
Citation: Luz, F.K.C.; Profito, F.J.; dos

Santos, M.B.; Silva, S.A.N.; Costa, H.L.

Deterministic Simulation of Surface

Textures for the Piston Ring/Cylinder

Liner System in a Free Piston Linear

Engine. Lubricants 2024, 12, 12.

https://doi.org/10.3390/

lubricants12010012

Received: 21 November 2023

Revised: 21 December 2023

Accepted: 31 December 2023

Published: 3 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

lubricants

Article

Deterministic Simulation of Surface Textures for the Piston
Ring/Cylinder Liner System in a Free Piston Linear Engine
Felipe Kevin Correia Luz 1 , Francisco J. Profito 2, Marcelo Braga dos Santos 3, Samuel A. N. Silva 3

and Henara Lillian Costa 1,3,*

1 School of Engineering, Universidade Federal do Rio Grande, Campus Carreiros, Rio Grande 96203 900, Brazil;
felipekevin.fkcl@furg.br

2 Department of Mechanical Engineering, Polytechnic School, University of São Paulo, São Paulo 17033 360,
Brazil; fprofito@usp.br

3 Laboratory of Tribology and Materials, Universidade Federal de Uberlândia, Uberlandia 38408 100, Brazil;
marcelo.bragadossantos@ufu.br (M.B.d.S.); snunesilva@ufu.br (S.A.N.S.)

* Correspondence: henaracosta@furg.br

Abstract: The use of synthesis gas (SYNGAS) from waste gasification has been pointed out as a
key strategy to help the energy transition. However, SYNGAS’ low calorific power is considered a
difficult obstacle to its technological use in internal combustion engines. To overcome this, a novel
free-piston linear motor has been proposed to pave the way for the use of SYNGAS in the mobility
sector. Surface texturing has vast potential to reduce friction losses in this system. This study utilizes
a deterministic numerical model to investigate the mixed lubrication performance of a textured
piston ring/cylinder liner conjunction in a free piston engine. The model considers the simultaneous
solution of the lubrication and asperity contact problems at the roughness scale, including texturing
features on the cylinder surface. The numerical model employs the Reynolds equation with mass-
conserving cavitation to calculate the inter-asperity fluid pressure. The rough contact model utilizes
the Hertz theory for elastic contact to calculate the contact pressure at each asperity between the
piston liner surface and the admitted smooth and rigid ring surface. Surface texturing demonstrated
remarkable effectiveness, particularly in the hydrodynamic lubrication regime, with a maximum
friction reduction of 38.5% observed for an area coverage of 50%. This was accompanied by a notable
shift in the transition from the boundary to the mixed lubrication regime. The textured surfaces
exhibited consistent efficiency in reducing fluid pressure and shear stress as the coverage of the
textured areas increased. The incorporation of dimples on these surfaces played a crucial role by
augmenting the lubricant storage capacity while concurrently reducing the real shear and contact
areas. This study offers valuable insights into the nuanced friction-reducing mechanisms of surface
textures, illuminating their influence on the coefficient of friction and the formation of lubricant films
across various lubrication regimes.

Keywords: free piston linear engine; surface texturing; lubrication; deterministic simulation; piston
ring system

1. Introduction

In view of the new challenges that the energy transition imposes [1], the search
for mobility systems with lower friction losses is often linked to individual or combined
actions of (i) development and use of materials and coatings that provide lower friction [2,3];
(ii) development and use of new lubricants, for example, new additive packages and/or
lower viscosity lubricants [4,5]; and (iii) changes in the topography of the surfaces in
contact, aiming at operating in lubrication regimes that result in less friction [6–8].

As the transition to electric vehicles will be slow and not occur at the same pace
or proportions in all regions, low-carbon renewable fuels will still be needed for many
years to come to eliminate fossil fuel use (which leads to a high carbon footprint) [9–11].
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In the search for sustainable energy sources, the synthesis of methane gas from urban
solid residues emerges as a viable option. However, the synthesis gas (SYNGAS) derived
from this source exhibits a low calorific capacity [12], which presents a challenge when
considering its applicability in conventional internal combustion engines [13]. Despite this
limitation, purified methane gas carries potential as a substitute for current fossil fuels in
specific scenarios [14,15].

