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Abstract

The frictional behaviour of plane converging bearings was experimentally and numerically
studied for four texture geometries fabricated by ultra-short pulse laser texturing (single
pocket, line-, cross- and dot-like texture) and convergence ratios under full-film lubrication in
the presence of thick oil films (up to 100 pum). Regarding the experiments, small variations in
the spread of results between different textures and a general improvement over the
untextured reference can be observed. Numerical simulations help to clarify the expected

variations and conditions under which these occur. For high convergences, the simulations
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demonstrated that textures are beneficial for friction reduction, regardless of load and relative
texture’s position. For low convergences, a significant friction reduction occurs for textures

being located at the bearing’s inlet.

1. Introduction

Surface texturing, through the use of regular patterns of protrusions or dimples, has become
increasingly used to improve the tribological performance of surfaces in a range of
applications including mechanical components in the engine and transmission systems in
automobiles [1-3]. One of the origins/inspirations for surface texturing stems from the
observations of surface topography changes during “running-in” under mixed lubrication and
the subsequent development of optimal surface topography for IC engine piston components.
The analysis of worn surfaces shows that wear normally removes the asperity peaks,
generating a surface topography consisting of areas of plateaus with truncated asperities and a
crosshatch pattern of valleys [4, 5]. The potential for surface texturing to improve the
tribological performance and shorten the running-in time of components has therefore been of

great interest, particularly for the production of engine components [2-5].

The use of surface texturing to improve the lubrication conditions and to reduce friction and
wear between moving parts has also been inspired by studies of the effect of surface
topography on hydrodynamic lubrication in face seals. Hamilton et al. and Anno et al. found
evidence of the effect of surface irregularities on lubrication [6, 7]. They showed that the use
of micro-asperities is an effective and controllable technique for obtaining good
hydrodynamic operation in face seals. For conditions involving full-film lubrication, the oil

film is typically larger than the heights of the surface asperities [8]. The understanding of the
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underlying mechanisms requires examining the hydrodynamic effect that occurs due the
presence of a converging wedge [8]. The pockets in a textured surface can act as micro-
wedges and therefore contribute to increase the hydrodynamic pressure, with a possible
contribution to hydrodynamic lift. However, if the trailing edge of the pocket is considered to
act as a converging wedge, then the leading edge of the pocket acts as a (detrimental)
diverging wedge. Nevertheless, the occurrence of cavitation still allows for the possibility of a
positive net increase due to the presence of the texture, where the increase of pressure at the
trailing edge can be higher than the decrease of pressure at the leading edge of the pocket [6,

9-11].

Recently published review articles by Gropper et al. [11] and Gachot et al. [12] provide a
detailed summary about the effect of surface texturing under different lubricated conditions.
As pointed out by both review articles, considerable experimental and numerical effort has
been put to study the influence of different texture parameters such as area density, width and
depth and various geometries including closed pockets, chevrons and lines on friction under
full-film hydrodynamic lubrication [11, 12]. Regarding the area density, surface textures with
area densities between 10 and 30 % have demonstrated beneficial effects [12]. Related to the
texture’s depth, the interconnection between the oil film thickness and depth has to be

considered [13].

Experimentally, Costa and Hutchings measured a small increase in film thickness under full-
film lubrication (using capacitance measurements) due to surface texturing, but no detectable
effect on friction forces was found [14]. They also proposed the use of textures containing
interrupted lines, such as chevron-like features, and showed the importance of the orientation
between those and the sliding direction. Vladescu et al. used an optical technique based upon
laser induced fluorescence (LIF), which measures the photo-excitation of a fluorescent dye,

3
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adapted to conformal contacts [15]. This set-up allowed them to obtain images of cavitation in
the contact. The results showed that under full-film conditions the coefficient of friction
(COF) increased with surface texturing. The images showed that when a pocket emerges from
the cavitated region, it transfers fluid back into this region, increasing lubricant shear. The
authors proposed that this may be responsible for the increase in friction observed for the
textured surfaces under full-film lubrication. Recently, ultra-thin optical interferometry was
adapted into the same rig, allowing for a precise assessment of the impact of surface texturing
on film thickness [16]. Under full-film conditions, surface texturing was again shown to
increase the COF. The simultaneous and precise assessment of film thickness and friction also
demonstrated that under these conditions film thickness reduced with surface texturing.
Thinner films lead to higher shear rates, thus increasing friction. The authors claim that under
full-film lubrication surface texturing can increase the COF, although it does boost lubricant
entrainment, enabling the transition between mixed and full-film lubrication to occur at lower
speeds. Lu et al. used laser surface texturing to fabricate square and triangular textures with
different depth profiles to investigate effects coming from converging and diverging texture’s
characteristics [17, 18]. They demonstrated that the depth profile has a significant effect on
the resulting frictional response. Using converging and diverging characteristics, an
anisotropic frictional response is induced with lower overall frictional values for the

converging geometry.

