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Abstract: Uncontrolled wear in complex multiphysics systems can cause catastrophic fail-
ures, prompting the development of empirical methods and numerical prediction models
for managing system lifetimes. This study introduces a novel approach for predicting
wear on lubricated sliding surfaces by integrating rough contact mechanics into a nonlocal
function with a non-uniform distribution. The model considers the sliding speed, contact
area, fluid pressures, lubricant properties, and surface roughness. It employs a mixed
elastohydrodynamic lubrication (mixed EHL) model to simulate lubrication and wear,
using a multiscale roughness model to adjust the parameters based on the wear evolution.
Validated against journal bearing data, the model accurately predicted wear rates and
depths, revealing distinct roughness variations depending on the lubricant viscosity.

Keywords: wear; mixed elastohydrodynamic; contact mechanics; multiscale; ultralow
viscosity; lubricants

1. Introduction

The interaction between moving surfaces has been a critical concern in various fields
since the invention of the wheel, mainly due to its implications for the efficiency and dura-
bility of engineering systems. Nowadays, this subject extends to various applications, from
human joint implants to thrust bearings in submarines. The effective management of tribo-
logical interactions is essential to prevent premature wear, an early need for maintenance,
and operational inefficiencies, with uncontrolled wear evolution potentially resulting in
catastrophic failures. Therefore, empirical experimentation methods and numerical pre-
diction models have been developed to manage the finite lifetime of systems in various
applications [1-7]. Empirical methods have long been employed to understand the under-
lying wear mechanisms in tribosystems, and this approach remains relevant, particularly
for addressing new challenges in green tribology and biotribology. Conversely, numerical
methods for tribology and wear prediction have consistently been developed and validated
using experimental results. Wear prediction initially relied on empirical laws correlating
the wear rates under different contact conditions, which later led to the development of
complex mathematical models incorporating various tribological parameters [8-12].

Nonlocal continuum field theories [13] provide a mathematical framework for cou-
pling tribological phenomena across scales of different lengths, including contact mechanics
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and wear-related processes. Several researchers have used these theories in damage models
to distribute specific variables over an influence area, thus avoiding local concentrations
or singularities that fail to represent the actual distribution and magnitude of quantities
involved in physical interactions [14-19]. The direct validation of these models is often
unfeasible, as many tribological applications do not allow for direct measurements. Con-
sequently, tribological studies typically validate these methods by assessing their impact
on macroscopic geometrical changes, such as wear volume removal, crack propagation, or
tribofilm growth, which can be measured after testing. The present contribution proposes
a novel approach for predicting wear on lubricated sliding surfaces by integrating rough
contact mechanics into a nonlocal function with a non-uniform distribution.

Proper surface roughness characterization is essential for accurately predicting the
friction and wear under boundary and mixed lubrication conditions [20,21]. Numerous
experimental investigations have demonstrated the significant transformation of the surface
topography after wear, where the amount and distribution of the material removed changed
drastically. This phenomenon is crucial when simulating tribological contacts under severe
conditions, as discussed by several authors [22,23]. This work introduces a novel procedure
that accounts for variations in roughness in response to the wear evolution of the contact
surfaces at the microscale and its macroscopic effect.

Journal bearings are widely used in industrial machinery, internal combustion engines
(ICEs), power generation turbines, and other applications due to their high load-carrying
capacity, low friction, noise and vibration reduction, ability to accommodate shaft misalign-
ment, and long service life at moderate to high rotational speeds. This study evaluated
the effectiveness of the proposed wear model in predicting wear in ICE journal bearings,
where lubricant rheology plays a critical role due to the high shear stress and film pres-
sures involved [24-28]. Consequently, the lubrication regime and bearing performance
are significantly influenced by the rheological properties of the lubricant and surface
roughness characteristics.

The research on elastohydrodynamic lubrication and surface roughness has advanced
significantly over the past several decades, as evidenced by the seminal work of Xu and
Sadeghi [29], Morales-Espejel [30], Ai and Cheng [31], and Sadeghi and Sui [32], along
with the broader body of research they have influenced. These studies collectively un-
derscore the critical importance of considering the surface roughness, thermal effects,
transient behaviour, and lubricant compressibility in the analysis of EHL contacts. The
field has moved from using simplified models to more sophisticated approaches that
incorporate realistic surface topographies and multiple interacting physical phenom-
ena, driven by the increasing demands on the performance and reliability of lubricated
mechanical components.

Despite the considerable progress, several avenues remain for future research. The
improved modelling of the boundary and mixed lubrication regimes, where both the fluid
film and asperity contact play a significant role, is crucial for a more accurate prediction
of the friction, wear, and fatigue life. Further investigation into the effects of the non-
Gaussian surface roughness characteristics often found in real engineering surfaces is
needed to better understand their impact on EHL performance. Moreover, developing more
efficient and accurate numerical methods for solving coupled thermo-elastohydrodynamic
problems with complex surface topographies remains an ongoing challenge. Studies on the
influence of lubricant rheology, particularly piezoviscous and non-Newtonian behaviours,
in conjunction with the surface roughness under various operating conditions, are also
warranted. Research into the long-term effects of surface roughness evolution due to wear
or running-in on the EHL performance and component life is essential for predicting the
durability of mechanical systems. Addressing the challenges in obtaining and utilizing
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accurate, high-resolution surface topography data for EHL modelling will also be critical for
advancing the field. Finally, exploring the interaction between the surface roughness and
lubricant additives or advanced lubricant formulations could lead to the development of
more effective lubrication strategies for demanding applications. As technology continues
to advance and the operating conditions become more extreme, a deeper understanding of
the fundamental aspects of using EHL with rough surfaces will be essential for designing
more efficient, reliable, and durable machines.

Advancements in computing and the revolution in artificial intelligence have opti-
mized numerical methods. Virtual development, in particular, offers significant benefits
to Original Equipment Manufacturers (OEMs) by enabling the design of better compo-
nents and reducing prototyping costs. This approach presents numerous advantages over
experimental procedures, such as the capability to evaluate a broader range of operating
conditions, explore various setups, and shorten the development time. However, simula-
tion techniques can introduce substantial uncertainty if not validated using experimental
data. Therefore, experiments are essential as go/no-go tests to ensure the accuracy of the
numerical results. Virtual development is especially important when designing new pow-
ertrains for high-power-density applications, such as those found in motorsport [33-39]. In
these systems, durability is paramount, and a comprehensive analysis is required to ensure
the required lifetime and performance efficiencies.

