] on [image: ].
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In this paper, to compare the effect of the lubricant supply [image: ] on different patterns, the same geometry that had been applied in Figure 9 ([image: ], [image: ] and [image: ]) was utilized. In [36], the maximum film thickness was obtained for different patterns when the values for the texturing parameters were in the same range as those used in the calculations for Figure 9 ([image: ], [image: ], and [image: ]).




3.2. Dimples


The effect of a fixed lubricant supply [image: ] on [image: ] for a circular pocket pattern was also studied. It is worth mentioning that by employing the circular pockets and the same operational conditions used for the other patterns, the maximum film thickness generated was around [image: ]. Therefore, if the applied lubricant supply was similar to the other patterns ([image: ]), then it would not be possible to observe a sensible effect of starvation on the film thickness behavior. To better understand the effect of starvation on film thickness for circular pockets, a lower amount of lubricant supply was applied ([image: ]). The calculated film thickness for circular pockets (when [image: ], [image: ] and [image: ]) is shown in Figure 10.


Figure 10. Film thickness as a function of the sliding velocity for circular pockets when [image: ], for different values of (a) [image: ], (b) [image: ], and (c) [image: ].
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It was shown that the film thickness increased with the sliding velocity in the lower velocity range by increasing the texturing parameters ([image: ], [image: ] and [image: ]) toward the optimum value. This effect of variation for different texturing properties on the film thickness was sensible when the surface sliding velocity was in the lower range of velocities [0–0.3 [image: ]] (Figure 10). However, at higher velocities [0.3 [image: ]–0.7 [image: ]], the starvation effect exerted a greater influence on the film thickness. When the texturing parameter values were not too far from the optimum value of those parameters, at high velocities, the film thickness was less sensitive to the texture properties.




3.3. Triangular Pockets


The influence of different texturing parameters on starved film thickness for triangular pockets was investigated. The starved film thickness is presented in Figure 11; the calculations were based on [image: ].


Figure 11. Film thickness as a function of the sliding velocity for triangular pockets when [image: ] for different values of (a) [image: ], (b) [image: ] and (c) [image: ].
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For triangular pockets, as shown in Figure 11, the effect of variation in texturing parameters on the film thickness was similar to the calculations that were presented for the circular pockets. When the sliding velocity was low, by increasing the optimum value of the texturing parameters ([image: ], [image: ] and [image: ]), the film thickness also increased. This effect of the variation of different texturing properties on film thickness was lower when the surface sliding velocity was higher.




3.4. Chevrons


The effect of different texturing parameters on the starved film thickness in the case of chevron-shaped pocket patterns is presented in Figure 12, and these calculations were based on a lubricant supply [image: ].


Figure 12. Film thickness as a function of sliding velocity for chevron-shaped pockets when [image: ] for different values of (a) [image: ], (b) [image: ] and (c) [image: ].
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In the case of chevron patterns (see Figure 12), the effect of variation of texturing parameters was similar to the previous calculations. The only difference was in the optimum values for the texturing properties.




3.5. Comparison of Surface Patterns


In Figure 13, film thickness as a function of velocity is shown for different patterns when [image: ], [image: ], and [image: ]. In these calculations, the effect of different texture patterns as a function of [image: ] was studied: [image: ] and [image: ].


Figure 13. Effect of limited lubricant supply with different texturing patterns for (a) [image: ], (b) [image: ] (c) [image: ], and (d) [image: ].
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For different levels of lubricant supply ([image: ] the groove pattern had a promising effect for generating the highest film thickness for sliding velocities between [image: ] and [image: ]. The chevron pattern produced a thicker film compared to the triangular and circular pockets. Moreover, by employing the circular pocket pattern, the lowest film thickness was obtained. In Figure 13a, when [image: ] was equal to [image: ], the effect of starvation on the calculated film thickness was higher. In this case, at higher velocities, the film thickness generated by different patterns had the same value.



