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Simulation-based parameter
optimization and experimental
assessment of single- and
multi-dimple textures in full-film
lubrication

Raphael Scharf'*, Michael Pusterhofer?, Florian Grun* and
Paul Staudinger?

Montanuniversitat Leoben, Chair of Mechanical Engineering, Leobem, Austria, 2Anton Paar, Graz, Austria

The specific geometrical modification of surfaces is a current field of research to
enhance the tribological properties in lubricated sliding contacts. As many
parameters influence the performance of textures, a numerical approach is used
to identify optimal parameters for a single-dimple and multi-dimple textured
convergent oil film gap. To ensure that such surface textures can be easily
manufactured, the widely used milling manufacturing technique is employed.
Additionally, a novel test methodology was implemented on a rheometer/
tribometer to evaluate the performance of these textures in full-film lubrication.
Both a numerical and an experimental approach are used. In this experimental
methodology, the rotational speed, temperature, and minimum oil film gap are
varied. The experiments show that the single-dimple texture leads to the highest
load-carrying capacity. The drag force of both textures is similar at 23 °C and is lower
than that of the untextured oil film gap. As the temperature increases, this beneficial
effect of reducing drag is no longer observed. However, the load-carrying capacity
of both textures remains higher than that of the untextured oil film gap.

KEYWORDS

convergent oil film gap, full-film lubrication, numerical and experimental approach,
single- and multi-dimple textures, surface textures

1 Introduction

Bearings are widely employed in technical systems. The specific type selected depends on the
machine and its operating requirements. For instance, rolling bearings are commonly used in
compressors (Mikic et al., 2021). In power plants, hydrodynamic bearings are mostly used due to
their long durability. According to Yang and Palazzolo (2021), in large power plants,
approximately 1-2 MW are lost through friction by a single hydrodynamic thrust bearing.
Consequently, many studies focus on different methodologies to reduce friction. For engine
bearings, Ligier and Noel (2015) summarized the solutions to reduce friction into three categories:

« Material

» Geometry

« Environmental solutions

The modification of the lubricated sliding contact’s geometry is becoming increasingly

important. In 2025, 676 studies were found for the keyword “surface textures in tribology”

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmech.2025.1749899/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1749899/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1749899/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1749899/full
https://www.frontiersin.org/articles/10.3389/fmech.2025.1749899/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2025.1749899&domain=pdf&date_stamp=2026-01-27
mailto:raphael.scharf@unileoben.ac.at
mailto:raphael.scharf@unileoben.ac.at
https://doi.org/10.3389/fmech.2025.1749899
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2025.1749899

Scharf et al. 10.3389/fmech.2025.1749899
Thrust bearing
Thrust collar Pad
Pad
Thrust pads
! . .
Oil film gap
7(1
_ M—Fluid
e
U
Thrust collar
Parallel textured oil film gap Convergent textured oil film gap
Converging region Diverging region Converging region Diverging region
e (T'
u u
FIGURE 1

Schematic hydrodynamic thrust bearing.

on Sciencedirect.com, compared to 205 publications in 2015.
However, Marian et al. (2022) mentioned that most studies
focusing on the performance of textures in hydrodynamic
lubrication use a parallel contact geometry. Because the oil film
gap’s geometry converges in many technical applications, this study
will focus on a convergent oil film gap, as presented in Figure 1. The
figure shows that the oil film gap of a hydrodynamic thrust bearing
can be convergent, and a geometry simplification results in a
convergent oil film gap. Furthermore, the figure shows that a
texture consists of a converging and diverging region. For a
parallel oil film gap, a dimple can significantly increase the load-
carrying capacity compared to an untextured parallel oil film gap,
where pressure build-up is not possible. In a textured convergent oil
film gap, two converging regions overlap: the global convergent oil
film gap and the textures’ converging region.

The texture shape and its geometrical parameters considerably
influences the performance, even in parallel contacts (Codrignani
et al., 2020; Gherca et al., 2013; Guo et al., 2022; Kumar and Sharma,
2018; Shen et al., 2021; Singh and Awasthi, 2021; Uddin et al., 2017;
Wei et al., 2020; Yu et al., 2010; Ren et al., 2007; Zhang et al., 2015;
Pusterhofer et al., 2025; Wang Y. et al., 2025; Vencl et al., 2019). For
instance, Wei et al. (2020) analyzed the performance of eight
different multi-dimple textures on a convergent oil film gap and
concluded that a square-shaped texture produces the highest
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dimensionless pressure. Codrignani et al. (2020) simulated seven
different surface modifications, including single- and multi-dimple
textures, for a sliding pin in full-film lubrication and reported that a
single-dimple texture leads to the highest load-carrying capacity.
This observation was confirmed by Fouflias et al. (2015), who
numerically examined the performance of single- and multi-
dimple textures on a parallel hydrodynamic thrust bearing.