Numerically, solutions of the 2-dimensional form of the Reynolds equation have been
developed to analyse the effects of laser surface texturing on the friction between piston rings
and cylinders [19, 20]. More recently, inertial effects have been included in the analysis using
mass-conserving algorithms that better represent the film behaviour under conditions of

partial cavitation [13, 21-23]. These works have claimed a more realistic account of the
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benefits that can be obtained by surface texturing [23], which have been overestimated by
algorithms neglecting inertia effects. However, even with the use of mass-conserving
algorithms, positive effects of surface texturing have been predicted under certain conditions.
For example, Checo et al. have estimated friction reductions up to 73 % and increase in film
thickness up to 86 % due to surface texturing [24]. Other similar works have shown that, for
large area coverages, intense cavitation reduces film thickness and deteriorates the bearing
performance [13, 22], but that for one single large pocket (corresponding to an area coverage
of 100 %), cavitation does not develop, so that the best performance is obtained [13, 22, 25].
Codrignani et al. experimentally and numerically investigated the influence of texture shape
and position on the frictional response in a macroscopic contact under different lubricated
conditions [26]. Under hydrodynamic lubrication, the texture position (front or rear) did not
influence the resulting frictional response. They emphasized the need to perform the
numerical analysis based upon realistic 2-dimensional surfaces since the results coming from
a 1-dimensional solution may be misleading. Moreover, Codrignani et al. demonstrated that
the optimal texture’s depth scales with the gap height (film thickness), implying that surface
textures with a larger structural depth are expected to induce beneficial frictional effects for

larger gaps (thicker oil films).

In the present work, complementary experimental and numerical approaches were used to
further investigate the behaviour of textured surfaces under thick, full-film lubrication (oil
film thickness up to 100 pm). Friction behaviour and oil film thickness of textured plane
converging bearings were experimentally studied for different convergence ratios. Different
texture geometries (single pocket, dot-, line- and cross-like texture) were produced by ultra-
short pulse laser processing in flat silicon substrates. This technique combined with the use of

silicon results in ultra-smooth bearing surfaces with well-defined texture features that are
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analogous to the idealised geometries represented in the numerical simulations. The numerical
simulations were based upon the solution of the Reynolds equation considering the p — 6
Elrod-Adams mass-conserving cavitation model. The simulations provided numerical
predictions of the film thickness and COF as a function of the convergence ratio. The goal of
the numerical simulations was to achieve a deeper understanding of the underlying
mechanisms that affect the frictional performance for the used experimental conditions. They
also help to predict the magnitude of changes that may be expected from the experiments and

identify the conditions under which such changes tend to occur.

2. Experimental section

2.1 Material

The textured bearing surfaces were made from commercially available (100)-oriented p-type
silicon wafers (diameter = 4°°, thickness = 300 pm) with a purity of 99.95 %. The surface of
the silicon wafer was highly polished, and therefore represented an almost ideally flat surface.
Silicon was chosen due to its good surface quality and low surface roughness that ensures
planarity of the samples and reproducibility of the experiments as well as avoiding any
undesired side effects that may come from rims or bulges, or from bending of the sample.
This was necessary to prevent any influence on pressure generation from additional localised
convergence/divergence. The uniform and reflective surface was also beneficial for the
accuracy and resolution of the LIF technique used to measure film thickness. The silicon
wafers were bonded onto thicker steel substrates and the surface profile was measured using
white light interferometry (WLI) to ensure the evenness of the samples, prior to laser surface

texturing. Silicon samples having a height deviation of less than 1 pum over the entire scan
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length (20 mm) were selected for surface texturing and the subsequent tribological

experiments.

2.2 Ultra-short pulse laser processing

Four different texture geometries (single pocket, line-like, cross-like and dot-like texture)

were selected for the study and are shown in Figure 1.
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Figure 1. Summary of the idealized texture geometries used in this study. As a reference (ref), an ideally flat
silicon surface was used. Four different texture geometries, namely line-, cross- and dot-like texture and a single
pocket, were fabricated by ultra-short pulse laser processing. The abbreviation “S1” represents the large single
pocket, “S2” stands for the line-like texture, “S3” denotes the cross-like texture and “S4” indicates the dot-like

texture.

