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This paper presents a comparison between the results from numerical modelling and experiments to shed light
on the mechanisms by which surface texture can reduce friction when applied to an automotive cylinder liner. In
this configuration, textured features move relative to the piston-liner conjunction and to account for this our
approach is to focus on the transient friction response to individual pockets as they pass through, and then
leave, the sliding contact. The numerical approach is based on the averaged Reynolds’ equation with the Patir &
Cheng's flow factors and the p-0 Elrod-Adams mass-conserving cavitation model. The contact pressures that
arise from the asperity interactions are solved simultaneously to the fluid flow solution using the Greenwood
and Tripp method. The experimental data is produced using a pin-on-disc set up, in which laser textured
pockets have been applied to the disc specimen. Under certain conditions in the mixed and boundary lubrication
regimes, both model and experimental results show i) an increase in friction as the pocket enters the contact,
followed by ii) a sharp decrease as the pocket leaves the contact, and then iii) a gradual decay back to the pre-
entrainment value. From the evidence obtained for the first time from the proposed combined modelling and
experimental investigation conducted under carefully controlled conditions, we suggest that these three stages
occur due to the following mechanisms: i) a reduction in fluid pressure due to the increased inlet gap, ii) inlet
suction as the cavitated fluid within the pocket draws lubricant into the contact, and iii) film thickness decay as
oil is squeezed out of the contact. The interplay of these three mechanisms is shown to control the response of
micro-textured surfaces under all lubrication regimes.

1. Introduction

Recent experiments [1-3] have shown that automotive piston-liner
friction may be reduced by up to 50% if the surface of the liner is laser
textured with certain configurations of micro-pockets. It is important to
model this behaviour to understand and optimise the friction reduction
mechanisms that are occurring. However, until now, very few models
that predict the lubrication performance of textured surfaces under
mixed and boundary lubrication regimes have been successfully
compared to experimental data. As shown in very recent literature
reviews [4,5], studies comprising both experimental and theoretical
investigations on the effects of laser surface texturing are scarce. The
vast majority of these studies focus on hydrodynamic lubrication
regime, with just a few of them discussing the impact of textured
features under mixed-lubrication regime [6,7]. This is due to the
requirement for them to (i) reproduce experimental configurations
with a certain degree of fidelity, (ii) conserve mass properly, and (iii)
account for transient, boundary lubrication conditions. To address this,

the current paper presents a comparison between the results from a
newly developed numerical model, which fulfils these criteria, and an
experimental test rig operating under closely matched conditions.

A general finite volume method (FVM) has recently been proposed
for solving Reynolds equation with a mass-conserving cavitation model
on irregular grids [8]. This has been applied here to solve textured
lubrication problems more effectively than alternative formulations
recently proposed in the pertinent literature [9-11].

A challenge with modelling surface texture is that numerous experi-
ments have shown texture reduces friction in the mixed and boundary
regime [12-16] — but often not in the hydrodynamic regime [17-19].
However, the majority of texture modelling have included only hydro-
dynamic behaviour and have largely ignored mixed lubrication and
asperity contact. In order to address these issues and provide an effective
means of predicting the behaviour of surface texture, we put forward a
new modelling approach for textured surface lubrication that is based on
the solution of the averaged Reynolds equation using a mass-conserving
formulation with the inclusion of flow factors that capture flow through
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Fig. 1. Schematic illustration of the moving texture contact interface considered in this
work. Notice that the fluid flow problem is described with respect to the reference
coordinate system attached to the fixed pad (upper surface).

asperities and the contact pressures that arises from the asperity
interactions. The focus of this contribution is to specifically look at the
behaviour of the fluid and fluid/solid interactions and the local transient
effects (cavitation) in the neighbourhood of individual pockets. Both
simulation and experimental results obtained from a pin-on-disc test are
used to support such investigations.

2. Mathematical modelling

In this section, the mathematical formulations adopted in this
contribution for modelling the mixed lubrication regime of piston-ring
cylinder liner contacts are briefly presented. The system configuration
showing the main geometric and kinematic features used in the mathe-
matical models is illustrated in Fig. 1. The reader is referred to [20] for
more details of the modelling and solution framework here adopted.