In addition to the previously described relatively simple texture
shapes, Su et al. (2024) investigated a bio-inspired texture
numerically and found that this parabolic surface modification
increases the load-carrying capacity. However, the manufacturing
process of such bio-inspired textures is challenging.

Although according to Marian et al. (2022), approximately three-
quarters of all publications in the field of surface texturing in
tribology include an experimental approach, only a few
publications use a test methodology for a convergent oil film
gap. An external load is applied in the test methodology of
Rosenkranz et al. (2019), Guo et al. (2018), and Pusterhofer et al.
(2025), and the oil film gap height is measured. Pusterhofer et al.
(2025) and Rosenkranz et al. (2019) evaluate the performance of
different textures at different convergence ratios. According to
Pusterhofer et al. (2025), textures reduce the hydrodynamic
friction force but also the minimum oil film gap height over
nearly all examined convergence ratios. Rosenkranz et al. (2019)
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found that most textures are beneficial at high convergence ratios.
Guo etal. (2018) focused on grooved textures and mentioned that for
aspect ratios less than 1.5, there is no difference between the grooved
and untextured experiments. Simply increasing the convergence ratio
makes these surface modifications beneficial. Compared to these
works, Henry et al. (2015), Wang W. et al. (2020), Wang J. et al.
(2020), Morris et al. (2015), and Wang et al. (2001) present test
methodologies for parallel oil film gaps. A special example of this
methodology is the test rig used by Henry et al. (2015), who
conducted experiments on square-shaped textures on a parallel
thrust bearing for different texture area densities and different
loads. They concluded that textures where a dimple is positioned
at the inlet of an oil film gap considerably improve the tribological
performance and that the thermal pad deformation creates
convergent and divergent zones. Additionally, Henry et al. (2015)
observed some cooling effects of textures of approximately 24 K.

This cooling effect was also observed by Wang W. et al. (2020),
who used a ring-on-ring test rig to determine the impact of different
grooved textures in mixed lubrication. They additionally mentioned
that the friction coefficient COF decreases at different velocities
(Wang W. et al., 2020).

Scharf et al. (2024a) numerically presented that small deviations
from the optimal dimple geometry can deteriorate performance,
highlighting the need for adequate manufacturing processes. Costa
and Hutchings (2015) summarized these processes into four
categories:

« Removing material

« Moving material

o Self-forming

« Adding material technologies

All manufacturing techniques have their specific advantages and
disadvantages. Vencl et al. (2019) summarized the different surface
methodologies presented in many articles and concluded that laser
surface texturing is currently the most often used. According to Costa
and Hutchings (2015), milling machines are a widely established
material removal technique. Within this study, a texture that can be
manufactured by such a machine should be found.

In Codrignani et al. (2020), Fouflias et al. (2015), and Codrignani
et al. (2018), a single-dimple texture had the best performance.
Therefore, this texture shape is selected and compared with a multi-
dimple texture, both of which should be manufacturable with a
milling machine.

A simulation algorithm is used to identify the optimal dimple
parameters for specific conditions. Because experimental
approaches for convergent oil film gaps are rare, a novel test
methodology needed to be applied. In contrast to Pusterhofer
et al. (2025) and Rosenkranz et al. (2019), the oil film gap height
is applied to ensure full-film lubrication. The load-carrying capacity
and friction can be measured.

As noted in the introduction, the effectiveness of textures is
influenced by operating conditions, and most studies focus on
parallel oil film gaps in full-film lubrication. This raises the
question of how single- and multi-dimple textures perform under
different conditions, such as rotational speed, minimum oil film gap
height, and temperature.
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FIGURE 2
Boundary conditions for schematic oil film gap.

2 Methodology
2.1 Numerical approach

A simulation algorithm is required to identify the optimal
texture geometry for specific conditions. A suitable simulation
algorithm has already been published by Scharf et al. (2024a),
Scharf et al. (2024b), and Scharf et al. (2025). Within this work,
the performance of textures in full-film lubrication should be
analyzed. Consequently, the multiphase Stokes flow, which
considers cavitation and is presented through Equation 1, is
used. In that equation, ii represents the unknown velocity, and p
is the unknown hydrodynamic pressure field. p stands for density, v
for kinematic viscosity, and { for the second viscosity of the fluid. I is
the identity matrix, and f is the body force. The second viscosity {
and v are defined as the same value, which also confirms the
inequality presented by Shibata et al. (2018). Additionally, the
continuity equation (Equation 2) is necessary. If cavitation does
not occur, solving the Stokes flow (cf. Equation 3) is sufficient.