As can be seen, all textured samples (20 x 10 mm?) have the same nominal textured area of 7

x 7 mm2, The large single pocket (S1) was selected due to it sharing similar features to a
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Rayleigh step. In addition, it can be considered as a good baseline for comparison with the
large pocket densities adopted in the investigation. Theoretically, this texture geometry should
present the best tribological behaviour in terms of oil film thickness and load support [27].
The other texture geometries can often be found in the literature and may induce different
tribological effects such as an additional hydrodynamic pressure build-up, an enhanced

lubricant entrainment or side leakage depending on the respective geometry [13, 22, 28-33].

In order to fabricate the different texture geometries, a passively mode-locked Ti:Sa ultra-
short pulse laser (Spitfire Newport Spectra Physics) with a repetition rate of 1 kHz and a
wavelength of 800 nm was used. The pulse duration (full width at half maximum), measured
and controlled by autocorrelation, was kept constant at 300 + 30 fs to ensure the same ablation
characteristics for all geometries. The use of ultra-short laser pulses was considered to be
beneficial due to negligible heat affected zones and the clean processing, thus avoiding
contaminations as well as bulges around the textured areas [34]. Consequently, chemical and
microstructural changes induced by the laser texturing can be neglected. The primary beam
was focused on the silicon using a lens with a focal length of 6.7 cm. The silicon surface was
located at the focal point. The laser system was synchronized with a translation table (x-y-
stage). For the fabrication of the line- and cross-like textures, a constant translation velocity of
the table of 1 mm/s was used. The laser power was kept constant for all textured samples at
3.6 W. After surface texturing, each sample was inspected via light microscopy (Olympus,

BX 60) and WLI (Zygo, New View 7300).
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2.3 Tribological test rig and testing procedure

The experiments were conducted on a purpose-built test rig that enabled the simultaneous
measurement of film thickness, friction force and load. An image and schematic of the test rig

are shown in Figure 2.
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Figure 2: Test rig and loading arm/friction sensing mechanism.

The silicon/steel samples were loaded against a flat, rotating glass disc counter-body. The
samples were fixed in a holder located at the end of a loading arm. The normal force was
applied by raising the loading arm on a vertical stage, via a twin-leaf spring flexure; the

normal load was measured through strain gauges attached to the flexure. In the horizontal
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direction, the loading arm was able to pivot about its end and the friction force was
determined by small displacements of the load arm, measured by a non-contact displacement
sensor near the disc. The stiffness of the pivot was altered to maximise sensitivity of frictional
measurements, given the expected range of friction forces and so corresponding
displacements. The glass disc was rotated at constant speed to give a sliding velocity of 1.0
m/s at the centre line of the silicon sample, although with this point at a disc radius of
approximately 40 mm and a bearing width of 10 mm, a slight variation of the entrainment

velocity occurs across the sample.

The holder in which the samples were fixed had a gimbal design that provided independent

rotation/alignment parallel and perpendicular to the sliding direction (Figure 3).

Disc
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Middle holder
W Outer holder

b) Front view

Figure 3: Pad holder. a) Side view showing convergence adjustment screws. b) Front view. Inner holder and

sample are free to rotate as indicated.
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The samples were free to rotate in the holder about an axis parallel to the sliding (tangential)
direction, allowing the silicon surfaces to self-align to the disc surface with respect to the
radial direction, i.e. the leading edge of the bearing could align to the disc surface. The
attitude angle of the surface in the sliding direction (which determines the overall
convergence of the bearing) was fixed by adjusting two screws on the back edge of the
sample holder. The attitude angle directly affects the difference in film heights at the inlet and
outlet of the bearing and, since the convergence ratio depends on very small changes (on the
order of micrometres) to these values, it was impractical to attempt to set a particular
convergence. Instead, the angle was adjusted by small amounts between tests, resulting in a
range of convergences/attitude angles being tested, and the actual convergence for each test
was determined by the film thickness measurements. With the small variation in sliding speed
across the inlet, and with some friction in the holder pivot, a small convergence angle
perpendicular to entrainment was also expected to occur. Film thickness measurements were
made at four points near the pad corners, allowing full assessment of both convergence angles

and inlet/outlet film thickness.

To ensure a sufficient oil supply and thus full-film lubrication, the oil was pumped directly
onto the glass disc near the inlet, such that there was plentiful oil supply at the bearing inlet

but with no additional entrainment provided by the pump.

Film thicknesses (and so convergence ratios) were determined through LIF measurements.
With this technique, the intensity of the oil film fluorescence was measured through the glass
disc and then converted to a film thickness value via a calibration/correlation process. The
LIF set-up used a Mercury UV light source with a 150 W Mercury-Xenon arc lamp with a
mono-chromatic filter and controllable shutter. A high sensitivity CCD camera (Rolera MGi)
with an objective of 10 x and a zoom of 3 x was used. The oil (Castrol, without any additive)

11
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was mixed with a commercially available oil tracer dye “Dye-Lite”, which is a mixture of
perylene and naphtalimide, with characteristic fluorescence absorption peaks at 535 and 455

nm, suited to the spectral output peaks of the light source [35].