This work proposes a novel methodology for improving the prediction of wear on
lubricated sliding surfaces by integrating rough contact mechanics into a nonlocal function
with a non-uniform distribution. The methodology accounts for surface roughness variation
in response to the wear evolution by dynamically changing the roughness parameters of a
mixed elastohydrodynamic lubrication model. The proposed framework was validated
using experimental data from journal bearings tested with different engine lubricants. The
paper is structured as follows. First, an overview of the numerical models is provided,
followed by a description of the case study selected for model validation. The results are
then presented, including a detailed assessment of the experimental and simulation results.
Finally, the conclusions of this study are discussed.

2. Models and Methods

The multiphysics phenomena occurring at the interface of journal bearings in-
clude fluid and contact mechanics, elasticity, cavitation, fatigue, corrosion, and thermal
effects [40-43]. Under severe working conditions, the surface wear becomes a critical
factor that substantially affects the bearing performance and thus must be incorporated
into numerical models for more accurate predictions. Figure 1 illustrates the common
damage mechanisms observed in journal bearings. The following sections describe the
mixed elastohydrodynamic lubrication model and the novel wear model proposed in this
work to investigate the wear evolution in the connecting rod big-end bearings of internal
combustion engines.

2.1. Mixed Elastohydrodynamic Lubrication Model

The governing equations of the mixed elastohydrodynamic lubrication model for a
plain journal bearing utilized in this work are briefly presented below. Figure 2 illustrates
the main geometric and kinematic parameters of the model. This section summarizes
previous publications where a more detailed explanation of the numerical procedure is
included, and the reader is referred to references [44-46].
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Figure 1. Damage mechanisms commonly found in journal bearings.
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Figure 2. Schematic of the journal bearing model with the main geometrical and kinematic parameters.

2.1.1. Reynolds Equation

The hydrodynamic pressure developed within the lubricant film at the journal bearing
interface is calculated using the steady-state isothermal Reynolds equation with the Elrod-
Adams p—-6 mass-conserving cavitation model, which can be written as

(P an) D (0 om0 (perie o
ox \ 12u ox 0z\12u 9z )  ox 2

with the complementarity conditions for cavitation being as follows:

ph > pcgv, 9 == 1 in D+
(ph - pcav)'(l - 9) = 0 — ph = pcgy, O S 6 < 1 in Di (2)
Prh = Peav on C

2.1.2. Film Thickness Equation

In this work, any misalignment between the crankshaft pin and the connecting rod
is neglected. Consequently, the lubricant film thickness can be expressed in the local
coordinate system Oxyz as
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h (x,z) = ¢ — Yycos 0 + X, sin 0y + (0, — 5]") 3)

2.1.3. Elastic Deformation Equation

The bearing flexibility must be incorporated into the model to account for surface
deformations induced by the fluid pressure under elastohydrodynamic (EHD) conditions.
Since only surface elastic displacements are relevant for fluid pressure calculations in the
EHD regime, finite element substructuring (also referred to as superelement or condensed
modelling techniques) [47] is applied to reduce the full structural finite element model
of the bearing system to an equivalent model containing only the degrees of freedom
associated with the nodes located on the bearing surface. In this study, the reduced FEM
model of the bearing system, including both the structural dynamics and distributed inertia,

[MA{?} + [84{?} {5} = 1a1{7) @

2.1.4. Rheological Models

The rheological behaviour of a lubricant significantly influences the lubrication perfor-

is expressed as

mance of ICE connecting rod bearings. The rheological properties of lubricants are highly
dependent on the temperature, pressure, and shear rate. Since an isothermal steady-state
lubrication condition is assumed in this work, only the corrections for the density—pressure,
viscosity—pressure (or piezoviscous), and viscosity—thinning relationships are considered.
The viscosity—pressure relationship is modelled using the isothermal Barus equation [48] in
Equation (5):

MBarus = Hoe" P! ®)

Sliding bearings are prone to generating high shear rates within the lubricant film,
especially in high-speed engines. Under these conditions, the assumption of Newtonian
fluid behaviour is no longer valid, as the lubricant can exhibit shear thinning characteristics.
In fully formulated engine oils, polymer-based viscosity modifier additives can contribute
to the shear thinning effect, thereby influencing the lubricant viscosity at moderate and high
shear rates. In this study, the power law-based Carreau—Yasuda equation was employed to
calculate the lubricant viscosity decrease due to shear thinning behaviour [49].

n—1

HCarreau—Yasuda = Poo F (po = pieo) [1 + (M)ﬂ} a (6)

These viscosity corrections are carried out using a partitioned coupling method with
the respective shear rate and hydrodynamic pressure calculations to obtain the final viscos-
ity value when the iterative process converges. A more detailed explanation can be found
in [44].

Regarding the density—pressure correction, the well-known Dowson-Higginson equa-
tion is used [50], formulated in Equation (7):

C1+ Czl%) )

OPDowson—Higginson — PO(
&8 C1+ pn

2.1.5. Asperity Contact Model

Tribological interactions at the microscale have been studied using different ap-
proaches in the literature. The statistical [51-54] and deterministic [55-57] methods are
the most notable in this field. These methods can be considered for implementation in the
current fluid—structure interaction (FSI) framework. The method selected for this work
was the statistical-based Greenwood and Tripp model for rough contacts due to its wide
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use in tribology simulations. Furthermore, this contact model incorporates the elastoplas-
tic behaviour of the materials. When the asperity contact pressure, calculated using the
Greenwood-Tripp equation, exceeds the hardness of the softer material in the coupling, the
asperity contact pressure is limited to the hardness of that softer material. The complete
formulation is presented in Equation (8):

- 1on p/ 172,8%0% Fs (E) Pasp < Hy
Pasp (h) - P RARRVAL ' e 8)
Hy ’ Pasp > Hy

The combined roughness parameters are calculated as mentioned in [51]. However,
the combined asperity density and mean radius of the curvature are calculated following
the approach in [58], where a more specific method is proposed to achieve better contact
area prediction.

2.1.6. Load Balance and Friction Equations

Journal bearings are subjected to different load scenarios. The steady-state loading
conditions are considered in this work using the following equilibrium equation (see
Figure 2).