2.1. Fluid film lubrication

The hydrodynamic pressure built up over the contact interface
under mixed lubrication conditions are mathematically modelled using
the average Reynolds equation based on the Patir & Cheng's flow
factors formulation [21,22]. The fluid film cavitation phenomenon is
accounted for through the p — 6 Elrod-Adams mass-conserving cavita-
tion model [23,24], which automatically satisfies the complementary
JFO conditions for mass-conservation throughout the lubricated
domain [25]. Thus, by assuming the moving texture configuration
illustrated in Fig. 1 for constant sliding speed, the modified average
Reynolds equation with p — 6 cavitation model can be expressed as:

i[,ﬁ ﬂ_'ﬁf’l'_ﬁ] 0[ p_'*@_a) _9 ApOhd.)
ox

U
— — | p0—(hep.+0, +
mop e ) " oz \ P2 oz ) T ox [p 7 (e R%)] o
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(cavitation regions)
(€}
where p,, (x, z, t) is the hydrodynamic pressure, % (x, z, t) the geometry
of the oil film thickness, U the sliding velocity of the moving (bottom)
surface, p the lubricant dynamic viscosity and 6 (x, z, ) the film fraction
cavitation parameter [23,24]. The coefficients ¢px and (/)p: are the
pressure flow factors, ¢, the shear flow factor along the sliding motion,
oz the combined standard deviation of the surface roughness and ¢, the
contact factor [26,27]. The lubricant film thickness can be written in
the coordinate system Oxyz attached to fixed pad as follows (see Fig. 1):

h(x, z, t) = hy (x4 Ut, 2) + hg(x, 2) + ho(t) 2)

where A is the reference minimum oil film thickness, 4, the fixed pad
geometry and hr the instantaneous geometry of the textured slider
moving through the pad.

The solution of Eq. (1) is carried out numerically using a recently
proposed finite volume discretization scheme, namely Element-Based
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Finite Volume Method (EbFVM), for solving Reynolds equation with
mass-conserving cavitation model on unstructured meshes [8].

2.2. Asperity contact model

The asperity contact pressures that arise due to the surfaces
interaction under boundary and mixed lubrication conditions are
calculated through the statistical-based Greenwood-Tripp (GT) model
for rough contacts [28]:

o {%E*(nfﬂf”af”mn(h>,
‘ASP—

Vs

Pasp < Hy
Pasp 2 Hy

3)

where p,p(x,z,1) is the asperity contact pressure, i (x,z,t)=(ﬂ] the

O
dimensionless separation distance of the surfaces, E* the combined

1—1/]2 171/22

-1
elastic modulus, defined as E*= B P , and Hy the Vickers’

hardness of the softer material. The magnitude of the contact pressures
depend on the following parameters associated with the statistical
distribution of the asperity heights: Z, the asperity mean height, o, the
standard deviation of the asperity heights, g the asperity mean
curvature radius and 7, the asperity density. The values of such rough
contact parameters are deterministically calculated from 3D surface
roughness measurements based on the methodologies described in
[29]. In this case, every asperity is identified as the local maximum
points above the surface reference plane and thus calculations of the
asperity mean height, standard deviation, mean curvature radius and
density are performed numerically. The function F, (h), representing
the Gaussian distribution of the asperity heights is approximated by a
polynomial function whose coefficients can be found in [20]. Notice
that the threshold limit value of Hy imposed to the contact pressures
extend the use of elastic GT model to elastic-perfectly plastic contacts.
Furthermore, despite the limitations of the GT model it is still wide-
spread for rough contact calculations and has proven to be robust and
efficient to provide satisfactory predictions for surfaces with Gaussian
asperity heights distribution as those considered in the present
contribution (see Section 3.1).