To calibrate the LIF system, a silicon wedge of known angle was constructed under the glass
disc using an identical silicon sample and a glass slip of known height. Prior to each set of
experiments, intensity measurements were made along the length of this calibration piece and
correlated to the known film thickness. The oil film thickness during the tribological

experiment was then obtained from the respective calibration curve acquired prior to the test.

For each test, the temperature of the oil was recorded at the inlet. This temperature varied
between 23.5 and 26 °C for all tribological experiments conducted. The temperature-viscosity
profile of the oil (including the fluorescent dye) was measured and a value of 150 mPas was

used for the numerical simulations.

All experiments were performed at two normal loads, 5 and 10 N, which correspond to
nominal contact pressures of 0.025 and 0.05 MPa, respectively. Further information on the rig

and details of the experimental set-up can be found in [15].

For each surface texture, tests were performed both with the texture at the front (inlet) of the
surface and also at the rear (outlet), as shown in Figure 4. Based upon the literature, it is well-
known that the position of the textured area with respect to the oil’s inlet or outlet can
significantly affect the resulting oil film thickness, friction force and load support [13, 36]. As

a reference, a plain silicon substrate was used.

12
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Figure 4: Schematic illustration of the rotating glass disk and the textured silicon substrate depending on the
respective texture’s position. Texture position configurations: a) Texture at rear (S1r, S2r, S3r and S4r) b)

Texture at front (S1f, S2f, S3f and S4f)

2.4 Numerical modelling

This section summarizes the basic mathematical equations and techniques used for the
numerical simulations of the textured sliders. The illustration given in Figure 5 shows a

schematic of the set-up used in the numerical model.
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Figure 5: Schematic illustration of the textured slider bearing system showing the main variables and parameters

of the mathematical modelling.

The hydrodynamic pressure distribution generated on the textured contact interface was
mathematically described through the Reynolds equation considering the p — 8 Elrod-Adams
mass-conserving cavitation model [37], which automatically satisfies the complementary JFO
conditions for mass-conservation throughout the lubricated domain [38]. In accordance with
the system depicted in Figure 5, the transient modified Reynolds equation with p — 6

cavitation model can be expressed as:

d [(ph®\op N a [(ph*\op] o (pUhg)_l_a(th)
dx |\12u/ox|  0z|\12u)dz| ax\ 2 dat

Complementary conditions for cavitation:

)

_ _9) — P>Peaw > 0=1 (pressured regions)
P~ Pear)1 =0)=0 {P =Peay = 0<6<1 (cavitation regions)
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where p(x,z,t) is the hydrodynamic pressure, h(x, z,t) the local oil film thickness, U the
sliding velocity, 4 and p the lubricant’s dynamic viscosity and density, respectively, and
0(x,zt) the film fraction cavitation parameter [39]. The lubricant film thickness can be

written in the fixed coordinate system Oxyz as follows:
h(x,z,t) = hyy(t) + tana(L — x) + hp(x, 2), (2

where h,,; is the oil film thickness at the outlet, a the convergence angle and hy provides the
local texture’s depth. The geometric parameters of all textured patterns were identical to the
ones used in the experiments. Moreover, in accordance with the conditions used for the
tribological experiments, the system is assumed to operate under full-film lubrication.
Consequently, no consideration of asperity interactions associated with mixed lubrication was

necessary.

The equilibrium equation in the y-direction of the system illustrated in Figure 5 can be written

as:

B/2 L/2
Wh(hout) = Fexe = f_;/z f_+L//2 [p(x, 2, )] dxdz — Feyxy = 0, 3)

where F,,, is the external applied load, Wy is the hydrodynamic load-carrying force produced
by the fluid pressure, and B and L are the bearing’s length and width, respectively. Similarly,

the dissipative viscous friction force (and so the associated COF) can be determined by

B/2 +L/2

h op unueo (4)
f f Ea - —) dXdZ
-B/2 -L/2
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The numerical solution of equation (4) was carried out using a hybrid-type finite volume
discretization scheme, namely Finite Volume Method based on Elements, for solving the
Reynolds equation with a mass-conserving cavitation model on unstructured meshes [40]. The
system of linear equations for p and 6 obtained after the discretization process was solved
iteratively through a modified Gauss-Seidel method with Successive Over-Relaxation (SOR).
Furthermore, the calculation of the minimum oil film thickness that generates the
hydrodynamic load capacity necessary to balance the applied external load (F,,;) for a given
convergence angle (a) was carried out by solving the nonlinear equilibrium equation in y-
direction (Eq. 3). The solution of this nonlinear equation was performed using the Newton-
Raphson method with Armijo’s line search technique [41]. More details about the
mathematical modelling and solution framework including its experimental validation and
application to transient problems involving textured systems have already been published

elsewhere [42, 43].