A key strategy to tap into this potential involves enhancing engine efficiency. Tradi-
tional internal combustion engines suffer from various energy losses, with the primary
source of dissipation occurring within the kinematic chain of the connecting rod-crank
mechanism [16]. A free-piston linear engine is a feasible solution to reduce such losses
and elevate engine efficiency [17]. This engine design can improve thermal cycle effi-
ciency by up to 56% [18,19], promoting a transformative shift in the landscape of internal
combustion engines. As an ingenious departure from traditional designs, this innova-
tive engine configuration distinguishes itself by liberating the piston from the mechanical
shackles of a crankshaft, presenting a paradigm shift in the pursuit of enhanced effi-
ciency, reduced mechanical intricacies, and heightened adaptability across a spectrum of
applications [17,18,20].

Unlike their conventional counterparts, free-piston linear engines redefine the dy-
namics of power generation by eliminating the traditional linkage between pistons and
crankshafts. Instead, these engines harness the inherent back-and-forth motion of a pis-
ton within a cylinder, a motion unbridled by the constraints of a mechanical connec-
tion to a crankshaft (see Figure 1). The combustion process unfolds within a dedicated
combustion chamber, where the expanding gases exert force on the piston, propelling it
outward. This liberated reciprocating motion is the cornerstone for directly generating
electrical power or performing mechanical work, circumventing the need for a conventional
crankshaft-driven mechanism.
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Figure 1. Schematics of a free-piston linear engine with opposed pistons. 1—cylinder liner; 2—piston;
3—springs; 4—stator.

The intrinsic freedom of movement within a free-piston linear engine brings forth a
myriad of advantages, ranging from heightened operational efficiency to a streamlined
mechanical architecture. Designed to optimize efficiency and reduce mechanical complexity,
these engines find application in diverse fields such as power generation, automotive
propulsion, and hybrid systems. The appeal of free-piston linear engines lies not only in
their capacity to revolutionize energy conversion processes, but also in their adaptability to
compact and lightweight configurations, presenting an enticing solution for specific niche
applications [21].

A substantial source of energy loss in internal combustion engines arises from friction
in the piston/cylinder liner system [22]. Specifically, frictional losses are mainly attributed
to the interaction between the cylinder liner surface and the piston rings during engine
operation. The alteration in surface textures offers a practical avenue for optimizing
lubrication, diminishing friction, and controlling wear [23,24].

The reduction in frictional losses can be analyzed through the interaction of the tribo-
logical pair, namely the cylinder liner and the piston rings (see Figure 2). Approximately
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50 to 75% of frictional losses occur at the interface between the piston rings and the cylinder
liner surface [25]. The lubrication regimes (Figure 3) in the contact between the piston
rings and the liner surface are (i) boundary lubrication at the top and bottom dead centers,
characterized by significant asperity contact between the surfaces with little or almost no
presence of lubricant; (ii) mixed lubrication regime, with reduced asperity contact and
the presence of a lubricant film, that partially separates some of the surface asperities as
the velocity increases; and (iii) hydrodynamic lubrication regime, with a full lubricant
film separating the surfaces in the middle of the stroke (mid-stroke), distinguished by the
absence of asperity contact and the formation of a complete film of lubricating oil [25].
In the piston-ring system, the most significant frictional forces are concentrated at the
top and bottom dead center positions [26]. However, due to the low velocities at these
positions, they account for only a minor fraction of the total frictional losses [27]. The
majority of frictional power losses in internal combustion engines are situated within the
hydrodynamic lubrication regime in the mid-stroke, where the piston reaches its maximum
velocity, leading to increased shear forces in the lubricating oil and, thus, higher viscous
losses [28].
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The surface finish of piston cylinder liners significantly influences the friction coeffi-
cient, the load-carrying capacity between the tribological pair of cylinder liners and piston
rings, and the durability of the sealing rings [29,30]. Plateau honing is a surface finishing
process in cylinder liners that removes the highest peaks of the liner surface, resulting in
a reduced surface roughness, imparting a surface texture characterized by deep valleys
that serve as lubricant reservoirs [31,32]. In the mid-stroke, the hydrodynamic lubrication
film generation can be facilitated by controlled cavitation within the valleys created by
the honing grooves, effectively acting as micro-hydrodynamic bearings. Simultaneously,
the relatively smooth plateau regions between the grooves are responsible for the robust
load-carrying capacity.