—V-{v[Vﬁ+(Vﬁ)T—§(V-ﬁ)I] +((v-a)z}+vP=pﬁ )
V.ii=o0, @)
—vAﬁ+Vp:P7 (3)

To consider cavitation, which occurs when the pressure p is less
than the vapor pressure p,, the Merkle algorithm (Merkle et al.,
1998) is used, as presented in Equations 4-9. This cavitation model
has been applied by Concli (2020) to simulate a hydrodynamic
journal bearing and by Scharf et al. (2024a) and Scharf et al. (2024b)
to simulate a convergent oil film gap. In this model, the vapor
volume fraction «, is calculated to determine the density p - and
kinematic viscosity field v, which are dependent on the density and
viscosity of both the liquid p;, » and the vapor p, v,. The vapor
volume fraction «, represents the ratio of the vapor volume to the
total volume V, + V;, where the sum of the liquid volume fraction «;
and vapor volume fraction «, equals 1. The terms #1" and rir
describe the condensation and vaporization processes and are
influenced by the condensation constant Cc, the evaporation
constant Cv, the reference time tq,, and velocity U.

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1749899

Scharf et al.

3

btex.

Aiex.

-
1
\%J»
=)

1)

hmin

FIGURE 3

10.3389/fmech.2025.1749899

b) dhnr Aiex.
Lo e U
I W W
(oo e e Y]
L e
IR | N R i i o
L L Lt e
oo e e e
(D | G | | W 5
o &
Lo JU s JL L JL L

1
g L] T

h
Ttex. | |

Geometrical parameters of oil film gap: (a) single-dimple texture and (b) multi-dimple texture.
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The schematic geometry of the oil film gap is depicted in Figures
2, 3. The finite element method (FEM) implemented in the Python
package Netgen/NGSolve (NGSolve, 2025) is applied to solve the
previously described partial differential equations. The Sparse
Cholesky decomposition is used to solve the matrices. The
geometry is discretized by tetrahedral-shaped elements with
second-order shape functions. The maximal mesh size was
determined through a grid study, resulting in a maximal mesh
size of 100 um being selected. Regarding the geometry of the oil film
gap, Figures 2, 3 show a horizontal region on the left side. This
surface is necessary to adjust the alignment of the pins (cf.
Subsection 2.2) for the novel test methodology. This region is
followed by a converging oil film gap. The boundary conditions
for this numerical approach are depicted in Figure 2. The top surface
is moving, the bottom surface is stationary, and ambient pressure is
applied on the lateral surfaces. Consequently, the liquid volume «; is
equal to 1 on these surfaces. As a circular disc is used, the velocity
field of the moving surface consists of horizontal and vertical
components, as shown in Figure 2.

The simulation results include the pressure p and velocity i
fields. To evaluate the performance of a specific oil film gap, the
lifting force Ey ¢ and drag force ﬁdmg are computed (cf. Equations
10, 11). The lifting force Fy ¢ is the integral of the hydrodynamic
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pressure p integrated over the top surface. The drag force is the
integral of the shear stresses 7, over the top surface.

Fy .=J vremay) - AAA, 10
gt = | P (pemmax) T (10)

Eirag = JATX (pmmax) @A (11)

The required simulation parameters are presented in Table 1.
HLP22 oil is used for lubrication, and the viscosity at 23 °C is
calculated utilizing the Walther (1931) equation. The density p; at
different temperatures is estimated using the equation presented by
GOST (2025). All other oil- and cavitation parameters are based on
the work of Hong et al. (2018) and Savio et al. (2021).

Figure 3 illustrates the geometry of the single- and multi-dimple
textures. To ensure manufacturability, the dimple geometry must be
easily reproducible and cost-effective. Previous research has shown
that rectangular textures are more effective than other simple dimple
shapes (Scharf et al., 2025). Scharf et al. (2025) showed that textures
that can cover a larger region, such as rectangular textures, perform
better than other texture shapes (e.g., rectangular dimples). To
ensure manufacturability, the edges are rounded with a radius R,
which is defined by the minimum of a., /4 and by /4.

An optimization algorithm is used to identify the optimal
dimple parameters for specific conditions.

The negative performance enhancement ratio (PER), presented
by Sharma et al. (2019) (cf. Equation 12), is used as the cost function
for this optimization algorithm. Because such algorithms are
designed to find a minimum, the negative PER value is defined
as the cost function. This methodology was previously published by
Scharf et al. (2025), and a Tree-structured Parzen Estimator (TPE)
(Bergstra et al, 2025) is employed to determine the optimal
parameters. A TPE is a variant of the Bayesian optimization
algorithm (Watanabe, 2025), which categorizes parameters into
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TABLE 1 Simulation parameters.

