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An important parameter in the reduction of fuel consumption of heavy-duty diesel engines is the Power Cylinder Unit (PCU); the
PCU is the single largest contributor to engine frictional losses. Much attention, from both academia and industry, has been paid to
reducing the frictional losses of the PCU in the boundary andmixed lubrication regime. However, previous studies have shown that
a large portion of frictional losses in the PCU occur in the hydrodynamic lubrication regime. A novel texturing design with large
types of surface featureswas experimentally analyzed using a tribometer setup.The experimental result shows a significant reduction
of friction loss for the textured surfaces. Additionally, the textured surface did not exhibit wear. On the contrary, it was shown that
the textured surfaces exhibited a smaller amount of abrasive scratches on the plateaus (compared to the reference plateau honed
surface) due to entrapment of wear particles within the textures. The decrease in hydrodynamic friction for the textured surfaces
relates to the relative increase of oil film thickness within the textures. A tentative example is given which describes a method of
decreasing hydrodynamic frictional losses in the full-scale application.

1. Introduction

Tremendous demands are put on the combustion engines of
today. A significant parameter, perhaps the most significant
parameterwithin engine development, is the reduction of fuel
consumption andCO2 emission. Reducing frictional losses in
the combustion engine means a reduction in CO2 emission.
The largest contributor to frictional losses in the engine is the
Power Cylinder Unit (PCU); around 50% of the total fric-
tional losses in the engine can be attributed to the PCU [1–4].

Much attention, from both academia and industry, has
been paid to reducing the frictional losses in the boundary
and mixed lubrication regime [5–8]; however, previous stud-
ies [9, 10] have shown that a large portion of the frictional
losses in the engine occur in the hydrodynamic lubrication
regime. There are several known techniques for reducing the

hydrodynamic losses; however, although a reduction can be
effected, there are also disadvantages:

(i) Viscosity of the engine oil is the dominating param-
eter in the hydrodynamic lubrication regime [11].
Reducing the viscosity of the engine oil decreases the
hydrodynamic losses but could increase the frictional
losses in the boundary and mixed lubrication regime
[12], possibly causing an increase in wear.

(ii) Previous analysis has shown that, in the contact
between the oil control ring and the cylinder liner,
the main part of the surface significant for controlling
friction, both hydrodynamic and mechanical [10], is
the plateau part of the cylinder liner surface. The
majority of the hydrodynamic friction losses occur
at the midstroke region, because the highest piston
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velocity is achieved at this position [13]. An increase
in the plateau roughness in the midstroke region
would decrease hydrodynamic friction; however, the
ever present smoothening of plateaus during running
could decrease the initial effect of rougher plateaus;
it is also possible that mechanical friction would
increase with increased plateau roughness.

The aim of this study was to decrease the hydrodynamic
losses of the PCU (Power Cylinder Unit) by means of surface
texturing.

There are relatively few experimental studies analyzing
the reduction of hydrodynamic friction losses for sliding line
contacts that do not involve properties related to oil viscosity.
It is possible to decrease the hydrodynamic frictional losses
by applying surface texturing; a few examples of this are as
follows:

(i) Qiu and Khonsari [14] analyzed the frictional behav-
ior of elliptical and circular dimples in the hydrody-
namic lubrication regime using an experimental tri-
bometer setup.This experimental setup was meant to
mimic the behavior of a laser textured piston ring.The
result showed large frictional improvements with sur-
face texturing; however, since the piston rings in the
engine pass through all lubrication regimes, applying
texturing on the piston ringsmight not prove ideal for
aHDdiesel engine. Also, themeasured friction coeffi-
cient, up to 3 or even 4, does not mimic the friction in
the engine. If the friction coefficientwould prove to be
of the suggested magnitude, much larger differences
would be expected at midstroke compared to reversal
zones [15].

(ii) Costa and Hutchings [16] analyzed the frictional
behavior of several different types of surface textures
in reciprocating tribometer experiments. Here, it was
determined that surface textures with larger valley
width than the axial Hertzian contact length gave
smaller film thicknesses compared to surfaces with-
out textures. However, only small frictional differ-
ences were measured between different texture types.
In the experiments, a reciprocating frequency of
0,55Hz was used, and the stroke length was 22mm.
This gives an average sliding speed of approximately
0,024m/s which could be regarded as too small for an
accurate representation of PCU components.