While the honing process yields advantageous surface features for optimizing perfor-
mance, recent studies have indicated that a combination of various texture levels can be
particularly effective in reducing friction coefficient and wear. Of particular interest is the
integration of honing textures with spherical pockets, commonly referred to as dimples.
The behavior of the dimples is contingent upon their geometric attributes, including diame-
ter, depth, and the density of the textured region [33]. Deep dimples, for instance, serve as
reservoirs for lubricants, aiding in maintaining the lubricant film. Additionally, they can
retain wear debris, thereby mitigating wear-related issues. In contrast, shallow dimples
function as micro-hydrodynamic bearings, augmenting the film thickness and loading
capacity while concurrently diminishing the coefficient of friction [34]. The combination of
honing textures with dimples thus presents an intriguing avenue for further investigation,
as it offers the potential to optimize surface performance through a tailored approach that
considers the specific geometric properties of these dimples [25].

Numerical simulation is a powerful tool to help optimize the performance of textured
surfaces in the ring/cylinder liner system, but it is very challenging due to the complex-
ities involved [35]. In the mixed lubrication regime, the models should account for both
lubrication and asperity contact [36,37].

Modeling the mixed lubrication behavior of piston ring/cylinder liner conjunctions
involves describing the coupled effects of lubricant flow and asperity interactions [38,39].
These multiphysics phenomena can be considered using deterministic models that account
for the whole surface topography [35,37,40] or averaging and homogenization models [41].

In this context, this study employs a deterministic numerical simulation approach to
investigate various surface texturization parameters to optimize the tribological perfor-
mance of textured liners for a free-piston linear engine. This investigation aims to assess
the impact of surface textures on the friction behavior of the piston ring/cylinder liner
conjunction, providing insights into potential strategies for enhancing engine performance
that might enable the successful use of waste gas as fuel.

2. Deterministic Mixed Lubrication Model

Evaluating the frictional behavior of piston ring/cylinder liner systems across the
various lubrication regimes necessitates a comprehensive approach and well-suited models.
While acknowledging that several system properties can vary under real operating con-
ditions, introducing effects such as temperature variation, system dynamics, mechanical
deformation, or the influence of surface topography on frictional losses increases both
the computational costs and the complexity of the simulation analysis. To address these
difficulties while preserving the most significant mixed lubrication effects and the detailed
influence of surface features in a computationally efficient simulation framework, the deter-
ministic mixed lubrication model proposed by Profito, et al. [42] was used to investigate the
lubrication performance of the textured liner. The model is based on the integrated solution
of hydrodynamic and asperity contact problems in the same simulation framework using
the full-scale representation of the cylinder liner topography.
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The hydrodynamic pressure is calculated using the steady-state isothermal Reynolds
equation with the Elrod–Adams p–θ mass-conserving cavitation model, which can be
written as follows [42]:

∂

∂x

(
ρh3

12µ

∂ph
∂x

)
+

∂

∂y

(
ρh3

12µ

∂ph
∂z

)
=

∂

∂x

(
ρhUθ

2

)
, (1)

with the complementarity boundary conditions for cavitation [42]:

(ph − pcav)·(1 − θ) = 0 ⇒


ph > pcav, θ = 1 in D+

ph = pcav, 0 ≤ θ < 1 in D−

ph = pcav, on C
, (2)