Parameter

Density oil liquid p; 854 kg/m*
Density oil vapor p, 0.13 kg/m*
Dynamic viscosity liquid #,; 35.4 mPas
Dynamic viscosity vapor 7, 0.02 mPas
Condensation coefficient C¢ 333
Vaporization coefficient C, 0.00155
Vapor pressure p, 165 Pa
Input velocity Ug, 2 m/s
Reference time o, 1/U
Length of oil film gap 1 12 mm
Horizontal length I, 2 mm
Width of oil film gap b 10 mm
Minimum oil film thickness hp;, 25 pm
Oil film gap angular « 0.16°
Convergence ration Hmay/Amin — 1 1.12

TABLE 2 Interval of texture parameters.

Parameter

Single-dimple

Multi-dimple

texture texture 5 x 5

Texture length aye.. [0.5, 0.6, ... 9.9] mm [0.5, 0.6, ... 1.5] mm

Texture width by, [0.5, 0.6, ... 9.9] mm [0.5, 0.6, ... 1.3] mm

Texture height hye.. [5, 10, ... 30] um [5, 10, ... 30] um

Horizontal offset dj,,. - 0.1 mm to dpor. max

Vertical start - biex./2 10 Ystart, max.

position yar

trials that perform better and those that do not (Wang L. et al., 2025).
Initially, the parameters are defined randomly, and then the
algorithm attempts to maximize the ratio between better-
performing trials and the others (Wang L. et al, 2025). This
process should guide parameter selection toward better-
performing regions. The TPE sampler has the advantage of being
able to be used for different data types (categorical, float, integer),

which is essential for creating manufacturable textures.

|P lift textured |

PER = Tt | 12

|Faragexured |

Faraguntextured

In Table 2, the intervals for the optimization algorithm
parameters are introduced. A categorized list of values for the
possible optimal parameters is defined for the texture length ay ,
width by, and height h.. The spacing interval for the multi-
dimple texture depends on ayey. and by, causing the limits for dj,,.
and ygqr to change, depending on ay.. and by. Therefore, a
floating parameter interval is defined for djo,. and ysqre. The limits

Frontiers in Mechanical Engineering

10.3389/fmech.2025.1749899

TABLE 3 Optimal dimple parameters.

Parameter Single dimple

texture

Multi-dimple

texture 5 x 5

Texture length ay.. 9.9 mm 1.5 mm
Texture width by, 7.1 mm 1.3 mm
Texture height hye.. 20 pm 20 pm

Horizontal offset dj,,. - 0.1 mm
Vertical start - 2.26 mm
position yar

PER 1.23 1.096

are set to ensure that the dimples do not overlap each other and do
not protrude beyond the global oil film gap. Three parameters are
varied for the single-dimple textures, and five parameters are varied
for the multi-dimple texture.

The stopping criteria for both geometries were based on the
number of trials. Specifically, 1000 simulations were conducted for
the single-dimple texture, and 5000 simulations were conducted for
the multi-dimple texture. Note that such a large number of
simulations is not necessary to identify the optimal dimple
parameters, as these were found within a few hundred numerical
trials. However, the extensive dataset does allow for verification of
whether the identified optimal parameters are indeed the best ones.

With the aid of the simulation algorithm described, the optimal
dimple parameters were found and are depicted in Table 3. It is
evident that the hyper-parameter toolbox aims to reduce the spacing
between the dimples, as dj,,. reaches the lower limit of the interval,
and ya reaches the upper limit of yq,. These results suggest that
a single-dimple texture leads to a higher PER.

2.2 Experimental approach

Figure 4 depicts the test methodology using a modular compact
rheometer MCR702e from Anton Paar. A specific oil film gap height
Bymin. is adjusted to conduct the experiments. The generated normal
force, which corresponds to the lifting force Fy ¢ in the simulation
approach, is measured. The basic principle of this experimental
methodology is a three-pin-on-disc test rig. The disc rotates while
the pins remain stationary. The pin specimen consists of three single
pins arranged to avoid tilting effects and ensure that the MCR702¢’s
air bearing is not loaded through shear forces. The resolution of the
vertical displacement is approximately 0.6 um, and the maximum
tolerable normal load is 50 N. The load cell and sensor to measure
the displacement are located in the upper part of the rheometer. The
test cell itself is flooded with oil, and the splashback avoids oil
contamination of the surrounding area. Additionally, this
component serves as a type of oil storage, ensuring that the oil
does not form a parabolic shape due to centrifugal force. In addition
to the lifting force Ey 71> the drag moment Mdrug: the rotational
speed #n and the minimum oil film gap height h,,;, are measured.