The method is particularly suited to the analysis of the textures used in this study, since it
supports the use of a non-uniform, irregular mesh to define the surface topography. This
means that the mesh can be highly refined around the edges of the texture features — providing
high accuracy results — but become coarser over the large area of smooth, plane surface — thus

reducing computational complexity and solution times.

In order to provide more insights into the experimental findings, numerical simulations were
carried out for the same lubricant properties, texture geometries and operating conditions of
the experimental tests. Figure 6 illustrates the finite volume meshes used, which reproduce

the geometric features of the fabricated textures shown in Figure 1.

16
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Figure 6: Finite volume meshes used in the numerical simulations. It is worth to highlight the refinement of the
mesh on the textured portions and the presence of unstructured elements in the borders between textured and
untextured regions. (a) untextured reference (b) single pocket (S1), 2178 elements; (c) line-like texture (S2),
12073 elements; (d) cross-like texture (S3), 22453 elements; and (e) dot-like texture (S4), 22618 elements. The
colour scale represents the respective depth and is given in micrometres. The colour blending at the edges is only
a ‘graphical artefact” produced by the post-processing visualization tool. In the numerical simulation, sharp

transitions were considered at the textures’ edges.

The extent of mesh refinements in the proximity of the textures is clear, and is aimed at
capturing any influence of the features on the lubrication behaviour, particularly regarding the
fluid film cavitation and its effect on the generation of the fluid pressure. The mesh sizes and
element distortions were chosen to give a suitable compromise between accuracy and
computational cost. The testing conditions, bearing parameter values and lubricant properties

used in the simulations are listed in Table I.

Table I: Main system parameters, lubricant properties and testing conditions used in the numerical simulations.

Parameter Value Unit

Bearing Parameters

Length 20 mm
Width 10 mm

Lubricant Properties

Lubricant viscosity 150 mPa.s
Lubricant density 841 kg/m?
Cavitation pressure 0 Pa

Testing Conditions

Convergence ratio 01-15 -

18
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Load 5and 10 N

Sliding speed 1.0 m/s

3. Results and discussion

3.1 Characterisation of the as-fabricated surface textures

After laser surface texturing, each sample was inspected via light microscopy and WLI. The

respective micrographs are shown in Figure 7.

Figure 7: Fabricated texture geometries using ultra-short pulse laser processing measured by light microscopy. It
is important to note that, after surface texturing, no polishing process was needed to remove bulges or rims due

to the underlying laser-matter interaction.

The depth, periodicity and diameter of the surface textures measured by WLI are summarized

in Table I1.

Table I1: Summary of the characteristic texture parameters such as periodicity, width, depth, area density and
pocket volume for all produced texture geometries measured by WLI. The area density is normalized to the

entire area of the sample (20 mm x 10 mm).
19
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texture texture periodicity /  width / depth / area volume /
3

geometry | information mm mm pm density mm
patterned N
S1 area: 7Xx 7 / 7 36.68 % 0.245 1.79
5.67
mm?
10 lines
023+ 3354+
S2 (length 7 0.7 0.01 254 0.082 0.49
mm)
10 x 10 lines
024+ 3913+
S3 (length 7 0.7 0.01 4.03 0.168 1.31
mm)
10x 10 026+ 3843z
S4 dimples 07 0.01 5.45 0.022 0.17

As can be seen in Table I, all textures have a similar structural depth with a mean value of
around 35 um; the standard deviations of the structural depth are less than 15 % for all
samples. The largest standard deviation can be found for the single pocket S1, which can be
explained by the texturing strategy to produce this geometry. After coupling the laser system
with the translation stage, a meander path (constant sliding velocity) was programmed and
multiple loops were required to achieve the desired single pocket geometry with dimensions
of 7 mm x 7 mm x 35 um. The partial overlap of the different paths induced some deviations
in the resulting depth. Using a comb path, the line-like texture S2 consisting of ten lines
aligned parallel to the short axis was produced. In order to fabricate the cross-like texture S3,
the line-like texture was rotated by 90° and a second line-like texture keeping all settings
constant was superimposed. The larger standard deviation of the structural depth for this
geometry results from the overlapping area of the individual line-like textures. For the dot-
like texture S4, the number of laser pulses needed to obtain the desired structural depth was

evaluated without moving the translation stage. After having produced an individual dimple,

20
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the translation stage was moved and the next dimple produced. Apart from the structural
depth, the periodicity was 0.7 mm for all textured samples. Additionally, the width (top width
for the line- and cross-textures as well as diameter for the dot-texture) was about 0.24 mm.
Consequently, the diameter of each dot was similar to the feature width of the line-like and
cross-like textures. The adjusted area density of the line-, cross- and dot-like pattern fits well
with values recommended by other authors [12]. In addition, the entire pocket volume of the

surface textures has been provided.