2.3. Equilibrium and total friction equations

The equilibrium equation in y-direction of the system illustrated in
Fig. 1 can be written as:
d*hy
Wy () + Wagp (1) — By (1) = m———
n (8) + Wasp (1) (1) i )
where F,(t) is the external force acting on the fixed pad, m the
equivalent mass of the vertical moving parts, and Wy () and Wjsp (¢) the
load-carrying forces generated by the hydrodynamic and asperity
contact pressures, which are obtained from integration over the pad
domain as:

+

e~
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where L and B are the pad width and the pad length in the z-direction,
respectively (see Fig. 1).

Similarly, the total friction force acting on the fixed pad can be
calculated by combining the dissipative forces promoted by the
hydrodynamic and rough contact effects. Accordingly:
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Fig. 2. Experimental setup on Anton Paar high temperature tribometer (THT).

where p, is the boundary coefficient of friction, 7,(r) and 7,4,(7) the
respective hydrodynamic and asperity contact shear stresses, and ¢ £,
and & the shear stress flow factor along the sliding direction and the
friction factor defined in the Patir & Cheng's theory [21,22].

3. Description of the experimental tests

All experimental work was carried out using a commercially
available Anton Paar high temperature pin-on-disc tribometer (THT),
which allowed for friction force measurements on both laser surface
textured and smooth, non-textured specimens (see Fig. 2).

The experimental configuration is schematically presented in
Fig. 3(a); the lower disc specimen simulates the cylinder liner in an
IC engine, while the upper specimen was designed to resemble a piston
ring. Several adaptations were made to ensure a precise control of test
parameters in order to obtain accurate measurements in this “ring-on-
disc” configuration. The most noteworthy change was the use of a
piston ring specimen holder, depicted in Fig. 3(b) with one side of the
clamp removed for a visualisation of the small hemisphere that fits into
the notch on the upper surface of the piston ring specimen. The holder
was designed such that, when the clamp is tightened, the specimen was
constrained in the normal and sliding directions, but allowed one
rotational degree of freedom so that the bearing could self-align with
the disc surface to form a contact with a constant length over time.

The frictional response was determined using the dual LVDT
sensors located on each side of the automatic loading arm. This
allowed for the minimization of the thermal drift error between
measurements, a critical feature when studying the transient influence

i Frequency of

Arrows of
rotation (f)

pockets

e U

velocity (U)

Allowable
Arrows of ! rotation
pockets i
(a) (b)

Fig. 3. a) Schematic representation of the simulated piston ring/cylinder liner contact
for testing at constant sliding speed; b) Front view of the piston ring specimen holder
with half of the clamp removed.
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of a pocket passing through contact. An operating normal load (10 N)
was applied by means of dead weights placed on top of the loading arm,
while the sliding speed was set to 0.0035 m/s.

In certain cases, it was also necessary to view the distribution of oil
and the presence of cavitation within the pocket. To do this, another
reciprocating tribometer was used. This alternative setup has been
described extensively in previous publications [1,3,30] and enables the
contact to be viewed from above by a fluorescence microscope that
focusses through the transparent reciprocating pad specimen.

3.1. Specimens and experimental procedure

The transient effects of textured features sliding through the contact
were investigated by employing HPFS Standard Grade fused silica discs
that had been laser-textured to produce surface pockets (Oxford
Lasers, UK). The pockets' shape and geometrical parameters were
selected based on previous experimental findings by Vladescu and
Reddyhoff [1], which showed that textured grooves wider than the
contact area in the sliding direction allow for highly pressurised
lubricant to leave the contact, resulting in thinner lubricating films.
Therefore, to prevent possible pressure-induced flow, an effective
surface texture would require features with dimensions smaller than
that of the contact zone. For this reason, the textured test specimen was
designed to comprise transverse grooves with a minimal width along
the sliding direction, and were broken up into segments significantly
shorter than the width of the upper piston ring specimen (10 mm).

Fig. 4 shows a 2D optical detail of the textured disc, as well as a 3D
surface profile of the shape and geometry of the features. The pockets'
length, breadth and depth were maintained constant at 1000 um,
40 pm and 7 pm respectively. The textured disc employed in this study
comprised four rows of pockets, displayed along the disc radius at
constant circular arcs (see Fig. 3(a)).