The specimens must be accurately adjusted before each test. The
axial runout of the disc and the vertical position of each pin are
arranged. The axial runout is measured using a dial indicating gauge
with a resolution of 2 um. To quantify the vertical position of each
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pin, a feeler gauge stock is placed on the alignment surface of a pin,
and a normal force of 1 N is applied to measure the vertical
displacement for each pin. Feeler gauge stocks are added under
the socket to adjust any displacement differences, achieving a height
difference of less than 2 pm.

To determine the zero gap, a normal load of 1 N is applied when
the oil bath is flooded and heated. This allows consideration of the
thermal expansion.

As previously mentioned in this study, a three-axle milling
machine is used to manufacture each texture presented in
Table 3. A ball nose cutter (with a diameter of 0.5 mm) is
installed in the (cf. Figure 5d). The
manufacturing times for a complete specimen, consisting of three

milling machine

pins, are 4 h for a single-dimple and 6.5 h for a multi-dimple
textured pin. It appears that the milling process is not as time
efficient as estimated, but the milling machine used is not designed
for high cutting speeds. The maximum spindle speed is limited to
8000 rpm, and the tool does not have an internal cooling system.
Sommer et al. (2024), for example, used a high-speed milling
machine with a maximum spindle speed of 45,000 rpm, which
would significantly decrease the manufacturing time.

Figure 5 shows the surface of a single pin (untextured, single-
dimple, and multi-dimple texture). The machining grooves are
oriented in the direction of movement. The parallel alignment
surface is located on the left side, followed by the converging region.

A contour measurement device, MarSurf VD140, is used to
quantitatively evaluate the pin geometry. In Figure 6a, the
methodology for evaluating the pin’s surface is detailed. Using a
tactile probe, the surface contour is measured over different
horizontal lines with a displacement of 0.25 mm between each
measurement. Figures 6b—d display the evaluated surface profiles. It
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FIGURE 5
Pin surfaces and the manufacturing process: (a) untextured, (b)

single-dimple texture, (c) multi-dimple texture, and (d)
manufacturing technique.

can be observed that the surface is parallel up to 2 mm, followed by
an inclination. Theoretically, the height difference for an angle of
0.16" and a length of 10 mm is 28 um. This height difference is
evident in Figure 6b—d. As the surface contour measurement device
is used to evaluate the geometry of the texture, the y coordinates do
not cover the entire area of 10 mm. Figures 6¢c-d show that the
optimal texture parameters, for example, the textured depth hy,,. of
20 um, can be achieved with this common manufacturing technique.
The irregularities in the height profile at different y coordinates can
be attributed to the different tool tracks.

These different tool tracks also influence the roughness of the pins,
as presented in Table 4. For the untextured specimens, the surface
roughness is measured three times for each pin, perpendicular to the
lay direction. The roughness parameters for the single-dimple texture
are determined inside the dimple (two tracks per pin) and outside the
dimple (one track per pin). Due to the limited space inside the dimples
for the multi-dimple textures, the roughness parameters are measured
outside the dimples, twice for each pin. The disc roughness is analyzed
in the radial direction four times.

Standard aluminum discs are used for the disc material in the
pin-on-disc test rig. The pins are made from stainless steel, and
hydraulic oil HLP22 (LIQUI MOLY GmbH, 2025) is used as the
lubricant (cf. Table 5).
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Evaluation of pin surface: (a) methodology, (b) untextured pin, (c) multi-dimple textured pin, and (d) single-dimple textured pin.

2.3 Test strategy « Testing
Each experiment consists of three different stages (cf. Figure 7): During the heating period, the oil film gap height h,,,;,. is set at
1 mm, and the disc rotates at 300 rpm to establish a uniform
» Heating temperature field. This is followed by the adjustment of the oil film
» Adjustment of oil film gap height h,,;,. gap height, where the minimum film thickness Ay, is defined.
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TABLE 4 Surface roughness.

Untextured specimen Disc

Ra [um] Rz [um] Ra [pm] Rz [um]
Average 0.227 0.943 0.5735 2.789
Min 0.148 0.954 0.565 2.296
Max 0340 1.576 0.589 2.989

Single-dimple Multi-dimple texture

texture
Inside dimple Inside dimple

Average 0.459 2.126 Not measurable
Min 0.326 1.978
Max 0.619 2.559

Outside dimple Qutside dimple
Average 0.163 1.015 0.114 0.771
Min 0.133 0.905 0.089 0.6525
Max 0.19 1.184 0.129 0.952

TABLE 5 Specimen materials.

Disc 6082 Aluminum (3.2315)
Pin Stainless steel (1.4301)
Oil HLP22

n .. Rotational speed T .. Temperature

h .. Minimal oil film gap height 1000 rpm =~2.3 m/s

300 rpm ‘
23 °C / 40 °C :
= / 1mm 100 rpm =~0.23 m/ s 3
= i
150/ 125/ 10( :
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FIGURE 7

Test strategy.