3.2 Tribological results — Experiments

As a first indication of the relative performance of each texture, Figure 8 presents the oil film
thickness at the outlet (i.e. the minimum oil film thickness) obtained for all convergence ratios
tested with each texture’s position. Since the load-support performance of a pad critically
depends on the convergence ratio, and a wide range of convergence ratios were tested
(between 0.1 and 18), there is naturally a wide spread of film thickness values for each
sample. However, there are clear shifts in the range measured between different textures and

front/rear positioning.
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Figure 8: Summary of all oil film thicknesses measured by LIF irrespective of the adjusted convergence ratio for

all texture geometries as well as normal loads of (a) 5 N and (b) 10 N.

Given that the process for setting and adjusting the convergence ratio was identical for each
test, it can be expected that the range of results is related to configuration rather than any
convergence bias. This is supported by a similar range of convergence ratios being measured
for each configuration. Hence, the range of oil film thickness values can be considered as
representative of the performance spread of a particular texture configuration (geometry and

relative positive) across a span of convergence ratios.

Perhaps the most striking distinction between configurations is observed at 5 N load where
there is a consistent shift in film thickness between the front and rear configuration of each
texture. The texture at the rear consistently shows a lower-valued range of thicknesses than
for the same texture at the front. The upper (better) end of the film-thickness range for the
texture at the front is similar to the untextured reference, whilst a reduced film thickness is
seen for texture at the rear. For a normal load of 10 N, this pattern is less consistent, and the
films are naturally thinner than for the lower load. But again, there is a pronounced shift in the
ranges for the single pocket with the texture at front (S1f) being significantly better than at the
rear. This is in good agreement with the hydrodynamic lubrication theory if the texture is
considered to act similar to a Rayleigh step. According to Olver et al. [44], a single pocket
close to the oil inlet can lead to “inlet suction” thus increasing the oil film thickness and load

support.

For the line-like texture with parallel grooves perpendicular to the sliding direction (S2), a
reduction in the oil film thickness occurs irrespective of the normal load and relative position.

A positive effect coming from a pressure build-up due to the perpendicular alignment of the
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texture with respect to the flow direction of the oil seems to be overcompensated by possible

side leakages [30, 32].

Regarding the dot-like textures (S4) under some experimental conditions, the maximum oil
film thickness is comparable to the values observed for the polished reference. However, in
general, this geometry produces lower film thicknesses (worse performance) than the
reference. The reduced performance can be well correlated with the low area density and

pocket volume (Table I1).

The cross-like texture (S3) leads to similar or even slightly increased values for the maximum
oil film thickness. For this geometry, two positive effects need to be considered. On the one
hand, the lines oriented perpendicular to the oil flow induce an additional hydrodynamic
pressure. On the other hand, lines that are parallel increase the oil volume (refer to the pocket
volume summarized in Table I1) transported in the convergence gap, which, in turn, increases

the oil film thickness [30, 32].

The friction measured for each texture configuration is presented Figure 9, again with all

convergence ratios included to help identify the spread of performance.
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Figure 9: Summary of the measured friction force (a and b) and COF (c and d) for all tested samples, normal

loads and convergence ratios.

For the case of friction, there is little difference between any of the texture designs or
positions that can be extracted from the statistical spread. But all textures show a range of
reduced extent and lower mean than the plain reference. The maximum friction reduction
observed for the textures is around 40 % at 10 N, although the average reduction is
substantially less. At 5 N load, there is a smaller but still observable reduction in friction. But
it must also be recognised that, at both normal loads, the lowest friction case is for the plain,
untextured sample. Potentially, it is at the less-optimal convergence ratios that the texture

begins to become of most use. The lack of a similar effect for the oil film thickness values
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suggests that it may, in fact, be a reduction in shear rate at the texture that contributes more to
an improved frictional performance than any impact on an overall film thickness through load
support enhancement. In this way, the greater gap between surfaces within the textured area
creates a reduced shear-strain rate in the oil over these areas; with hydrodynamic friction
being due to viscous forces associated with this shear, the reduced shear rate over a large

proportion of the sample surface can significantly lower friction.