(iii) Podgornik et al. [17] completed an experimental study
in which the frictional effects of different types and
sizes of textures in full film lubricationwere examined
in tribometer experiments.The results from this study
suggest that friction can be reduced in the hydro-
dynamic lubrication regime by the use of textured
surfaces.

Previous analysis has shown that the main part of the surface
significant for controlling friction is the plateau part [9, 10, 18,
19] and that the valley part of the surface plays no significant
role. The result from the literature survey however suggests a
possibility of using textures also for the control of the viscous

friction losses and a hypothesis tested in this study was for-
mulated based on the assumption that a texture with a valley
geometry larger both laterally and vertically than previously
reported traditional cylinder liner concepts would constitute
a texture able to decrease the hydrodynamic friction losses.

The design parameters of the texturing were based on the
following prerequisites:

(i) Large Sized Features. Since no correlation between
surface parameters describing the valley and friction
was found in previous studies [9, 10, 18], it was deter-
mined to analyze textures with a much larger geom-
etry, in width, height, and depth, compared to the
previously analyzed surface features (in comparison
with the width, height, and depth of honing grooves;
a schematic view of these geometries can be seen in
Figures 3–5 in a previous study [10]).

(ii) Closed Circular or Elliptical Textures. The texturing
would have to consist of elements that would extend
from the plateau surface into the material, as closed
void volumes. No extruding parts originating from
the texture which could accelerate wear were desired.
Closed void volumes as opposed to open volumes
similar to traditional honing grooves were preferable
to minimize the total oil transport by minimizing the
oil transport within the textures [20], thus minimiz-
ing a possible increase in oil consumption caused by
“open void channel” oil transport.

(iii) A Significant Texture Fraction of the Total Area. The
area covered by the textures should be significant to
obtain and test a significant difference in texture area
coverage compared to the reference surface. Textur-
ing area coverage of 30–35% was initially selected for
this study. It is assumed that a significantly larger
cover ratio would increase the effect of boundary
lubrication and a significantly smaller cover ratio
would not make the effect more difficult to detect.

The frictional properties of textured surfaces were evaluated
using a reciprocating tribometer. Using a tribometer presents
the opportunity to conduct isolated analysis of engine com-
ponents and is a common procedure for analysis of frictional
effects and the durability of PCU components [21, 22].

2. Experimental Methods

2.1. Manufacturing of Textured Samples. A five-axis digitally
automated computer numerical control milling machine
(CNC) was used to machine the texturing pattern directly
on the cylinder liner samples. Samples were cut out from a
production cylinder liner; the axial length of the samples was
50mmand the tangential widthwas 10mm.Themilling oper-
ation in which a flat ended tool was used gave a sharp angle
between texture and plateau surface. Two different protrusion
depths were machined: 20 𝜇m and 100 𝜇m (termed T20 and
T100 further on in the article); both textures had the same
elliptical shape with the minor axis of 2mm and the major
axis of 3mm.
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Figure 1: Illustration of the removal of the textures edge defects.
The dotted line represents the reversal zone of the oil control ring;
to the right of this line, the textures were removed in an initial
experimental step.

A previous study [23] has shown that it is possible to
decrease hydrodynamic frictional losses using a textured
pattern with a surface lay which is parallel to the sliding
motion. However, using a surface with a surface lay which is
parallel to the sliding direction will decrease the generation
of hydrodynamic pressure and decrease the oil film thickness
between the piston ring and the cylinder liner [24], and thus
the orientation/lay of the textures of 20 degrees in reference
to the direction of motion was selected in this analysis.

The milling operation causes sharp edges or “burr” at the
boundary of each texture element. Since this defect causes
additional wear particles, it was decided to remove the sharp
edges before the experiments. By running each sample for five
minutes using the experimental input parameters of the cen-
ter point of theDoE setup, the burrs were effectively removed;
this is exemplified in Figure 1. This running in stage was car-
ried out using sample material (oil control rings and engine
oil) that was not used in further experimentation. The run-
ning-in stage is performed on all samples, both textured and
untextured.