During this process, the disc is stationary. The final stage is the
testing phase, where the rotational speed is increased from 100 rpm
to 1000 rpm, which corresponds to a magnitude of the velocity
between 0.23 m/s and 2.3 m/s. Two different temperature levels
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(23 °C and 40 °C) were tested, along with seven different minimum
oil film gap heights h,,;, . The minimum oil film gap height h,,;;, is
controlled and measured during the experiment to prevent the
bodies from coming into contact. To evaluate churning losses, a
test with a minimum oil film gap height 4,,,;,. of 1 mm is conducted.
The drag moment Mdmg is subtracted from the results obtained to
identify the friction in the tribological contact.

3 Results
3.1 Experimental results

Figure 8 shows specific test graphs for different pin geometries.
Generally, it can be observed that with increasing rotational velocity,
the lifting force Fy ¢ and drag force ?dmg increase. Furthermore, the
temperature measured at the bottom of the oil bath is constant at
40 °C during the testing period. Although the control system to keep
the minimum oil film gap height constant was enabled, these graphs
illustrate that the minimum oil film gap height h,,;, increases with
increasing rotational speed. Theoretically, a minimum oil film gap
height Ay, = 25 pm is defined in the graphs of Figure 8. This
defined value is only maintained at the beginning of the experiment.
With increasing normal load, A, also increases stepwise. Further
experiments have shown that this behavior is more dominant at
lower minimum oil film gap heights A, (cf. excerpt of the
experimental results in the appendix). Therefore, the increasing
lifting force Ey; ¢ with decreasing hy,;,. could potentially explain this
phenomenon. Note that A, is measured as a displacement of the
air bearing.

Regarding the performance of different texture geometries, the
single-dimple texture leads to the highest lifting force Ey 71> followed
by the multi-dimple texture and the untextured oil film gap (cf.
Figure 8). This trend was also seen at a temperature of 23 °C and with
other minimum oil film gap heights h,;,.

Referring to the drag force F drag> Figure 8 shows that the E drag Of
both textures is quite similar, and it is greater than the ﬁd,ag of the
untextured oil film gap. Additional experiments revealed a
controversial result at 23 °C. At this temperature level, the Fdrag
of both textures is also similar, but less than the deg of the
untextured pin (cf. Figure 9). However, note that the drag force
P"dmg is, in general, low, up to approximately 0.3 N at room
temperature, depending on the rotational speed n, the oil film
gap height hy,;, , and the surface of the pin.

3.2 Comparison with the simulation model

Figure 9 presents the experimental and numerical results for
specific conditions. Similar to Figure 8, h,;,. increases with
increasing ﬁliﬂ. For the simulated points, the effective h,y;,. is
determined according to the experimental results. Consequently,
there appear to be some fluctuations in the numerical results, which
are a result of varying two parameters: rotational speed n and
minimum oil film gap height A, . The trends and rankings
between the numerical and experimental results are similar, but
there is an offset between them. This difference could be explained
by a higher temperature in the oil film gap, which reduces the
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Test graph for (a) untextured, (b) single-dimple textured, and (c) multi-dimple textured oil film gaps.

viscosity, or through the observation that, according to DIN 51524-2
(2017), the kinematic viscosity of an HLP22 can vary between
19.8 mm?/s and 24.2 mm®/s, or a combination of both factors.
Henry et al. (2015) found that the temperature inside the oil film gap
is significantly higher. They measured the temperature at various

Frontiers in Mechanical Engineering

positions in a hydrodynamic thrust bearing and concluded that the
temperature can increase by approximately 10 K (Henry et al., 2015).
As the temperature increases, the oil viscosity decreases, resulting in
a decrease in the lifting force Fy ¢~ This effect is especially significant
at low temperatures. At a temperature of 23 °C, a temperature
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increase of 10 K leads to a 40% decrease in viscosity for the oil used
in this study. Consequently, the numerical results overestimate the
lifting force Fy 1+ It can be observed that the relative difference
between the numerical and experimental results decreases as the
temperature increases. This also supports the potential mechanism,
as at higher temperatures, there are fewer viscosity deviations due to
temperature deviations. Regarding the drag force deg, it should be
noted that these values are generally low, making them difficult to
evaluate. Although the churning losses are determined at a
minimum oil film gap height h,,;,,. of 1 mm, it is possible that
the churning losses vary, leading to overestimation of the drag force
in the experiments. The difficulty of achieving the same numerical
and experimental results was also mentioned by Wang et al. (2021),
where a laser-textured surface pin-on-disc contact is analyzed. They
compared the simulated and measured coefficient of friction COF
and found a significant deviation between the values (Wang et al.,
2021). Nevertheless, this test methodology can be used to identify
similar trends as the simulation would predict.