In these previous results, data at all convergence ratios have been agglomerated for each
configuration. Given the critical nature of convergence in hydrodynamic lubrication, this may
appear to degrade the value of the observations; yet in some ways, this actually provides a
more valuable summary of the practical performance of each texture. In many real
applications, the precise control of convergence is impossible or impractical to achieve, and
surfaces are likely to experience a range of convergence ratios during operation (due to speed
or load fluctuations). Consideration of the texture performance through a range of
convergence ratios is, therefore, a necessary aspect in applying texture in applications.
Nevertheless, to understand the mechanisms and details of the texture performance, a

numerical evaluation taking into account the convergence ratio is needed.

3.3 Tribological results — Simulations

Numerical simulations for each texture configuration were run for a range of convergence

ratios corresponding to the experiments (Figure 10). The convergence ratio is defined as

K= (hn—l— 1) With hiner and houer being the oil film thickness at the inlet and outlet,

houtlet

respectively.
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Figure 10: Simulated COF (a and b) and its variation (ACOF) with respect to the untextured reference (c-f) as a
function of the convergence ratio for both normal loads. Solid lines: texture located at the inlet. Dashed lines:

texture located at the outlet.

Figures 10 a and 10 b show the COF as a function of the convergence ratio, for each texture
configuration at 5 and 10 N loads, respectively. There are only small differences in COF and
these differences are clarified in Figure 10 ¢ and d, which show the relative change in COF
(ACOF) compared to the untextured references. Figures 10 e and 10 f show a close-up of the

same relative change (ACOF) at low convergence ratios. Notice that the single pocket S1
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seems to be one of the better performing designs, with improvements of up to 20 % at low
convergence ratios and 5-15 % at higher values, and is the only pattern that provides a
reduction in COF for all K values when located at the outlet. All other textures located at the
outlet led to an increase of the friction coefficient (ACOF > 0) for 0.01 < K < 0.5. In contrast,
for the same range of convergence ratios (0.01 < K < 0.5), all textures at the inlet yielded
considerable friction reductions (ACOF < 0) of up to 10-20 %, especially the single pocket

(S1) and cross-like texture (S3).

These results can be understood better by also examining the effects on pressure distribution
and film thickness. Figures 11 and 12 show pressure distributions for each texture
configuration at low (~0.3) and high (~ 8) convergence ratios, respectively, alongside the
minimum oil film thickness (MOFT) and change in COF (ACOF) with respect to the

untextured reference.

From the results presented in Figure 10, 11 and 12, it is seen that, for many of the textures, the
performance is better with the texture at the inlet for low convergence ratios, switching to
better performance with texture at the outlet at higher convergence ratios. This can be
explained by considering two possible factors that can contribute to friction coefficient
reduction: i) a load support enhancement, and ii) a localized film thickness increase purely
due to the presence of the pockets. At low convergences, the texture at the inlet provides a
boost to hydrodynamic load support, corresponding to lower overall friction coefficients, and
texture at the rear reduces load support, corresponding to higher friction coefficients. Hence
the observations at K < 1. On the other hand, at high convergence ratios, the texture has little
effect on load support and average film thickness — and so it is the localised increase of film
thickness within the pocket that matters. This makes a proportionally bigger impact at the
rear, where the reference plane oil film thickness is lowest.
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This is backed up by results in Figures 11 and 12, which, for the low convergence cases, show
a minimum oil film thickness of 32.3 um for the untextured sample, compared to 36.6 pm
with the single pocket at front and only 29.5 um for the single pocket at rear. Yet at the high

convergence ratios, the film thicknesses are more similar (30.7 um, 30.8 pm and 29.2 um).
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Figure 11: Fluid pressure distributions for all textures at the inlet (left) and outlet (right). The convergence ratio

was about 0.3 and the normal load 10 N. The reader is referred to the video animations provided as a

supplementary material in the online version of this article, which show the variations of the fluid pressure fields

and the film fraction cavitation parameter distributions for all surface textures and convergence ratios simulated.

It is important to highlight that the pressure distributions for a normal load of 5N follow the same trends.
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Figure 12: Fluid pressure distributions for all textures at the inlet (left) and outlet (right). The convergence ratio
was about 8.2 and the normal load 10 N. The reader is referred to the video animations provided as a
supplementary material in the online version of this article, which show the variations of the fluid pressure fields
and the film fraction cavitation parameter distributions for all surface textures and convergence ratios simulated.

It is important to highlight that the pressure distributions for a normal load of 5N follow the same trends.

Note that at high convergence ratios, the single pocket at the rear (S1r) actually produces a
lower minimum film thickness, which would suggest higher friction; however, the opposite is
true and friction is in fact reduced since the friction reduction due to the reduced shear stress

within the textured area is more effective for the texture at the (lower) rear.