W+ Fext =0 (9)

where W = (W, W,) is the resulting combined hydrodynamic and contact forces and

Fext = (F extxs Fext,y> is the externally applied load. The combined force components
represented in the vector basis as the axes of the coordinates system BXYZ attached to the
bearing centre are calculated by integrating the fluid and asperity contact pressure fields
over the bearing domain, as shown in Equation (10):

=

Il
—ni=
O%':\l)

Wi (X, Yy) [pn(x,2) + pasp(x,z)] cos (% ) dxdz

|~

(10)

=

%N\INN

Wy(er Yr) -

N
O—3

[pn(x,2) + pasp(x,2)]sin (5 ) dxdz

|
N~

Furthermore, the frictional force produced by the viscous interaction of the fluid with
the moving surfaces and asperity interactions between the journal and bearing surfaces, the
latter computed considering Coulomb—Amontons’ law for dry solid contacts, is calculated

using Equation (11):
L onr
ho wR
E (X, Y,) :/ / TP 4 ug(0) () + wpasy(x,2) | dxdz (11)
2 Bx h —_
—% 0 Tasp (X,2)

T (%2)

where 7;,(x,z) is the hydrodynamic shear stress and o = p1g(6) is the effective fluid
viscosity, which depends on whether the fluid is flowing within the pressurized (D) or
cavitation (D) regions, and it is defined by the weighting function g(#) determining the
local changes in the dynamic viscosity as a function of the fluid film fraction distribution
6. In cavitation regions (0 < 6 < 1), pegs is equivalent to the viscosity of the homogeneous
mixture of the liquid and vapour lubricant; in pressurized regions (6 = 1), ye¢f equals the
viscosity of the liquid lubricant.
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2.2. Proposed Wear Model

Calculating the wear on lubricated sliding surfaces is complex due to various influ-
encing parameters like the sliding speed, contact area, pressure, lubricant, and surface
roughness. This work introduces a novel wear algorithm that defines specific time steps
based on six criteria, incorporates a nonlocal averaging function from contact mechanics,
and uses a multiscale roughness model to adjust the roughness in wear regions. The
algorithm targets applications with frequent asperity contacts, such as those in internal
combustion engines (ICEs), industrial machines, turbines, and electric motors. It integrates
a mixed elastohydrodynamic lubrication model for lubrication and contact mechanics
predictions within a custom MATLAB toolbox LUBST. Figure 3 illustrates the simulation
workflow, from the input variables to result processing and wear cycle updates.

/
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Figure 3. Wear algorithm scheme: (a) lubricant input data; (b) simulation framework for mixed
elastohydrodynamic lubrication; (¢) wear algorithm used to predict wear; (d) wear evolution over
time; (e) wear cycle boundary conditions.

The algorithm begins with setting up the simulation model by inputting parameters
such as the lubricant and geometry characteristics, bearing stiffness, roughness, boundary
conditions, and bearing speed and load. The boundary conditions are updated in each
iteration, where the wear model computes the time step and wear based on tribological
interactions from the mixed EHL simulation. Various wear prediction models utilize
empirical and numerical methods, often relying on data for the sliding speed, temperature,
load, and material properties. This work employs Archard’s model to predict the local
wear depth, integrating a new formulation [59] to factor in the energy required for material
removal during stable wear. Key variables include the hardness of the softer material H, the
wear intensity constant K, the local friction power per area W, and the contact duration
At. The final equation for the wear depth h,, is then calculated at each computational
mesh node:

KW

hy = =5 At (12)

A brief explanation of the wear load and time step highlights the dependence of the
variables included in Archard’s equation for wear depth prediction. The new proposed
approach assumes that the material removal rate remains constant during a certain period,
At (the time step). This enables the consideration in the model of the average wear load W,
during this period, which represents the local rate of the friction energy loss per area. The
average wear load is defined in Equation (13) and depends on the asperity contact pressure
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Pasp, the relative velocity between the surfaces Au, and the shaft rotation period T under
stable wear conditions.

1 rt+T
WL:T-/t Pasp |Aul dt

An appropriate time step in the wear prediction algorithm is crucial for obtaining

(13)

accurate results and is defined by six criteria, as shown in Figure 4. A large time step
can result in divergences or incorrect wear regions. The first criterion initiates the process
after 100 revolutions at a specified speed and resets the process if the speed changes or
divergences occur. The second criterion relates to the wear depth predicted by Archard’s
equation, limiting increments to 0.5 um per node to prevent an excessive wear concentration.
The third criterion, which is independent of the asperity pressure, doubles the previous
time step if the wear predictions are below the maximum limit. The fourth criterion adjusts
the time step based on the previous asperity pressures to stabilize convergence: it retains
or doubles the step based on whether the pressure is below 1 MPa, above 5 MPa, or in
between. The fifth criterion aims to prevent divergencies by reverting to the previous time
step if the current asperity pressure is more than double the previous one or resetting if it is
four times greater. Lastly, the sixth criterion terminates the iterative process when no wear
conditions are present, choosing the remaining time as the current time step.

\

—
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Figure 4. Wear algorithm flowchart.

In the wear algorithm, once the time step and wear load field are established, the wear
depth is computed at each node of the bearing shell. This updates the value for the film
thickness between the bearing and journal surfaces and is followed by the recalculation
of the hydrodynamic and asperity contact pressures for the worn geometry. However,
mesh resolution issues can lead to inaccurate local contact pressure predictions. To address
these inaccuracies and convergence problems, a nonlocal method for determining contact
mechanics is proposed. This method incorporates a multiscale roughness model to account
for roughness variations in the wear regions, ensuring an accurate prediction of the material
removal at each node.

2.2.1. Nonlocal Function Based on Contact Mechanics

Spatial discretization is a technique in numerical modelling where a finite number
of points, or nodes, represent a continuum system. Common methods include the finite
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element method (FEM) and Boundary Elements Method (BEM). However, these methods
can lead to issues due to information loss from discretizing a continuum, particularly
in predicting tribological interactions. This can result in unrealistic local overshoots in
variables like the contact pressures. Nonlocal methods can address these problems by
avoiding unrealistic local concentrations and are utilized in various fields, including the
prediction of crack propagation in damage mechanics.