The counterpart AISI52100 piston ring specimen was initially
hardened to 850 HV and subsequently ground, removing a 0.15 mm
stock from all surfaces to achieve a 10x10x2 mm rectangular pad. On
one of the 10x2 mm sides, a self-aligning notch was machined, while
the opposite surface was ground to achieve a 20 mm radius. Finally,
this convex test surface was mirror-polished to achieve the roughness
presented in Fig. 5 below.

Three friction tests were performed using the textured and non-
textured configurations. Each measurement consisted of a friction vs.
time trace showing the transient variations due to the entrainment of
15 pockets (see Fig. 14 in Appendix B). A Matlab® program was written
to divide each friction trace into individual pocket entrainments,
superimpose them and then make an average. This approach was
necessary in order to clearly differentiate the small variation in friction
due to the individual pocket from the background noise.

1000 pm

Textured fused
silica disc

Fig. 4. Two-dimensional surface plot of a section of the laser surface-textured fused
silica disc and a 3D surface profile of one pocket.
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Fig. 5. Three-dimensional surface topography of the barrel-shaped steel specimen as obtained by the Veeco Wyko optical profiler. A surface roughness analysis showed that the

roughness heights follow an anisotropic Gaussian distribution.
4. Results and discussion
4.1. Simulations setup and test case

In order to investigate the cavitation effects at the neighbouring of
individual pocket in more detail, the pin-on-disc test described in
Section 3 was reproduced through numerical simulation using the
mathematical modelling described in Section 2. In this case, time steps
of Ar=0. 0025 s, 0. 00025 s and 0. 00025 s were set in the simulations for
the sliding speeds of U = 0. 0035 m/s, 0. 035 m/s and 0. 35 m/s, respec-
tively, to properly capture details of the transient cavitation effects
taking place as the pocket traverses the contact. The chosen values of
the time steps were computed using the expression Ar=Ax/U, where Ax
is the nodal distance of the grid mesh and U is the sliding speed. Such
approach for the temporal discretization was adopted in [31] and
ensures that the position of the pocket on the moving surface varies by
a nodal distance Ax on the pad grid for each time step At, which in turn
guarantees the alignment of the film thickness discontinuities and the
discretization grid lines; the combined influence of the element size
and the increment of the sliding speed was also discussed in [2]. The
pad domain where the hydrodynamic and asperity contact problems
are solved simultaneously is discretized with a fine mesh containing
10,000 elements (250x40 elements, see Fig. 6); this mesh provides an
optimal solution in terms of accuracy and computational cost for the
current configuration. The lubricant and material properties, along
with the general test conditions and Greenwood-Tripp asperity para-
meters of each contact surface are listed in Table 1. The boundary
friction coefficient (uy,) that rules the friction forces under boundary
and mixed lubrication conditions was set based on the experimental
results of the pin-on-disc test. Furthermore, the values of the flow
factors coefficients needed for calculating the average Reynolds equa-
tion (Eq. (1)) and the hydrodynamic friction losses (Eq. (3)) were
estimated through the original flow factors curves proposed by Patir &
Cheng [21,22]. Simulation cases for higher speed conditions of
0.035 m/s and 0.35 m/s were also considered in order to evaluate
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Fig. 6. Film thickness geometry projected on the pad mesh for a given instant as the
pocket moves through the pad.

the transient response to individual pocket under mixed and full film
lubrication regimes. Such evaluation will also be analysed in accor-
dance with previous experimental reciprocating friction tests reported
in [3].

4.2. Experimental vs. simulation results

The simulated COF and the variation of the vertical displacement of
the pad surface obtained due to the transient effects of the individual
moving pocket are depicted in Fig. 7 for speeds 0.0035, 0.035 and
0.35 m/s. The film thickness, lubricant pressure, film fraction (cavita-
tion) and asperity contact pressure distributions along the pad center
(z=0) for the (a)—(h) sliding positions illustrated in Fig. 7 are shown in
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Table 1
Input parameters for the pin-on-disc test simulations.