In the above equations, ph is the hydrodynamic pressure, θ is the lubricant film fraction
that represents the fluid saturation in the cavitation regions, ρ and µ are the lubricant
density and viscosity, respectively, h is the local lubricant gap that considers the full-scale
geometric features of the surface topography, and U is the sliding velocity of the contacting
surfaces. The liner surface was assumed to be rough and deformable, and the piston
ring countersurface was admitted to be smooth, flat, and rigid. Furthermore, D+ and D−

denote the pressured and cavitated regions, respectively, and C the cavitation boundaries.
The hydrodynamic shear stress (τh) in the sliding direction acting on the ring surface is
calculated as follows [42]:

τh =
h
2

∂ph
∂x

+ µθ

(
U
h

)
. (3)

The mean contact pressure at each asperity of the rough liner surface interacting
with the smooth rigid ring surface is calculated using an asperity-based elastic, perfectly
plastic model based on Hertz’s theory for the contact between parabolical-shaped bodies.
The surface hardness of the softer material is assumed to limit the plastic deformation in
the contact zone. The expression of the mean contact pressure (pasps

) for each asperity
interaction is as follows [42]:

pasps
=

 4E∗
s

3π

(
ws
βs

) 1
2 , pasps

≤ HV

HV , pasps
> HV

, (4)

where ws is the contact interference, βs is the local asperity radius of curvature, E∗
s is the

combined elastic modulus of the asperity, and HV is the hardness of the softer material.
βs is determined by approximating the geometry of each asperity with a best-fit parabolical
cap using the neighboring points of the highest contact point; this allows for the contact
pressure at each asperity to be distributed over the points that compound the asperity. The
asperity contact shear stress (τasps

) is calculated based on the Coulomb–Amontons law for
sliding friction, as follows [42]:

τasps
= µBL pasps

, (5)

where µBL is the boundary friction coefficient usually determined experimentally.
In order to reduce the computational effort of the numerical solutions, the rough liner

surface is segmented into slices of the same width as the smooth ring surface to emulate
the ring contact area. For each slice, deterministic simulations are performed for a constant
lubricant viscosity and sliding velocity and a range of imposed separations (hm) between the
rigid surface and the reference plane of the rough surface (see more details in Section 3.1).
Subsequently, the governing equations of the hydrodynamic and asperity contact problems
described above are solved quasi-statically for each imposed separation. The p–θ Reynolds
equation (Equations (1) and (2)) is solved numerically using the hybrid-type Element-based
Finite Volume Method (EbFVM) proposed by Profito, Giacopini, Zachariadis and Dini [42]
to solve lubrication problems, automatically ensuring mass conservation even in conditions
with inter-asperity cavitation, as are the cases investigated in this work.



Lubricants 2024, 12, 12 6 of 16

The deterministic simulations provide the distributions of the hydrodynamic pressure,
hydrodynamic shear stress, asperity contact pressure, and asperity shear stress for each
surface slice and imposed separations. In many situations, it is convenient to evaluate
the global effect of these field results as a function of the dimensionless film thickness
Λ = hm/Spq using the following average quantities:

Ph(Λ) = 1
N

N
∑

i=1
phi

, τh(Λ) = 1
N

N
∑

i=1
τhi

,

Pasp(Λ) = 1
N

N
∑

i=1
paspi

, τasp(Λ) = 1
N

N
∑

i=1
τaspi

, COF(Λ) =
τh(Λ)+τasp(Λ)
Ph(Λ)+Pasp(Λ)

,
(6)

where N is the number of mesh points of each surface slice, and Ph, τh, Pasp, τasp, and
COF are the average hydrodynamic pressure, hydrodynamic shear stress, asperity contact
pressure, asperity contact shear stress and coefficient of friction, respectively.