Different specific averaging functions of nonlocal methods can be used with different
approaches: integral or differential types. In this study, the integral type was used, and
its implementation involves substituting the computed wear load at each node with an
averaged value according to the following expression:

Wi (x) = Q}x) JREGIAGE (14)

where Q(x) is computed by
() = [ a(x,)de (15)

The wear load at every node is evaluated according to this expression, where Wy, is the
nonlocal wear load and Wy is the local value. As indicated in Equation (14), the averaging
procedure is driven by the nonlocal weight function a(x, ¢), whose value decreases with
the distance to the evaluated point r = |x — §|. Therefore, a specific radius of influence is
considered to affect the neighbourhood of a particular node, and all neighbouring nodes
are assigned a ratio indicated by the weight function. This work proposes a more specific
treatment of the radius of action as the function of a local variable related to the rough
contact mechanics behaviour of the bearing. The variable selected was the asperity shear
stress, defined as the asperity pressure times the boundary coefficient of friction ypr. This
variable was made dimensionless to ensure a manageable range using the Hertz shear
stress THertz as the reference value characteristic of the material. Accordingly,

Tasp  MUBLPasp HBL " Pasp

T, = — = 1
Tasp = o T 032:USS  032-UTS-0.6 (16)

Regarding the radius of action (Ra), an ellipse shape was chosen to represent the
shape of the neighbouring area for sliding wear conditions. The largest axis of the ellipse
is parallel to the sliding direction and is defined as the radius of action in Equation (17);
the shortest axis is defined as a function of the specific ellipse eccentricity ¢ of 0.6 selected
as shown in Equation (19). For ease of understanding, the common abbreviations for the
ellipse semi-radius, d,jipse and bejjjpse, are used in the equations. In Equation (17), rmax
denotes the limits of the neighbouring area, but in the equations any mesh has a different
aspect ratio and node-to-node distance.

= 1
— 7 1\ 2
Ra(Tasp) = Aellipse = %' <1 =+ Tasp> 17)

A specific definition for each one is proposed to correctly align the maximum and
minimum radius with those in the case study. 7,4 depends on the geometry configuration
of the bearing based on the number of topography samples in the circumferential direction
times the bearing clearance, as shown in Equation (18).

271y,

TYmax = CiLT (18)

A graphical representation of Equation (17) is depicted in Figure 5.
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Figure 5. Radius of action function for nonlocal contact mechanics.

Furthermore, a new weight function is proposed to account for the variation in the
local ellipse radius (R) as a function of the local position of the neighbour node with
respect to the reference node and the angle 6 and the local value of Tgsp. The local R
variation is shown in Equation (20). The local variation in the area of influence is selected
based on the specific conditions of the sliding bearings. The proposed weight function is
expressed in Equation (21). In this equation, r is the distance to the neighbour node from the

1 r 2 21
0= (1 ) “

The final expression of the nonlocal wear load is shown in Equation (22), where the

reference node.

boundary treatment is included for the nodes near the edges of the lubricated domain. The
value of Q) refers to the value of Q)(x) far from the boundaries.

WL = iy He W@+ (1- 2w @)

A graphical illustration of the nonlocal method is depicted in Figure 6 to enhance
understanding. An example of the connecting rod bearing is shown in detail without any
result preprocessing, where the wear load contours are shown over the bearing mesh. The
influence area is represented by a red line forming the local ellipse shape, where the wear
load is distributed in the neighbouring nodes coloured in black with a Gaussian weighting
function. To ensure a correct distribution, the area was adjusted to the bearing edges based
on the Q) limit, as indicated in Equation (22).

2.2.2. Multiscale Roughness Evolution Model

Wear is a process in which material is removed from a surface, and this can be
predicted using numerical methods. However, wear predictions are sensitive to the spatial
discretization of the lubricated domain. The predicted wear depth at computational mesh
nodes can vary with the resolution of the mesh, while actual wear occurs at the microscale,
influenced by the surface roughness. This disparity may lead to overestimations of the
hydrodynamic pressures and friction losses because there is often a disconnect between the
macro-level wear predictions and microscale surface topography.
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Gaussian Distribution
as function of R

Figure 6. Nonlocal contact mechanics scheme.

To address this issue, the authors propose a method to link the material removal across
scales. Each macro node corresponds to a specific area of influence for the wear, and an
equivalent microscale topography is adjusted to reflect the predicted material loss. This
correlation utilizes a multiscale parameter, the wear volume per area, connected via the
volume distribution by height curve, known as the Abbott curve [60].

Visualizing this requires the use of Probability Density Functions (PDFs) to illustrate
the roughness height distribution. From the PDF, a Cumulative Density Function (CDF) is
derived, representing the surface height-to-material ratio. The material area ratio can then
be converted to a volume ratio, ensuring uniformity in the topography mesh. The Abbott
curve is represented as 1 — the CDF to depict the material removal at specific heights,
effectively bridging the gap between the predicted macro wear and actual microscale
topography, as shown in Figure 7.

Surface characterization is critical to obtain the roughness parameters at different wear
stages. A method developed by the authors [61] is to obtain specific Greenwood-Tripp [51]
roughness parameters from every surface topography (see Figure 8), where the asperity
pressure is calculated using a statistical approach that accounts for the asperity density,
the asperity peak radius of the curvature, the standard deviation of the asperity height,
the contact area, the composite elastic modulus, the surface separation, and the integral
function related to the asperity height distribution (see Section 2.1.5).

Every surface exhibits unique roughness parameters, determined at the microscale,
which can undergo alterations due to various phenomena such as deformation, wear, and
melting. It is imperative to calculate pertinent variables to accurately characterize these
roughness features, as no universally accepted methodology exists for their acquisition.
Hence, in this study, we employed a proprietary algorithm to identify asperity peaks based
on a specified percentage of the root mean square (RMS) height of the surface’s three-
dimensional (3D) topography. This process enabled the detection of the primary peaks in
the measurement, which were the initial contact points with another surface. Subsequently,
the density of the asperity peaks was computed as the ratio of the number of peaks to the
total surface area. Furthermore, the standard deviation of the peak heights was determined.
Utilizing the identified peaks as reference points, the mean radius of the curvature of the
asperity peaks was calculated by examining four directions: parallel, perpendicular, and
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Figure 7. Multiscale roughness evolution model scheme.

2.3. Mixed EHL and Wear Model Coupling

This section describes the complete iterative algorithm setup and numerical solution
procedure for the steady-state, isothermal, elastic plain journal bearing system comprising
wear and multiscale roughness models. The flowchart depicted in Figure 9 illustrates
the procedure carried out during a simulation. The steady-state solution for the mixed
EHL model was obtained by solving the nonlinear equilibrium equations for the relative
rigid body displacements of the journal (X;, Y;) with respect to the bearing. To solve these
nonlinear equations and obtain the EHL solution, the Newton-Raphson (NR) method and
Point Gauss—Seidel Method with Aitken Acceleration (PGMA) were employed, utilizing
Armijo’s linear search technique to optimize the solution step size at each iteration. Within
the framework of the Newton—-Raphson iterative process, the Reynolds equation was
numerically solved using the hybrid Element-Based Finite Volume Method (EBVM) as
proposed by Profito [44,45], specifically designed for lubrication problems encompassing
mass-conserving cavitation on unstructured meshes. The Gauss—Seidel method with
Successive Over-Relaxation (SOR) was employed to solve the discretized Reynolds equation.
The details about the hydrodynamic mesh will be shown in the following sections. The
numerical parameters of the solver settings are shown in Table 1.
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Table 1. Numerical settings for the simulations.