The pressure distribution for all cases is very similar at high convergence ratios, and all
minimum oil film thickness values are in the narrow range of 29.2 to 30.8 um. Texture has
little effect on load support at high convergence ratios [13]. But at low convergence, there is a
dramatic difference in pressure distribution between the reference and each different texture

configuration, giving a greater spread of film thicknesses (29.5 to 36.6 um).

Based upon Figure 10, the single pocket (S1r) and cross-like texture at rear (S3r), and single
pocket at front (S1f) appear to show low friction for the majority of the convergence range.
This is not apparent in the experimental results of Figure 8. Exploring this further, Figure 13
shows the experimental COF results alongside the numerical simulation results, with the
experimentally measured convergence ratios being used. The experimental results show good
overall agreement with the numerical values, particularly at lower convergence ratios (K < 5).
For higher convergence ratios, there is some deviation from predicted results, with the
experimental values plateauing at around 0.04 (5 N) and 0.03 (10 N).
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Figure 13: Comparison between the simulated (lines) and experimental (dots) data for the COF as a function of

the convergence ratio. Solid lines and filled dots: textures at the inlet (a and b). Dashed lines and hollowed dots:

textures at the outlet (c and d).

Figure 14 shows a similar comparison for the minimum film thickness measured and

numerically predicted.
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Figure 14: Comparison between the simulated (lines) and experimental (dots) data for the minimum film
thickness (outlet) as a function of the convergence ratio. Solid lines and filled dots: textures at the inlet (a and b).

Dashed lines and hollowed dots: textures at the outlet (c and d).

While the experimental results follow the same trend as the numerical results, there is a
constant shift to higher film thickness values and a large scatter. There are several factors that
potentially contribute to the differences and scatter observed. Firstly, the resolution of the LIF
system begins to diminish at film thicknesses above 60 um, leading to inaccuracies in
convergence measurement as well as film thickness. The calibration process is also
susceptible to a constant offset error, due to assumptions made for the calibration wedge
shape. Moreover, the variation in sliding speed across the width of the pad (due to the varying
radius on the rotating disc) is likely to lead to a deviation from the numerically predicted
results. This variation can also contribute to a pad that is not perfectly aligned to the disc
surface in the non-sliding direction — indeed this is possible even without such velocity

variations because of frictional damping within the alignment pivot of the sample holder.
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These factors all contribute to the great difficulty in achieving high experimental accuracy
capable of quantitative comparisons with numerical results. Nevertheless, the experimental
results obtained do support the conclusion that the textures can act to reduce friction across a
full range of convergence ratios, and both the film thickness experimental and numerical
results suggest this can be due to both load support enhancement at low convergence, and

shear rate reduction at any convergence value.

4. Conclusions

This work used a carefully designed experimental set-up to assess the frictional performance
of textured converging bearings under full-film lubrication for different convergence ratios.
All tests were carried out under conditions resulting in very thick oil films (up to 100
micrometres), for which the literature currently reports small benefits of surface texturing.
Both texture geometry and location in relation to lubricant entrainment were investigated. The
experimental data were compared with numerical simulations based upon the solution of the
Reynolds equation considering the p — 6 Elrod-Adams mass-conserving cavitation model to

examine the underlying lubrication mechanisms.
Based upon the results presented, the following conclusions can be drawn:

e The experimental investigation of the textures across a wide range of convergence
ratios demonstrated that surface textures can have beneficial effects on the resulting
COF at these high film thicknesses. Despite some scatter in the experimental results,
there were identifiable differences in the texture’s performance. In this context, the

large single pocket and the cross-like texture showed the most significant impact.
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e For a normal load of 5 N, a consistent shift in film thickness between the front and
rear configuration of each texture was found. The texture at the rear consistently
showed a lower-valued range of thicknesses, which underlines the importance of the
texture’s location.

e For high convergence ratios, numerical results suggested that most texture geometries

©CO~NOOOTA~AWNPE

11 and locations are beneficial. A significant COF reduction of up to 10 - 15 % was
identified for the large single pocket and cross-like texture at the oil outlet.

16 e For low convergence ratios, numerical results also indicated that the texture location
18 was critical — nearly all textures located at the outlet (except for the single pocket) led
21 to an increase of the COF and all textures at the inlet yielded considerable friction
23 reduction (up to 10 - 20 %). Considering the COF, there was a good overall agreement
26 between numerical and experimental data, especially for low convergence ratios.

28 e Studying the effect of surface texturing on the resulting film thickness and friction
31 force over a wide range of convergence ratios can provide valuable information about
33 the practical performance of each texture. Bearing in mind that, in many real
applications, the precise control of convergence is rather impossible, surfaces are
38 likely to experience a wide range of convergence ratios during operation.
40 Consideration of the texture performance through a range of convergence ratios can be

43 considered as a necessary aspect in applying texture in applications.
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