3. Methodology

The analysis process is summarized via the flowchart in Figure 4, outlining each
sequential step and its key attributes. The analysis begins with measurements of surface
topography, followed by adjustments to isolate the impact of surface roughness and tex-
ture. The subsequent stages highlight how the proposed surface textures influence the
system lubrication performance using the results obtained with the deterministic mixed
lubrication model.
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3.1. Surface Processing

The surfaces of commercial grey cast iron honed liner samples were measured using
a Taylor Robson CCI laser interferometer. These measurements employed the stitching
technique, allowing for the sampling of a large area.

The measured surfaces were initially processed using the MounstainsMap® Imaging
Topography software version 9.0 from DigitalSurf. The treatment of the surfaces involved
the following steps: (i) surface levelling; (ii) form removal, using a third-degree polynomial
fitting; (ii) application of a threshold to remove measurement outliers, eliminating surface
height data that fell outside the range of 0.20% to 99.80% according to the Abbot–Firestone
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curve; (iii) filling in non-measured points; and (iv) application of a robust Gaussian metro-
logical filter with a cut-off of 800 µm to separate surface roughness and waviness.

The surface topography data were subsequently processed using the in-house Matlab
toolbox SURFAT (‘Surface Analysis Toolbox’) to prepare the surface topographies for the
numerical simulations. SURFAT is a general-purpose surface analysis toolbox developed at
the Laboratory of Surface Phenomena (LFS) of the University of São Paulo (USP). SURFAT
divided the rough liner surfaces into slices to facilitate data processing and reduce the
computational cost of the numerical simulations. Each slice has the same width of the ring
face (1000 µm in this work) to reproduce the ring contact area on the liner. An overlap of
50 µm was applied to emulate the ring’s sliding motion effect along the stroke, resulting
in 97 slices. A computational mesh of 376 × 251 was used to discretize each slice for the
numerical simulations.

The honing grooves and surface textures cause a shift in the position of the reference
plane of featured surfaces, which no longer coincides with the plateau region, where the
actual contact takes place. A plateau segmentation method based on the Gaussian Mixture
Model clustering method was used to overcome such reference plane shift, as illustrated in
the Results section. This correction, proposed in a recent work, considers the roughness
of the plateau region for adjusting the location of the reference plane. This adjustment is
necessary because the surface separations and the lubricating film thickness are defined in
the numerical model from the reference plane of the plateau, which is more convenient for
mixed lubrication analysis [43].

Within the SURFAT program, a MATLAB code extension was developed to create
virtual texturing so that spherical dimples could be added to measured surfaces of the
commercial honed liners. The input parameters for creating the dimples include the
dimple radius (Dr), the distance between the centers of the dimples (Ds), and the ra-
tio between the dimple’s depth and radius (Dd). Surfaces with different textured area
densities were generated using the parameters shown in Table 1 for numerical simula-
tions. These virtual surfaces enabled the assessment of the impact of textured area density
on the surface properties and lubrication performance, which are crucial for optimizing
tribological systems.

Table 1. Virtual texturing parameters.

Coverage Area Percentage Dr (µm) Ds (µm) Dd

Original Untextured Surface - - -
5% 100 792.66 0.03

10% 100 560.50 0.03
15% 100 457.65 0.03
20% 100 396.33 0.03
30% 100 323.60 0.03
50% 100 250.66 0.03

The simulations were conducted using the in-house computational code SURFLUB
(SURFace LUBrication), which solves the governing equations of the deterministic mixed
lubrication model described in Section 2. SURFLUB was also developed at the Laboratory
of Surface Phenomena (LFS) of the University of São Paulo (USP). The analysis involved the
imposition of different lambda ratios (Λ = hm/Spq) under steady-state conditions, where hm
is the imposed separation between the reference plane of the piston liner surface roughness
and the smooth and rigid theorical surface of the piston’s oil control ring, and Spq is the
standard deviation of the roughness in the plateau region of the cylinder liner surface. The
variation in the imposed Λ values aimed to use a larger number of points in the regions of
thinner films, as described in Table 2, where the variation step increases as the imposed
film becomes thicker.
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Table 2. Step increments for the variation in imposed lambda values (Λ).