Parameter Value
Solver: Linear System

Type SOR
Relaxation (pressure) factor 1.8
Relaxation (film fraction) factor 1
Max. iterations 20,000
Tolerance error 10~
Solver: Rheology

Type PGMA
Initial relaxation factor 0.001
Maximum iterations 30
Tolerance error 102
Solver: EHL

Type PGMA
Initial relaxation factor 0.001
Maximum iterations 30
Tolerance error 102
Solver: Static

Type NR
Finite difference step 1074
Maximum function evaluation 30
Maximum iterations 40
Tolerance for variables 1074
Tolerance for function 103

Furthermore, a convergence study was conducted to determine the most suitable mesh
configuration. Various grid sizes were simulated to compare the results for the hydrody-
namic meshes of the journal bearing. Since the mesh was regular and each element was a
square, different side lengths were chosen for the simulations: 1 mm (2550 nodes), 1.5 mm
(1212 nodes), and 2 mm (696 nodes). The results of this study indicated negligible variation
in the hydrodynamic variables among these grid sizes; however, significant differences
were observed in the predicted wear area due to a smaller contact patch associated with
the larger grid sizes. Consequently, a smaller grid size was selected to better represent a
more continuous contact area.

After reaching the steady-state and EHL solutions, the process of obtaining the iterative
wear solution started immediately, as this case study was set up with a static load and the
external forces did not evolve over time. The wear algorithm calculated the corresponding
wear load and time step and applied the nonlocal function to the wear load field. Then, the
wear depth field was computed using Archard’s equation, and the multiscale roughness
model was used to calculate the variation in the Greenwood-Tripp roughness parameters at
the microscale based on the wear depth predicted at the macroscale. Once these subroutines
were finished, the bearing geometry, roughness parameters, and operating conditions were
updated in the next iterative cycle.

3. Case Study

The case study focused on an experimental bearing test rig that assessed journal
bearing wear depth profiles under a static load, constant shaft speed, and constant oil
temperature. This scenario allowed us to effectively validate the wear model due to the
clear data and reproducibility it provided [62-64]. Figure 10 shows the experimental rig for
the connecting rod bearing.
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Figure 10. Case study illustration: (a) real engine application and test rig selected; (b) detailed scheme
of test rig; (c) connecting rod finite element model; (d) experimental measurement of bearing axial
profiles, before and after wear cycle; (e) interaction of parts selected for tribology study; (f) lubrication
scheme of connection rod journal bearing.

The test machine consisted of an electric motor driving a shaft with a torque transducer
to measure the friction losses. The test bearing was mounted on a rigid connecting rod and
statically loaded by a hydraulic actuator, with support brackets and bearings. The journal
bearing received oil at 4 MPa and 110 °C into the unloaded shell. The key geometrical
parameters for the simulation model are detailed in Table 2.

Table 2. Test rig specifications.

Test Rig Specifications Bearing Journal
Width [mm] 17 -
Diameter [mm)] 48 -
Clearance [pum] 51 -
Material AlSnZn alloy DLC-coated steel
Elastic modulus [MPa] 23 x 10° 215 x 10°
Poisson coefficient 0.33 0.29
Hardness [MPa] 244 2000

The roughness parameters were obtained using the method from the multiscale
roughness evolution model, essential for predicting the asperity contact pressure in the
Greenwood-Tripp equation and for friction and wear assessments. For accurate tribological
predictions, 3D surface measurements were necessary. The bearing surface characteriza-
tion setup is illustrated in Figure 11, while Figure 12 depicts the surface evolution and
the vectorization of the roughness parameters used during operation to minimize the
computation costs.

It is important to notice that the bearing surface studied was highly smooth. Therefore,
the roughness parameters did not vary drastically because the lower limit of the surface
was reached with a few micrometres of wear.
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Figure 12. Surface roughness parameters’ evolution with wear.

3.1. Simulation Model

This study developed a new simulation model to virtualize the connecting rod bearing
test rig from [62-64], aiming to predict the lubrication conditions under various operational
parameters (rotational speed, load, temperature, lubricant type). The core of this model is
the FEM representation of the connecting rod bearing, accounting for its elastic deformation
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under load, which is crucial for accurate lubrication performance predictions in wear
conditions. This deformation relates to the hydrodynamic and asperity contact pressures,
creating a fluid—structure interaction (FSI) problem. The hydrodynamic mesh was tailored
to the bearing’s characteristics, with oil supplied through a 180-degree groove in the top
shell, as illustrated in Figure 13, and its spatial discretization is detailed in Table 2.
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Figure 13. Hydrodynamic mesh scheme.

The FEM model used in the simulation is shown in Figure 10c, with its parameters
detailed in Table 3. An iterative mesh independence study ensured reliable results. The
full connecting rod model was simplified to focus on the inner cylindrical surface of the
bearing shell, reducing the computational costs while maintaining accuracy. To optimize
efficiency, C3D8 elements were used for the stiffness matrix and CQUAD4 elements served
as intermediaries between the bearing and fluid domains. Only the CQUAD4 elements
were loaded in the simulation, incorporating the necessary mass and stiffness properties of
the bearing components.

Table 3. Hydrodynamic and FEM meshes’ specifications.

HD Bearing Mesh FEM Connecting Rod Mesh

Elements 2384 46,003
Average size [mm] 1 1.33
Type of elements CQUAD? C3D8 !, CQUAD 2
Nodes 2550 51,926

! Fully integrated, linear solid element with 8 nodes; 2 plate element with 4 nodes.

3.2. Lubricant Candidates

This study evaluated the wear characteristics of three ultralow-viscosity lubricant
formulations: Oil A, Oil B, and Oil C. Each formulation combined synthetic base stocks
with a variety of additives, including viscosity modifiers, friction modifiers, antioxidants,
corrosion inhibitors, detergents, anti-wear agents, anti-foam additives, nanoparticles, and
dispersants, as referenced in [42,65,66]. A reference lubricant (Ref OW-8) [67] was also used
for benchmarking against the bearing wear.