4 Discussion
4.1 Discussion of dimple parameters

The simulation algorithm showed that a single-dimple texture
leads to a higher PER than the multi-dimple texture (cf. Table 3).
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This observation was also mentioned by Codrignani et al. (2020),
although they simulated a pin-on-disc contact with a minimum
oil film gap height A, of 1 pm and a velocity of 0.1 m/s. In this
work, a significantly higher oil film gap and greater velocity were
analyzed. This single-dimple texture resembles a Rayleigh step,
which is already known in the literature. Rahmani et al. (2009)
found that the optimal length of such a step is 70% of the oil film
gap length for a parallel slider. In this study, the length of the
texture dey. is 83% of the slider’s length I, but it should be noted
that this is the upper limit of the examined interval, which was
defined to guarantee a manufacturable texture geometry.
Additionally, note that in this study, the performance of a
convergent oil film gap is analyzed, which means that two
converging

regions overlap, as

Regarding the texture width by, Bei et al. (Rahmani et al,

presented in Figure 1.
2009) concluded that for rectangular textures on a convergent
oil film gap, the optimal width b, is approximately 70% of the
oil film gap width b. This observation can also be found in
Table 3, where the optimal texture width by, is 71% of the
complete width b.

Liu et al. (2019) investigated the performance of micro dimples
for a parallel oil film gap and found that the optimal texture height
Hiex. is 30 um to increase the pressure the most for a minimum oil
film gap height h,,;,. of 30 pm. In this study, the optimal texture
height hyey. is 20 pm for a minimum oil film gap height A,
equivalent to 25 pm. Although Liu et al. (2019) simulated a parallel
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oil film gap, their work and this study present similar optimal texture
heights hyey..

As already mentioned, the optimization algorithm tries to
reduce the spacing by searching for parameters that reduce the
spacing between the dimples. Xing et al. (2021) focused on the
performance of multi-dimple textures on a parallel oil film and
showed that with increasing spacing perpendicular to the movement
direction, the load-carrying capacity decreases. This phenomenon
matches the results obtained in this work. Xing et al. (2021) explored
the influence of the spacing in the movement direction and showed
that with increasing spacing in the movement direction, the load-
carrying capacity decreases starting with a spacing length of 10 um.
Below this 10 pm, the load-carrying capacity increases (Xing et al.,
2021). It should be noted that Xing et al. (2021) changed the global
geometry of the oil film gap depending on the spacing distance and
evaluated the average fluid pressure. So, in the case of increasing
spacing at constant dimple geometries, the average hydrodynamic
pressure is lower than that of smaller spacing because the relative
area of the converging region, related to the area of the oil film gap,
becomes lower. Nevertheless, similar trends in this work and in Xing
et al. (2021) could be observed because the minimum spacing was
defined as 100 um.

4.2 Discussion of the test methodology

As mentioned in the introduction, most publications use a test
methodology for parallel oil film gaps. Pusterhofer et al. (2025),
Rosenkranz et al. (2019), and Guo et al. (2018) used a test rig to
evaluate the performance of textures in full-film lubrication by
applying an external force and measuring the minimum oil film
gap height h,,,;, . This differs from the methodology of this article,
where the oil film gap height A,,,;, is applied, and the resulting lifting
force Fy 7+ is measured. This principle can prevent mixed
lubrication, but Figure 8 shows that h,;, is not kept constant
with increasing lifting force Fy ft> as previously mentioned.

Guo et al. (2018) conducted their experiments at low velocities,
less than 0.02 m/s, compared to Rosenkranz et al. (2019) (1 m/s) and
Pusterhofer et al. (2025) (5 m/s). The test methodology used in this
work varies the velocity between 0.23 m/s and 2.3 m/s. Additionally,
glass discs are required for the methodology described by
Rosenkranz et al. (2019) and Guo et al. (2018) to measure the oil
film thickness with optical devices. Pusterhofer et al. (2025)
developed a test methodology using an eddy current sensor to
measure the minimum oil film gap height A, This sensor
specification is also calibrated for a specific disc material. The
test methodology presented in this study has the advantage of
measuring the minimum oil film gap height h,,, in the air
bearing, eliminating the influence of specimen material on the
measurement, in contrast to Pusterhofer et al. (2025),
Rosenkranz et al. (2019), and Guo et al. (2018).

Because the viscosity of the oil is temperature dependent, the
control of temperature is crucial. Rosenkranz et al. (2019) and
Pusterhofer et al. (2025) published that the oil is pumped to the
contact. In Rosenkranz et al. (2019), the oil temperature at the
inlet ranges from 23.5 °C to 26 °C, while Pusterhofer et al. (2025)
did not control the oil temperature. No information regarding
temperature is provided Guo et al. (2018). This study uses a fully
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flooded oil bath, allowing precise temperature adjustment.
Nevertheless, it should be noted in the tribological contact
itself that the temperature potential is higher. For instance,
Henry et al. (2015) measured a temperature difference of over
10 K in the tribological contact.