Λ range 0.01–0.05 0.06–0.10 0.10–0.50 0.50–1.00 1.00–5.00

Variation step 0.01 0.02 0.05 0.10 0.25

The lubricant properties were selected for a commercial SAE 30 oil. The mechanical
properties of the contacting materials were obtained from the literature. All other relevant
parameters for the numerical simulations are summarized in Table 3.

Table 3. Simulation parameters.

Sliding velocity (U) 2.82 m·s−1

Lubricant dynamic viscosity (µ) 0.01 Pa·s
Lubricant specific mass (ρ) 0.82 g/cm3

Young’s Modulus (E) 120 GPa
Hardness (H) 420 HV

Boundary coefficient of friction (µBL) 0.14

3.2. Outlier Removal

A post-processing treatment was applied to the averaged simulation results (see
Section 2) to remove outliers using Tukey’s method. The detection and removal of outliers
are crucial procedures in statistical data analysis. Tukey’s method provides an effective ap-
proach to identifying and addressing these extreme observations, beginning by calculating
the Interquartile Range (IQR) of the dataset. The IQR is the difference between the third
quartile (Q3) and the first quartile (Q1): IQR = Q3 − Q1. Next, the upper and lower limits
are established to identify outliers. These limits are typically determined as follows: lower
limit: calculated as Q1 − 1.5 × IQR; upper limit: calculated as Q3 + 1.5 × IQR; values that
fall below the lower limit or above the upper limit are considered outliers. Once the limits
are defined, it is possible to identify and, if necessary, remove outliers from the dataset [44].

4. Results and Discussion
4.1. Original Surface Processing

The results of the original surface pre-processing are shown in Figure 5, where level,
form and waviness have been adequately removed. This step is fundamental to ensure
that only the effect of the surface roughness is accounted for in the numerical simulations.
The surface roughness parameters calculated after the pre-processing are summarized in
Table 4. These parameters are widely used for the statistical characterization of the surface
topography of cylinder liners [31] and are defined by the standard ISO 25178-2 [45]. As the
surface of the ring is assumed to be smooth and rigid in the numerical model, only the liner
topography is considered during surface processing. As defined in Section 2, the standard
deviation of the plateau roughness, Spq, is used to calculate the dimensionless separation
(Λ) between the surfaces.

Table 4. Roughness parameters of the simulated surfaces for different coverage area percentages.

Parameters Original Surface
Coverage Area Percentage

5% 10% 15% 20% 30% 50%

Spq (µm) 0.25 0.25 0.25 0.25 0.25 0.26 0.28
Ssk (µm) −2.06 −2.02 −1.79 −1.63 −1.46 −1.18 −0.68
Sku (µm) 7.58 7.53 6.28 5.49 4.74 3.90 2.94
Std (deg) 28.24 151.80 151.80 151.80 151.80 151.80 151.80
Spk (µm) 0.22 0.22 0.22 0.22 0.22 0.22 0.23
Sk (µm) 0.68 0.71 0.76 0.80 0.86 1.03 2.00
Svk (µm) 1.99 2.24 2.52 2.67 2.80 2.93 2.23
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Table 4. Cont.

Parameters Original Surface
Coverage Area Percentage

5% 10% 15% 20% 30% 50%

Smrk1 (%) 5.61 5.35 4.95 4.61 4.28 3.46 1.19
Smrk2 (%) 71.18 69.54 67.26 65.33 63.20 58.80 57.55

Vv (µm3/µm2) 0.61 0.68 0.78 0.85 0.94 1.13 1.52
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tation of the surface roughness.

The preparation for the numerical simulation of the surface topography uses the
Gaussian Mixture Model method to identify clusters in the height distributions (Figure 6c).
The mean height of the cluster with the highest frequency is used to shift the reference plane
to the plateau to compensate for its deviation caused by the honed grooves (Figure 6e).
This shift in the reference plane is exemplified by the selected profiles shown in Figure 6d,
where blue is the profile of the original surface, and red is the profile of the shifted surface.Lubricants 2024, 12, x FOR PEER REVIEW 10 of 19 
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processed surface does not change the position of the reference plane. 