Table 4 outlines the compositions of the lubricants, highlighting the predominance of
synthetic base stocks and the equal proportion of additives across all formulations. These
lubricants were developed and characterized at the Repsol Technology Lab in Mostoles,
Madrid, Spain.

Table 4. Repsol lubricants’ composition.

Components Oil A [%] Oil B [%] Oil C [%]
Group V base stock ! 80 47 50
Group IV base stock ! 19 40 40
Thickener 1 13 10

L68].
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Table 5 outlines the properties of the lubricants tested for wear protection at 110 °C,
revealing the key differences among them. Oil A displayed Newtonian behaviour with
a constant viscosity, while Oils B and C showed shear thinning behaviour typical of non-
Newtonian fluids, as per the Carreau model [69]. The lubricants” heat transfer properties
were also crucial due to thermal generation during contact, affecting the film temperature.
The average oil temperatures were stabilized during the wear cycle, allowing for isothermal
simulations that disregarded transient fluctuations. Additionally, with high loads, the
lubricant film pressure could exceed 200 MPa, reinforcing the need for the Barus model [48]
to describe the dynamic viscosity’s pressure dependence, as detailed in Table 4.

Table 5. Repsol lubricants” properties.

Tref, 110 [°C] Ref OW-8 Oil A Oil B 0Oil C
Density [kg/m®] 780.00 783.56 790.73 794.93
Kinematic Viscosity [cSt] 494 5.39 7.07 10.18
Barus Coefficient [1/bar] 1x10°3 11x107% 1.01x103  1.01 x 1073
Oil’s Dynamic Viscosity [Cp] at 10 [1/s] 3.85 423 5.59 8.09
Oil’s Dynamic Viscosity [Cp] at 10° [1/s] 3.65 4.17 4.28 4.7
Coefficient of Friction (CoF) Under Mixed Regime 0.07 0.063 0.069 0.060

In tribology, various factors affect the outcomes due to the interactions between rough
surfaces. The boundary coefficient of friction (CoF) is crucial for simulating the behaviour
of lubricants in mixed lubrication conditions, necessitating the use of tribometers that can
replicate thin oil film environments. The mini traction machine (MTM) tribometer at the
Repsol Technology Lab was utilized to gather data across varying shear rates, temperatures,
and loads, as presented in previous work [38,39,70].

To accurately reflect the journal bearing conditions in the MTM, an equivalence study
focused on the contact pressure was conducted. Hertz’s theory helped link the MTM point
contacts to the journal bearing line contacts, providing the necessary contact pressure for
the simulation. The resulting friction maps, created under different conditions, enabled
the determination of the average CoF for the lubricants under mixed and boundary lu-
brication conditions. For further information regarding these procedures, please consult
reference [70].

In this study, the average CoF values were used for the oils, with a standard CoF of 0.2
applied under critical wear conditions, representing dry contact and facilitating calculations
of the asperity tangential shear stress.

3.3. Wear Cycle Procedure

To study transient sliding wear in journal bearings, dynamic simulations were con-
ducted with a constant shaft speed and oil temperature, varying the static load. The wear
cycle derived from [62-64] includes two phases: the first at 5200 rpm and 3 kN and the
second with a load ranging from 3 kN to 99 kN. This work focused solely on the second
phase to analyze the wear conditions, as the first phase serves as a stabilization period. The
simulation employed experimental boundary conditions, including an average oil tempera-
ture of 110 °C and a supply pressure of 4 bar, as shown in Figure 14. These conditions were
ideal for validating the wear model and calibrating the Archard wear intensity parameter
against the experimental wear rates.
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Figure 14. Wear cycle illustration.

4. Results and Discussion

This section provides a detailed evaluation of the results obtained for the three engine
lubricants. Initially, the results of a wear validation are presented to ensure that the wear
rate and maximum wear depth values are consistent with those reported in the reference
study. Subsequently, the analysis is divided into subsections that focus on the dependence
of key factors, including the nonlocal function, the multiscale roughness evolution model,
and the wear behaviour of ultralow-viscosity lubricants.

4.1. Wear Validation

This study used experimental data from Refs. [62-64] to validate the amount of
material removed from the bearing shell. The oil used for this validation was an SAE
OW-8 oil from [67] due to the limited oil data published by the authors and the references
available for similar lubricants. The scenario selected in which to validate the simulation
model involved a DLC-coated journal and AlSnZn alloy bearing, which were tested during
a wear cycle with a constant speed of 5200 rpm, a constant load increased in steps of 120 s
from 3 kN to 99 kN, an isothermal condition of 110 °C, and a total duration of 3960 s.

The authors characterized the roughness of the journal bearing surfaces with an
optical interferometer for a purchased sample of the bearing shells used in the reference
articles [62-64], as shown in Figure 11. Journal shaft roughness data from the references
were insufficient to feed the Greenwood-Tripp model; therefore, data from a similar study
with a DLC-coated engine part was used [71], where the topography of a valvetrain
shaft was characterized, and the following Greenwood-Tripp roughness parameters were
obtained: o = 0.165 um, 1 = 4.5 x 1011 1/m?, = 1.17 pm, and Zs = 0.47 pm.

The complexity of the wear validation process was caused by various factors, such
as the experimental uncertainty, local boundary conditions, physical behaviour of ma-
terials during the wear process, and the directional seizure area of the bearing, among
others. Therefore, to simplify the process, an axial profile of the maximum wear depth
was measured using a linear roughness machine, as described in Ref. [62]. The results
obtained using the simulation model were compared with the experimental measurements
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at macroscale dimensions. Figure 15 compares the wear profiles at the end of the wear
cycle for the bottom bearing shell, indicated by a dashed red line in the image of the
bearing shell used in the study. The results in the figure demonstrate good agreement

between the experimental and simulated profiles, verifying the predictive capability of the
simulation model.

——Experimental
——Simulation

8 10 12 14 16
Bearing width [mm)]

Figure 15. Wear depth validation.

4.2. Multiscale Roughness Evolution Model Assessment

This subsection describes the evaluation of the local evolution of the surface roughness
as a function of the lubricant used. The multiscale roughness evolution model was used in
all cases, with the vectorized surface roughness parameters being a function of the wear
depth. This approach enabled the assessment of boundary conditions under which the
surface roughness might evolve differently. The evolution of the asperity pressure with the
dimensionless oil film thickness is depicted in Figure 16 to show the importance of varying
the roughness parameters. This curve shows the output of the Greenwood-Tripp equation.
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Figure 16. Dependence of asperity pressure on dimensionless film thickness and surface roughness.
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The values for the asperity pressure tended to decrease as the surface was subjected
to wear. This case study used smooth surfaces for the bearing and journal. However, the
variation in the roughness within wear regions caused a significant change in the contact
pressure calculated using the Greenwood—-Tripp equation. This variation became more
relevant with an increasing magnitude of the studied surface’s roughness.