Friction force measurement is complex due to the small values.
Rosenkranz et al. (2019) determined the friction force by small
displacements of the load arm, while Pusterhofer et al. (2025)
measured the friction force by an integrated mounted force cell.
Guo etal. (2018) do not consider drag force. In the test methodology
of the module compact rheometer MCR702e, the friction moment is
measured by the current in the engine. The installed air bearing
reduces friction losses significantly. Therefore, this solution does not
depend on any displacements.

Although the presented test methodology has specific
advantages, the manufacturing process of the pin specimens is
complex, as the convergent region must be manufactured and
cannot be adjusted, unlike Pusterhofer et al. (2025), Rosenkranz
et al. (2019), and Guo et al. (2018).

In terms of the lubrication system, this test methodology has an
advantage, as the oil bath is fully flooded. This allows for easy
consideration of thermal expansion when heating the complete
specimens. In Pusterhofer et al. (2025), Rosenkranz et al. (2019),
and Guo et al. (2018), the oil is transported through a pipe and
supplied to the contact, which may pose challenges when
conducting experiments at higher temperatures, if hot oil is only
added to the surface.

4.3 Discussion of the test results

Codrignani et al. (2020) and Fouflias et al. (2015) show
numerically that single-dimple textures can increase the lifting
Ey r+ and drag force Fdrag more than multi-dimple textures. This
behavior is observed in this study (cf. Figures 8, 9). Theoretically,
Hyin. should be kept constant, but with an increasing lifting force
Fy ft> Nmin. increases. As hyy,. of both textures increases more than
the untextured oil film gap, this could be an indicator of the
beneficial behavior of surface textures, as presented in Figure 8.

Zhang et al. (2015), Fouflias et al. (2015), Babu et al. (2021), and
Ullah et al. (2021) investigated the performance of different dimple
geometries in different velocity intervals numerically. They show
that the ranking of the performance, including lifting F}; ;; and drag
force l_fdmg, over their analyzed velocity interval does not change.
This behavior also is observed in this study and is depicted in
Figures 8, 9.

The influence of different temperatures, corresponding to
different viscosities, is examined by Gao and Chen (2020). They
conducted experiments on parallel grooved textured oil film gaps.
They found that the reduction of the load-carrying capacity with
increasing temperature is not constant for all analyzed grooves (Gao
and Chen, 2020). Because their reference is a parallel oil film gap, the
comparison between this study and their work is not useful, because
their reference experiments result in a lifting force By i of
approximately 0 N. However, Figure 9 shows that with increasing
temperature, the beneficial effect of textures, which decreases the
drag force ﬁdrag compared to an untextured oil film gap, can no
longer be observed. Nevertheless, the surface modifications increase

frontiersin.org


https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2025.1749899

Scharf et al.

the lifting force, compared to the untextured oil film, even at higher
temperatures.

5 Conclusion

Within this study, a numerical algorithm similar to those used
by Radojkovic et al. (2023) and Joksic et al. (2023) is used to identify
the optimal dimple parameters. A novel test methodology is
established, and the performance of single-dimple, multi-dimple,
and untextured pins is experimentally and numerically compared.

In summary, it can be concluded:

The optimal dimple parameters for a single-dimple and multi-
dimple texture were found numerically with focus on textures
that can be manufactured through a prevalent milling
manufacturing technique.

Although the manufacturing process for dimples with a depth
of 20 pum is challenging, it has been shown that it is possible to
produce these textures.

« A novel test methodology on a module compact rheometer

MCR702e was developed.

o Experiments with untextured, single-dimple, and multi-
dimple textured pins were conducted under varying
conditions (rotational speed n, minimum oil film gap
height h,,;, , and temperature, T).

The results illustrate that the single-dimple texture leads to the
highest lifting force Fj 1> compared to the multi-dimple
texture and the untextured pin.

» With increasing temperature T, the beneficial effect of textures
decreasing the drag force ?dmg, compared to the untextured
oil film gap, can no longer be observed. However, the lifting
force Fy; 7+ of both textures is higher, relative to the untextured
oil film gap.

More experiments and simulations are required to develop a
deeper understanding of the performance of textures under varying
conditions. It would be interesting to investigate the performance of
different convergent oil film gap angles a and the influence of
specimen alignment. Consequently, the performance of surface
modifications could be analyzed for specifically defined axial run-
outs. Additionally, studying the performance of these textures under
mixed lubrication would be valuable. However, due to the normal load
limitations of the test rig, another test methodology must be developed.
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