By increasing [image: ], the effect of starvation on the film thickness decreased. For instance, when [image: ] (see Figure 13d), the variation in film thickness based on different texturing patterns was achievable at high and low velocities, unlike for [image: ] (Figure 13a) where at higher velocities there was no difference between the film thickness generated by the different patterns. In this case, the groove pattern had the most promising effect for gaining a higher film thickness.



When the distance between the texture cells were the same (pitch is constant), the groove pattern was more successful in generating load carrying capacity because of the higher textured area fraction per unit area. Chevrons were more efficient than triangular pockets and circular pockets because of the existence of a longer outlet wall in the cavity zone.



In summary, the results in Figure 13 show that the highest film thickness was achieved for the grooves and the lowest film thickness was found when circular pockets were applied. Compared to the triangular pockets, the chevrons were more efficient.





4. Conclusions


A numerical code has been developed to predict the lubricant film formation for textured surfaces for starved lubricated contacts. Simulations of textured surfaces with different patterns and different texture properties showed that the lubricant film thickness of such contacts could be adjusted to the desired situation with texture properties. The lubrication model was based on a numerical algorithm using the Reynolds equation with the Elrod cavitation algorithm formulation. The equations were made discrete using the finite difference method and solved using the TDMA iterative method. The effect of several parameters on the starved film thickness, such as pattern type, depth, size, and texture pitch, has been studied.

	
Of the patterns analyzed, the groove pattern showed the highest lubricant film formation due to the higher textured area fraction of the surface.



	
In the case of starved lubrication, increasing the dimensions of the texture parameters ([image: ], [image: ] and [image: ]) resulted in increased film thickness at low velocities. After passing the optimum value of the texture parameters for different patterns, there was a decrease in film thickness. The aforementioned effect on film thickness was visible when the surface sliding velocity was low. At high velocities when the influence of geometry and the optimization of texturing parameters are more sensible, the starvation effect exerted a greater influence on the film thickness. It is worth mentioning that this sensitivity to the texturing parameters depended on the pattern type and operational conditions for different cases. Further, at velocities higher than [image: ], the film thickness was less sensitive to texture properties.



	
For different lubricant supply values [image: ], the groove pattern showed the highest film thickness at low velocities. The chevron pattern generated a larger film thickness than the triangular and circular pockets and the lowest film thickness was found for the circular pocket pattern.



	
For small values of [image: ], the effect of starvation on calculated film thickness was higher. For high velocities, the generated film thickness in this case for the different patterns was the same.



	
By increasing the lubricant supply ([image: ]), the texturing pattern geometry had a larger influence on the generated film thickness, while starvation reduced the effect of the texture on the film thickness.
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Nomenclature




	Parameters
	Description
	Unit



	[image: ]
	film thickness
	[image: ]



	[image: ]
	contact separation
	[image: ]



	[image: ]
	sum velocity
	[image: ]



	[image: ]
	dimensionless pressure
	-



	[image: ]
	pressure
	[image: ]



	[image: ]
	ambient pressure
	[image: ]



	[image: ]
	geometric parameter
	-



	[image: ]
	dynamic viscosity
	[image: ]



	[image: ]
	density
	[image: ]



	[image: ]
	lubricant density in full film region
	[image: ]



	[image: ]
	Elrod cavitation algorithm switch function
	-



	[image: ]
	cavitation dimensionless variable
	-



	[image: ]
	texture depth
	[image: ]



	[image: ]
	cavity characteristic width
	[image: ]



	[image: ]
	texture cell length in x & y-direction, in the case of dimples
	[image: ]



	[image: ]
	texture cell length in the x-direction
	[image: ]



	[image: ]
	texture cell length in the y-direction
	[image: ]



	[image: ]
	textured area in the x-direction
	[image: ]



	[image: ]
	textured area in the y-direction
	[image: ]



	[image: ]
	dimensionless Cartesian coordination = [image: ]
	-



	[image: ]
	dimensionless Cartesian coordination = [image: ]
	-



	[image: ]
	dimensionless local depth of textured surface
	-



	[image: ]
	textured cavity size = [image: ]
	-
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