The most relevant roughness parameter variations in the bearing shells are plotted in
Figure 17 to enhance the understanding of the local topography evolution.

Ref 0W-8 —Oil A—0il B —0il C -~~~ Load
s -
r - wE
[ o= 50 3
: -
= ®
.E t . I @
= 1500 2000 2500 3000 3500 400 @
Time [s]
E g L
E T 450 3
: 4
= T
= k== L I I I o 2
0 500 1000 1500 2000 2500 3000 3500 4000
Time [s]
E . : =100 £
o e o
@15 BT S
e — -
- 8-
E £
5 0.5 ===it=s 1 | 0 g
= 2000 2500 3000 3500 4000
Time [s]
& f—
£ — T - — —T — 1 oo 100 E
L; T S50 3
: £
% L I | | 0 3
=0 500 1000 1500 2000 2500 3000 3500 4000 @
Time [s]

Figure 17. Roughness parameters’ evolution over the wear cycle.

Figure 17 shows the evolution of the maximum asperity peak density, minimum mean
asperity height, minimum mean square root of the asperity height, and maximum mean
asperity radius, the roughness parameters used to calculate the surface contact conditions.
The method proposed by the authors assumes the dependence of the roughness character-
istics is a function of the wear on the bearing shell. The lubricants demonstrated different
tendencies as their wear rates differed significantly. Oil A showed lower variation in its
roughness parameters, while Oil C, Ref OW-8, and Oil B were the candidates with more
variation during the first loading steps. However, the bearing surface in this study was
smooth, and the wear conditions were severe, reaching around 10 microns of wear depth.
The lubricants ultimately converged to the same values for all the surface roughness param-
eters. Video 51 is included in the Supplementary Material to enhance the understanding of
the evolution of the local roughness parameters.
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4.3. Wear Assessment with Ultralow-Viscosity Lubricants

Different ultralow-viscosity lubricant formulations were assessed regarding their
wear protection capabilities as a complementary objective of this study. The steady-state
conditions of the wear cycle were highly demanding in terms of the lubricant’s performance
due to the need to maintain its viscosity with an increasing temperature and shear rate
and create a lubricant film under high loads. Such conditions are found in high-power-
density engines, where the performance is maximized to deliver the maximum output
power. Lubricants play a crucial role in engine durability, as their protective film thickness
prevents excessive wear in reciprocating and rotational mechanisms.

Therefore, a wear assessment procedure is presented by which we compared the lubri-
cants’ performance based on previous publications [38,39]. This procedure was structured
according to several key elements: a representative scenario of the actual application, a
validated simulation model to ensure correct wear prediction, and a wear algorithm with
time step prediction as a function of the change in the wear rate that ensured convergence.
Thus, the following results are presented to comprehensively assess the wear protection
capabilities of ultralow-viscosity lubricants in high-performance engines.

A comparison of the evolution of the lubrication conditions over the wear cycle is
presented with the corresponding instantaneous power loss to enhance the understand-
ing of wear assessment. Lubrication regimes help us to understand when critical wear
conditions are occurring and can be calculated using the specific oil film thickness (SOFT)
h(x,z,t) = h%cz“ Following a literature review [20], the lubrication regimes according to
the SOFT values were classified as follows: <1: boundary, when critical damage occurs
due to severe surface contact; 1-3: mixed, where surface contact often causes damage;
3—4: elastohydrodynamic, a regime associated with elastic deformation and some possible
surface contacts; and >4: hydrodynamic, a regime in which there is no contact, as there is
significant separation between surfaces.

Figure 18 shows the evolution of the minimum SOFT values over the wear cycle
considered. Significant material removal in some areas of the bearing was observed.
In the first cycle, the minimum SOFT values revealed that the bearing was still in the
hydrodynamic regime, but it quickly changed to the mixed lubrication regime due to
the load increase. At around 3000 s, all lubricants performed according to a boundary
lubrication regime due to the highly loaded conditions. As a general tendency observed in
the graph, Oil A showed a high SOFT value, which means a better wear protection capability.
It was closely followed by Oil C, which showed similar wear protection capabilities. The
use of Ref OW-8 oil generally resulted in lower SOFT values, coming in third overall. Oil B
yielded the lowest SOFT values, showing the worst wear protection capabilities following
the assessment based on the lubrication regime results.

Another interesting result from the assessment of lubricant performance under friction
power loss is depicted in Figure 19, which shows how much energy was expended due to
tribological and rheological losses. Lubricant additives determine these results, as well as
the level of wear protection. Therefore, the correct combination of additives must achieve
a good compromise between the friction losses and wear protection. In this case, Oil B
exhibited higher values for friction losses, showing worse performance in terms of energy
efficiency. It was followed by Ref 0OW-8 and Oil C, respectively. Oil A showed the lowest
friction loss values, indicating that this oil was the best selection for this loading condition.

In addition, the wear intensity and the total amount of material removed observed
during the simulations were analyzed, and several results are provided below. So, the wear
intensity was measured based on the wear load and asperity pressure values. The main
difference between these two variables was the nonlocal function applied to the wear load
results to obtain an averaged solution following the contact mechanics approach. However,
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the tendencies of these two variables matched and agreed with the previous assumptions
based on the SOFT results. Figure 20, showing the wear load and asperity pressure results,
depicts the same performance hierarchy as for the friction power loss, with Oil B exhibiting
the highest wear intensity values, followed by Ref 0W-8 and Oil C; Oil A was the lubricant
with the lowest wear intensity values. Video S1 is included in the Supplementary Material
to enhance the understanding of the evolution of the local contact conditions.
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Figure 18. Evolution of minimum SOFT values over the wear cycle.
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Figure 19. Friction power loss evolution over the wear cycle.
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Figure 20. Wear load and asperity pressure evolution over the wear cycle.