Parameter Values Unit
Slider (fused silica) Pad (AISI 52100 steel)

E 72.7 210 GPa

0 0.17 0.30 -

H 1000 850 HV

Sa 0.068 0.088 um

Sq 0.085 0.102 pm

Zg 0.1 0.10 pm

o 0.06 0.07 Hm

Bs 5.81 4.84 um

g 6.01x10'° 4.64x10'° m?

y 1 9 -

Mg 0.12 -

Test Conditions

Sliding speed 0.0035 m/s

Load 10 N

Lubricant Properties

Temperature 60 °C

Viscosity 35.09 mPa s

Density 841 kg/m?®

Figs. 10—13 (see Appendix). For the lower speed condition (0.0035 m/
s), the contact is predicted to be operating mainly in the boundary
lubrication regime and the external load is mostly supported by
asperity contacts. Here, an abrupt reduction in the friction force is
observed as the pocket moves through the concentrated contact region
due to the combined local increase in film thickness caused by the
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pocket depth and the constriction of the effective contact area (see
Figs. 11(d) and 12(e)).

At a higher pocket entrainment velocity (0.035 m/s), the contact is
in the mixed lubrication regime so that the load is supported by a
combination of asperity contacts and lubricant pressure, both with
similar magnitudes. In this case, as highlighted in [3], the transient
friction response shows a peak value as the pocket enters the contact
(Fig. 7). This is associated with the rupture of the lubricant film, since
the portion of the contact experiencing hydrodynamic support is
reduced (Figs. 10(b) and 11(c)). This lubricant film rupture is
exacerbated by the local cavitation effect produced by the positive
normal squeeze (inlet suction) induced by the abrupt increase of the
film thickness as the pocket enters the contact, which was not observed
for the previous low speed conditions. The images depicted in Fig. 8 for
two successive positions of the moving pocket over the contact show
the lubricant distribution obtained using the fluorescence microscopy
set up [3], which reveal the formation of small bubbles at the leading
edge of the pocket as it leaves the contact that might be associated with
the inlet suction mechanism. However, the almost instantaneous
increase in the friction force is also followed by a steep reduction as
the pocket passes through the contact, which we suggest occurs due to
inlet suction as described above. What is important is that, due to the
boost in pressure caused by inlet suction, the film thickness when the
pocket leaves the contact is greater than before the pocket enters — i.e.
the overall effect of the pocket under these conditions is a net increase
in film thickness. This leads to the exponential-shaped decay of the
pad's vertical displacement after the pocket leaves the concentrated
contact region and the lubricant is squeezed out from between the
surfaces; this is also in agreement with film thickness measurements
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Fig. 7. Variation of the coefficient of friction (top) and normal pad displacement (bottom) over the sliding distance as the moving pocket passes through the fixed pad. Results for three
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sliding velocities are considered to illustrate the transient effects under different lubrication regimes.
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Fig. 8. Predicted hydrodynamic pressure and film fraction (left) and fluorescence images (right) of the moving pocket at the inlet (top) and just after the inlet (bottom) zones measured
in the friction tests reported in [3]. Both cavitation at the outlet divergent region with fluid film rupture, along with tiny bubbles within the pocket probably associated with the inlet

suction effect are shown in the images and correlated with simulated results.

Experimental COF Over an Individual Pocket (Pin-on-Disc Test)

0.12
Pocket
Entrainment
0.117 (inlet suction) \

w 0.1
8 Pocket Leaves the Contact
(fluid squeeze out)
0.09/ \
I g
COF recovery to its
steady state value
0.08" : '

0 1 2 3 4 5 6 7 8 9
Sliding Distance (mm)

10

Fig. 9. Average experimental coefficient of friction over an individual pocket measured
from the pin-on-disc test described in this work. The experiment was conducted under a
(tangential) sliding speed of 0.0035 m/s wherein the contact is predominantly in the
mixed lubrication regime.