2.2. Tribometer. A tribometer test setup was used to quantify
the frictional properties of reference and textured surfaces; a
schematic overview of the tribometer is shown in Figure 2.
In the tribometer experiment, oil was continuously fed from
the piston ring sample holder to the inner diameter of the oil
control ring and into the gap between the two beams in the
oil control ring.The oil was supplied using a peristaltic pump;
4,8mL/min was continuously fed to the contact between the
piston ring and the cylinder liner by injecting oil from the pis-
ton ring sample holder to the inner diameter at the position
between the two beams of the piston ring. The continuous
supply of oil with the said amount ensured fully flooded con-
tact at all DoE cycle steps. The oil used was fully formulated
20W50 engine oil.The stroke length in the tribometer was set
to 30mm.

In the tribometer, the reference cylinder liner surface,
REF, and two different textured surfaces, T20 and T100, were
evaluated.The opposing surface was a coil spring loaded two-
piece oil control ring with two beams and standard beam
width; to ensure conformability, a complete piston ring was

Table 1: Overview of input parameters of test cycle steps.

Test cycle
step

Time
(min)

Temperature
(∘C)

Reciprocating
frequency

(Hz)

Load
(N)

1 60 33 14 22
2 30 23 10 12
3 30 23 18 12
4 30 43 10 12
5 30 43 18 12
6 30 33 14 22
7 30 23 10 32
8 30 23 18 32
9 30 43 10 32
10 30 43 18 32
11 30 33 14 22

used in the experiments. The tribometer experiment was
repeated four times for each surface. The input signals in
the experiment were reciprocating frequency, temperature,
and load; these signals were varied according to a Design
of Experiment (DoE) setup (see Table 1) with high and low
levels of all three input parameters. To verify the stability of
the experiment over time, three parameter center points were
added, as starting point, after half of the experimental points
and at the end of theDoE setup.Themeasured output param-
eters were friction force and resistivity coefficient. Friction
force was measured using piezoelectric transducers; resistiv-
ity coefficient was measured by quantifying the difference
of the electrical contact resistivity between a resistor (with
fixed level) and the electrical contact resistivity of the contact
between the piston ring and the cylinder liner. The series
resistor value was chosen to give the best discrimination of
resistive coefficient comparing the value at the reversal and
the value atmidstroke for the referencematerial. In this study,
the electrical resistance was measured using a voltage divider
with the fixed resistor in series with the contact resistance.
The resistive coefficient is not the electrical resistance but is
actually the voltage drop over the tribocontact and is con-
sequently inversely proportional to the electrical resistance.
Electrical resistance is proportional to the area of contact [25],
and the resistive coefficient is thus inversely proportional
to the amount of contact. Comprehensive details of the
experimental setup and quantification of input and output
signals can be found in [9, 10].

2.3. 3D Profilometry. Surfaces were measured using CCP
(Chromatic Confocal Probe) [26]. The complete surface of
the cylinder liner sample, 48mm ∗ 10mm, was measured
using point spacing of 10 𝜇m, and the surface was measured
before and after the experiment. To calculate geometric
properties of surface features, it is common to remove the
form prior to feature computation. Commonly, second-order
polynomial form removal is sufficient for a cylinder liner
surface; however, it was noticed that, for the textured surfaces,
this type of form removal generated an undesired artificial
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Figure 2: Schematic overview of the reciprocating eccentric tribometer.

form. To obtain a representative value of the dimensions of
the textures, the surface form for the textured surfaces was
removed with the following operations:

(1) Substitution of missing points by defined smooth
shape (evaluation software: Mountains Map ver. 5.1,
product of Digital Surf, Besançon, France).

(2) Second-order polynomial form removal from the
original surface measurement.

(3) Edge detection technique (grain analysis modulus
(evaluation software:MountainsMap ver. 5.1, product
of Digital Surf, Besançon, France)) to define edges
between the textures and the plateau surface.

(4) Extraction of grains; only grains belonging to the
texture elements were selected.

(5) Masking of the texturing elements using the output
of grain analysis. The texturing is thus removed from
the surface (the datum of the texturing elements was
replaced with missing points).

(6) Second polynomial form removal on the plateau
surface (textures were removed using grain analysis
in a previous step); the output from this step is the 2D
form.

(7) Subtraction of the surface form generated in 6 with
the surface obtained in 2.

Using the computational steps above, a surface without artifi-
cial form effects caused by the textures could be obtained; the
geometry of each texturing element could thus be analyzed
explicitly.