Regarding the amount of material removed from the bearing, Figure 21 shows the
results obtained for the four lubricants. Both the maximum wear depth and wear volume
are shown in the figure, with significant differences in their evolution over time but not
in the lubricants’ final results. The maximum wear depth showed a tendency to increase
smoothly over the wear cycle, with Oil B being the lubricant with the least protective
capabilities, followed by Ref 0OW-8 and Oil C, respectively. The results for Oil A agreed with
those from the previous assessment, showing the lowest wear depth values.
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Figure 21. Accumulated wear depth and wear volume evolution over the wear cycle.
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However, different tendencies were observed for the wear volume over the wear cycle,
where the lubricants did not maintain the same performance hierarchy at all points. This
phenomenon can be explained by the equilibrium in the contact area when a significant
amount of material was removed quickly from a region, such as the bearing’s edges. Then,
the inner regions tended to compensate for this excessive wear at the edges. Therefore,
the wear volume tended to evolve according to the maximum wear depth at the end of
the cycle when the contact areas had stabilized. Thus, the performance hierarchy of the
lubricants matched the results for the maximum wear depth values.

Lastly, wear depth contours are shown in Figure 22 as the final results to enhance
the visualization of the damage caused to the bearing shells and for the lubricant wear
assessment. The results from the last time step for the wear depth are depicted for the
four lubricants in Figure 22. The contour plots show the influence of the connecting rod’s
elasticity, which caused the wear areas to shift to the bearing’s edges due to a high amount
of deformation in the centre region caused by the high hydrodynamic pressure.
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Figure 22. Wear depth contours at the final time step of the wear cycle.

An axial cross section is shown for the maximum wear depth region in Figure 23 at x
=81 mm to facilitate a comparison between the lubricants. It can be seen that the results
matched those of the previous assessment, with the order from the lowest wear protection
capabilities to the most being Oil B, Ref 0OW-8, Oil C, and Oil A. It was confirmed that Oil A
showed better durability capabilities in this case study in terms of its wear protection and
power loss efficiency.
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Figure 23. Wear depth axial profile at x = 81 mm at the final time step of the wear cycle.

5. Conclusions

The novel algorithm proposed in this work for predicting wear on the connecting rod
bearings of internal combustion engines has demonstrated high effectiveness and reliability.
By incorporating multiple factors, including the sliding speed, contact area, hydrodynamic
and asperity contact pressures, lubricant properties, and surface roughness evolution, the
algorithm provides a comprehensive and robust framework suitable for making wear
predictions in complex tribological systems. The integration of a nonlocal averaging
function, specifically designed to account for the contact mechanics characteristics of the
interface, significantly enhanced the accuracy of the wear distribution calculations by
mitigating unrealistic local asperity contact concentrations associated with the resolution
of the computational mesh.

This work also emphasizes the importance of dynamically adjusting the surface rough-
ness parameters during wear simulations. The proposed multiscale roughness evolution
model provided a deeper understanding of how the surface roughness evolves under vary-
ing lubrication conditions, particularly with different lubricants. The validations against
experimental data revealed strong agreement in terms of the wear rates and maximum
wear depths, confirming the model’s reliability in practical applications.

Additionally, this study highlighted significant performance differences among low-
viscosity lubricants, identifying specific lubricants that provide superior wear protec-
tion and energy efficiency. Such findings make these lubricants more suitable for high-
demand applications. Overall, this contribution offers significant insights into the design
and optimization of tribological systems, particularly in high-performance engines and
industrial machinery.

While this study provides valuable insights into the performance analysis of fully
formulated lubricants using a virtual test bench, certain limitations are acknowledged.
The translation of MTM-derived friction coefficients to the full complexity of real-world
operational conditions, including dynamic surface changes, presents inherent challenges
despite the existence of measures like the contact pressure equivalence. Furthermore, the
assessment of commercial lubricants which vary in terms of their base oil, additives, and
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viscosity simultaneously makes isolating the specific contribution of individual parameters
to the performance outcomes more complex. Therefore, while incorporating the detailed
experimental characterization of lubricants, the numerical model used in this work focused
on macroscopic rheological and tribological properties rather than explicitly simulating the
microscale chemical interactions of specific lubricant components.
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Nomenclature

[y Lubricant density

h(x,z) Lubricant film thickness

u Lubricant’s dynamic viscosity

Oxyz Local coordinate system

ph(x,z) Hydrodynamic pressure

w Rotational speed

Peav Saturation pressure

0(x,z) Lubricant film fraction

R Nominal bearing radius

x = R6, Circumferential direction

z Axial direction

Dt Pressured regions

D~ Cavitation regions

C Cavitation boundaries

BXYZ Coordinate system in the bearing centre

X Rigid body displacements of the journal relative to the
' bearing in the BX direction

Y Rigid body displacements of the journal relative to the
’ bearing in the BY direction

c Bearing clearance

O Angular position of the bearing

oy Elastic deformations of the bearing surface in the radial direction

5]?’ Elastic deformations of the journal surface in the radial direction

M, Reduced mass matrix

B, Reduced damping matrix

K, Reduced stiffness matrix
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Nodal surface displacement vector in the local bearing coordinate system
Nodal surface velocity vector in the local bearing coordinate system

Nodal surface acceleration vector in the local bearing coordinate system
Nodal hydrodynamic pressure vector

Area matrix used to convert the fluid pressure into a distributed load field
on the bearing surface

Low-shear Newtonian dynamic viscosity at a given temperature and pressure
Barus constant (specific to each lubricant)

Carreau—Yasuda constants (specific to each lubricant)
Characteristic relaxation time of the lubricant

Equivalent shear rate within the fluid film

Lubricant’s dynamic viscosity at infinite shear rate
Dowson-Higginson constants with typical values of 0.59 GPa and 1.34
Lubricant density at atmospheric pressure and given temperature
Rough contact pressure

Specific oil film thickness (SOFT)

Combined elastic modulus of the surface materials

Vickers” hardness of the softer material

Combined asperity density

Combined asperity radius of curvature

Standard deviation of the asperity heights

Mean asperity height

Gaussian function representing the asperity height distributions
approximated by a polynomial function [51]

Combined hydrodynamic and contact forces

Externally applied load

Hydrodynamic shear stress

Asperity shear stress

Weighting function for local changes in the dynamic viscosity
Effective fluid viscosity

Wear depth

Wear time step

Local friction power per area (or wear load)

Wear intensity constant

Hardness of the softer surface material

Relative velocity between surfaces

Shaft rotation period

Nonlocal wear load

Nonlocal weight function

Distance to the evaluated point

Radius of action

Boundary coefficient of friction

Hertz shear stress

Ultimate shear stress

Ultimate tensile stress

Ellipse eccentricity

Ellipse long and short semi-radius

Limits of the neighbouring area

Bearing radius

Number of topography samples in circumferential direction
Dimensionless asperity shear stress

Local ellipse radius

Local angle variation with respect to a reference node

Limit of the value Q)(x) far from the boundaries
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