reported in [3]. Although not modelled here, it can be envisioned that if
a subsequent pocket entrainment occurs before the film thickness has
decayed down to its steady state value the film thickness may be
boosted further. As previously shown experimentally in [3], if the
period between pockets being entrained into the contact is less than the
squeeze film decay time, a consistently lower friction (compared to a
non-textured liner component) will be achieved.
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In the full-film regime with inlet velocity of 0.35 m/s, in which the
external load is completely supported by the fluid pressure, the peak in
friction force observed in the mixed case is also present at the
entrainment zone due to the same film reduction effect (Fig. 7).
Under this lubrication condition, however, the magnitudes of friction
are obviously lower and the abrupt decrease in the COF is not observed
since no asperity interaction takes place (i.e. for thicker films, shape of
the Stribeck curve means friction is insensitive to increase in film
thickness). In fact, a slight reduction in the friction force can be seen
just after the pocket enters the contact, but with no substantial
influence on the overall COF. This lack of significant benefit of textures
under full hydrodynamic conditions has also been detected experimen-
tally in [3]. Thus, while in boundary and mixed lubrication regimes the
advantages of textures are obvious, in full-film situations this might not
always be the case. A further consideration regarding the small overall
reduction in COF obtained through this simulation is that as the COF
first increases (inlet zone) and then decreases; therefore, the variation
in COF may be largely dependent on the dynamics and speed of
response of the test rig, pockets size/depth and other details that are
not yet contemplated in the analysis, and both an overall increase or
decrease of friction coefficient might be experienced in such circum-
stances as already shown experimentally in [3].

The seeming impact of the inlet suction mechanism on the COF is
supported by the simulation results for the mixed and full-film regimes,
which are summarized in Figs. 9-13 (see Appendix A). Furthermore,
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Fig. 10. Variation of the film thickness, fluid pressure, film fraction (cavitation) and asperity contact pressure along the pad center (z = 0) over the sliding distance before the pocket
entrainment. (a) and (b) are the sliding positions compatible with those illustrated in Fig. 7. V=0.0035 m/s (red, boundary regime), V=0.035 m/s (yellow, mixed regime) and V=0.35 m/
s (blue, full-film regime). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

this behaviour appears to be supported by experimental observations
made during friction testing of texture specimens. As can be seen in
Fig. 7 the experiment conducted predominantly under mixed condi-
tions gave results that were qualitatively in agreement with the
simulation (Fig. 7) for the same regime. Here, it is evident that there
is an initial increase and then a decrease in COF as the pocket travels
through the contact zone.

Although the qualitative agreement between numerical and experi-
mental COF signals is encouraging, there is some discrepancy between
them, which should be discussed. Specifically, for the pin-on-disc test
conditions here considered (U=0.0035 m/s), the model predicts pre-
dominantly boundary lubrication (Fig. 7) whereas the experimental
results indicate mixed regime (Fig. 9). This issue is probably related to

the fact that the system seems to be operating at the border between
boundary and mixed regimes, in which small changes in the simulation
inputs (especially the flow factors and the statistical asperity contact
parameters) are very sensitive and prone to make the models predict
boundary rather than mixed regime. Furthermore, this might also be
linked to the intrinsic difficulty in modelling effectively and the local
inlet suction cavitation phenomenon and the oscillatory squeeze
motion that governs the transient response of the system, along with
the limitations of the rough contact model adopted to deal with
anisotropic surfaces (see Fig. 5) and large proportions of real contact
area. Particularly regarding the rough contact modelling, the coupling
of more advanced methodologies including the use of deterministic
models of interactions between rough surfaces, similar to those already
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Fig. 11. Variation of the film thickness, fluid pressure, film fraction (cavitation) and asperity contact pressure along the pad center (z = 0) over the sliding distance during the pocket
entrainment. (c) and (d) are the sliding positions compatible with those illustrated in Fig. 7. V =0.0035 m/s (red, boundary regime), V=0.035 m/s (yellow, mixed regime) and V=0.35 m/
s (blue, full-film regime). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

developed by some of the authors [32-34], with the fluid flow solution
at the roughness scale could be contemplated to deal with anisotropic
non-Gaussian surfaces under severe contact conditions. This indeed
provides new challenges to perform even more accurate mathematical
modelling and improved experimental configurations to provide a more
in depth understanding of the effects of local, transient cavitation
mechanisms occurring at the neighbourhood of textures on the overall
system tribological performance. These initial simulation results,
appear however to have captured for the first time the main features

of the transient experimental signals and thus provide an important
step forward.
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5. Conclusions