Figure 6. Mean plane shift using a Gaussian Mixture Model: (a) top view of the original surface;
(b) top view of the shifted original surface; (c) Gaussian Mixture Model used for surface clustering;
(d) line profiles comparing original (blue) and shifted condition (red); (e) comparison of height
asperity distributions of the original and shifted surfaces.
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After shifting the reference plane, virtual texturing was applied to the original surface,
resulting in the textured surfaces shown in Figure 7. The virtual texturing of the pre-
processed surface does not change the position of the reference plane.
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4.2. Field Results

Representative examples of the film thickness, hydrodynamic pressure, film fraction
(cavitation), and contact pressure distributions are depicted in Figures 8 and 9 for the first
slices of the original and textured (50%) surfaces, respectively. Similar field results for
textured surfaces with all the area coverages can be found in the Supplementary Materials
Figure S1. In all these figures, (a) corresponds to the dimensionless separation Λ = 0.5,
(b) Λ = 2.5, and (c) Λ = 4.5. Therefore, the selected field results relate to distinct lubrication
regimes, enabling a comprehensive evaluation of the surface texture behavior across the
boundary, mixed, and hydrodynamic lubrication regimes.
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4.3. Average Results

The average results of the numerical simulations allow for an overall performance
comparison of the evaluated topographies in terms of hydrodynamic pressure support
(Figure 10a) and shear stress (Figure 10b), as well as regarding the asperities contact
pressure (Figure 10c), shear stress (Figure 10d) and total coefficient of friction (Figure 10e).
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As the percentage of the textured area increases, a discernible decrease in hydrody-
namic pressure is evident, as depicted in Figure 10a, specifically within the dimensionless
film thickness associated with the boundary lubrication regime. An analysis of the fluid
pressure field results in Figures 8 and 9 reveals near-zero pressure on the dimples despite
the presence of cavitated fluid, as indicated by the film fraction field results. Notably, the
cavitated fluid does not contribute to a significant micro-hydrodynamic bearing effect
capable of elevating fluid pressure on the plateau regions.

This observed behavior persists across varying percentages of textured areas, with
the 50% textured area displaying the lowest hydrodynamic pressure within the boundary
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lubrication regime. As the transition to the mixed and hydrodynamic lubrication regime
occurs, the hydrodynamic pressure curves begin to converge.

Despite the heightened presence of fluid associated with larger percentages of textured
areas, a noteworthy reduction in hydrodynamic shear stress is observed in the boundary
and mixed lubrication regimes, as illustrated in Figure 10b. This reduction is attributed to a
simultaneous decrease in the fluid shear rate over the textures and in the effective viscosity
due to the texture-induced cavitation, as discerned from both the hydrodynamic shear
stress data and the field results for film fraction. Equation (3) underscores the impact of
the local film thickness (h) and film fraction (θ) on the hydrodynamic shear stress, offering
insights into the observed decrease in these results.

The predicted reductions in asperity contact pressure (Figure 10c) and shear stress
(Figure 10d) resulted from a diminished real contact area due to increased textured area
percentages, as can be observed with the diminishing upper support coverage parameters
in Table 3 for the Smrk2 parameter with the increase in textured area coverage. Despite
this, it is essential to note that in the deterministic model employed, the boundary friction
coefficient was imposed as 0.14 (Table 3), leading to the convergence of the predicted
coefficient of friction (Figure 10e) for all textured area percentages for the dimensionless
film thickness associated with the boundary lubrication regime.

The curves representing the coefficient of friction (Figure 10e) exhibit a notable leftward
shift for the transition point from the boundary to the mixed lubrication regime as the
textured area percentage increased, with the 50% textured area percentage entering the
mixed lubrication regime for the lowest Λ values. Furthermore, as the textured area
increased, there was a reduction in the increase rate for the coefficient of friction during the
hydrodynamic lubrication regime.