In this study, we have performed simulations of the transient
response of a piston-ring cylinder liner contact to the entrainment of
individual surface texture features, under different lubrication regimes.
For the first time comparisons were made with well controlled
experiments, performed using a new “ring-on-disc” configuration and
test results recently reported in the literature (obtained by some of the
authors of the present contribution using a reciprocating rig), and these
have been presented and discussed to shed light on the mechanisms
governing the frictional response of this assembly under different
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Fig. 12. Variation of the film thickness, fluid pressure, film fraction (cavitation) and asperity contact pressure along the pad center (z = 0) over the sliding distance as the pocket leaves
the contact. (e) and (f) are the sliding positions compatible with those illustrated in Fig. 7. V =0.0035 m/s (red, boundary regime), V=0.035 m/s (yellow, mixed regime) and V=0.35 m/s
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lubrication regimes. We have placed particular emphasis on the
mechanisms responsible for the benefit that laser-textured micro-
grooved surfaces provide in terms of reduced COF under boundary
and mixed lubrication, emphasising the interplay between different
phenomena that affect the instantaneous and overall lubrication
response of the contact pair. It was shown that inlet suction, asperity
contacts and fluid squeeze out all contribute to the response of system
and their relative contribution may differ depending on the operating
regime. The agreement between experimental and modelling results,
both in terms of transient friction response and formation of cavitation
within the pockets, is very encouraging and shows that the proposed
method is capable of capturing the key features that govern micro-
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textured contacts. Finally, it was also shown that the micro-grooved
samples employed in this study have little effect on the overall frictional
response in the hydrodynamic regime and that, again, the response of
the system in this regime is also affected by various parameters and
running conditions. Particularly, it is worth highlighting that while
these results are conclusive in the context of the present contribution,
more general investigations considering the presence of multiple
textures and their shape and topological distribution within the
contact, together with the attempt to achieve full quantitative agree-
ment between experiments and simulations, are required to provide
more general trends. This is being currently studied and will be the
subject of future contributions.
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Snapshots of the transient simulations are shown in Figs. 10-13. Each of the plots shows the film thickness, fluid pressure, film fraction
(cavitation) and asperity contact pressure along the pad center (z = 0) for the (a)—(h) sliding positions illustrated in Fig. 7. These figures can be used
to have an overall idea on the variation of the fluid and asperity contact pressures and cavitation zones before, during and after the pocket

entrainment.
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Fig. 14. — Raw experimental coefficient of friction data, obtained using the pin-on-disc setup from a test in which 15 pocket entrainments were observed. The experiment was conducted
under a (tangential) sliding speed of 0.0035 m/s wherein the contact is predominantly in the mixed lubrication regime.
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Fig. 15. — Averaged experimental coefficient of friction, showing 3 pocket entrainments. The experiment was conducted under a (tangential) sliding speed of 0.0035 m/s wherein the
contact is predominantly in the mixed lubrication regime.

Appendix B. Averaging of experimental results

Fig. 14 shows the raw friction versus sliding distance trace before any averaging technique has been applied. The increase and subsequent
decrease in friction that occurs as each pocket passes through the contact is clearly visible. However, it can also be seen that there is a significant
amount of background noise due to roughness variations and the waviness of the specimen surface. For this reason, a Matlab® program was written
to divide the friction trace into sections, each containing a set number of pocket entrainments (as shown by dashed vertical lines in Fig. 14 for single
pocket entrainments). The program then obtained the average variation in friction by superimposing these sections onto a single distance axis
(ensuring that the maximum friction value for each pocket entrainment occurred at the same location). Fig. 15 shows such an averaged trace in
which three subsequent entrainments have been captured, whilst Fig. 9 focuses on the zoomed-in view of just one pocket entrainment.

Appendix C. Supplementary material
Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.triboint.2016.12.003.
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