Surface textures with 5% and 10% textured area percentages displayed remarkably
similar behavior across all three lubrication regimes, as did surfaces with 15% and 20%
textured area percentages. This trend suggests a consistent response among these specific
textured area percentages, highlighting their comparable performance throughout different
lubrication conditions.

The field results in Figures 8 and 9 show the roughness and texture-induced hydrody-
namic pressure generation, especially near the honed grooves and dimples. Furthermore,
the influence of inter-asperity cavitation (fluid fraction field) within the honed grooves
and textures on the local lubricant flow and its impact on the fluid pressure buildup
is noticeable.

Analyzing the field results for Λ = 0.5 (boundary lubrication regime), spikes in fluid
pressure are evident. However, while the hydrodynamic pressure is high at some local-
ized points, an insufficient amount of fluid limits its significant influence on the overall
coefficient of friction across all surface topographies. Furthermore, as expected for this
lubrication regime, most frictional losses originate from the asperity interactions [46].

The contact between surfaces diminishes in the mixed lubrication regime (Λ = 2.5),
and the lubricant can flow more easily through the interface. Therefore, the hydrodynamic
micro-bearing effect starts increasing the pressure on the plateau region. In the honing
grooves and inside dimples, the cavitated fluid pushes out, elevating the pressure on the
plateau downstream of the convergent portions of the surface features [47]. Furthermore,
the surface topographies with increased area coverage yielded lower friction due to reduced
contact and hydrodynamic shear stress over the dimples.

In the hydrodynamic lubrication regime, the contact effect of surface asperities is elimi-
nated, as shown in the contact pressure distributions for all simulated surface topographies
for Λ = 4.5. The film fraction parameter also indicates the integrity of the lubricant film in
the plateau region. The increase in the area coverage of the textures directly reduces fluid
pressure due to decreased plateau areas. A larger textured area reduces plateau regions
with increased pressure from the hydrodynamic bearing effect, lowering the average hydro-
dynamic pressure, as shown in Figure 6. The global friction coefficient followed a similar
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trend to the mixed lubrication regime for all simulated surface topographies, with friction
decrease now solely governed by the hydrodynamic shear stress reduction mechanism.

The rise in void volume (Vv) due to an increased textured area signifies an augmented
capacity for lubricant storage in surface topography, helping to maintain the lubricant film.
Despite the larger amount of lubricant due to textures, there is a reduction in hydrodynamic
shear stress across all lubrication regimes with increased area coverage. Furthermore, the
increase in the area coverage of the textures influences the transition point from the bound-
ary to the mixed lubrication regime (see Figure 10) and significantly reduces the coefficient
of friction in both mixed and hydrodynamic lubrication regimes. The combination of
reduced plateau contact area and increased void volume significantly impacts the global
coefficient of friction, with the textured surface with 50% area coverage demonstrating the
best performance.

5. Conclusions

This work used a deterministic mixed lubrication model to evaluate the frictional
behavior across diverse lubrication regimes for the proposed surface textures. The results
underscore the advantageous impact of the hydrodynamic bearing effect induced by fluid
cavitation within surface features, leading to a notable reduction in the global coefficient of
friction as the textured area increases.

Remarkably, the surface with a 50% textured area exhibited optimal performance,
enabling its transition into the mixed lubrication regime with a lower film thickness (Λ)
than other surface textures. In the hydrodynamic lubrication regime, this surface demon-
strated a marginal increase in the global coefficient of friction compared to the other
surface topographies.

These findings provide valuable insights for optimizing tribological performance,
highlighting the pivotal role of surface topography in influencing lubrication regimes and
frictional behavior across a broad spectrum of engineering applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants12010012/s1, Figure S1: Field results at different Λ
ratios for textured surfaces with textured area coverages varying from 5% to 30%.
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