In order to quantify the wear depth, the surface measured
before the experiment was subtracted from the surface mea-
sured after the experiment using the unworn part of the cylin-
der liner sample as reference for the absolute height datum.

3. Results

3.1. 3D Profilometry: Evaluation of Wear and Texture Geom-
etry. The geometry of the texturing elements was evaluated
using the grain analysis modulus in Mountains Map (see
Figure 3). In the comparison between materials T20 and
T100, it was found that the only difference in respect to texture
geometry was obviously the depth of the textures; no other
significant differences could be detected in the density of
textures, the average maximum and minimum diameter, the
average area density of the textures, the average texture orien-
tation, and the average texture perimeter (for more informa-
tion, see the Appendix).The angle at the boundary of the tex-
turewas difficult to quantify since themeasurement technique
is not capable of measuring sharp corners; a too high angle
returns a missing point. After filling of the missing points,
the angle was manually evaluated for several positions; the
majority of the angular measurements were between 83∘ and
85∘.

No wear was detected in the evaluation of wear depth
(subtraction of surfaces before and after the experiment). As
an additional analysis of wear, the surfaces were analyzed
under a light optical microscope after the experiment. In
this analysis, abrasive scratches were detected on the plateau
part of the reference surface; however, virtually, no abrasive
scratches were detected on the plateau part of the textures
surfaces (see Figure 4). In closer inspection of the texture ele-
ments, it was seen that the texture itself contained significant
amounts of wear particles (Figure 5).

3.2. Tribometer: Evaluation of the Stability of Input Signals.
To gain representative values for each surface, the validity
of the input signals was quantified; the said input quantified
signal can be seen in Figure 6. To gain better representation
of the input signals, these are recalculated; sliding speed
is calculated from reciprocating frequency; oil dynamic
viscosity is calculated from temperature; and contact pressure
is calculated from load according to a previous study [18].
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Figure 3: Example of form removal on a textured surface by removal
of the significant texture prior to form removal and the consecutive
adding of segmented features. (a) Original surface measurement.
(b) Surface form removal by second-order polynomial extraction; it
should here be noticed that this surface does not have a flat plateau
area; much of the surface form remains after the first form removal
step. (c) Grain analysis of textures in which texture elements are
extracted. (d) Surface after second-order polynomial form removal
based on grain analysis. It should here be noticed that the plateau
part of the final surface does not have any residual form.

Performing the recalculation of input parameters also gives
parameters which are independent of the test arrangement
since sliding speed is dependent on stroke length, contact
pressure is dependent on relative area of contact, and so forth.

50�휇m

(a)

50�휇m

(b)

Figure 4: Microscope images after the tribometer experiment. (a)
Reference material, example of axial abrasive scratches on plateaus.
(b) T100: no axial scratches can be detected.

From the analysis of the input signals, it was detected that,
for one of the experiments of T20 (T20-2), the dynamic
viscosity is different from the other signals and for one of the
experiments of T100 (T100-4) the contact pressure is different
from the other measured signals; these two experiments are
therefore removed in further evaluation.

3.3. Tribometer: Evaluation of Friction Coefficient and Resis-
tive Coefficient. The experiments T20-2 and T100-4 were
removed from this study; it should be noted that both
of these experiments exhibited smaller values of friction
coefficient compared to the average value for each surface
texture. Figure 7 shows the measured friction coefficient
for all experiments; in Figure 8, the average values of each
surface are shown. Table 2 shows the standard deviation of
the average friction coefficient as shown in Figure 8.

The resistive coefficient was measured in the tribometer
experiment; Figure 9 shows the resistive coefficient for all
experiments and in Figure 10 the average values of each
surface are shown. Table 2 shows the standard deviation of
the average resistive coefficient as shown in Figure 10.

3.4. Tribometer: Evaluation of Lubrication Regime and Exper-
imental Output. For an illustrative analysis of different lubri-
cation regimes, the cycle steps were plotted for each input



6 Advances in Tribology

50�휇m

(a)

50�휇m

(b)

Figure 5: Microscope images after the experiment, T100. (a) Focus on the bottom part of the texture, wear particles trapped. (b) Focus on
the plateau; this image shows the expected wear on the texturing boundary; however, no significant wear is detected on the neighbouring
plateau.

Table 2: Average values of standard deviation of friction coefficient and resistive coefficient for experiments. T20 and T100 represent the
values of standard deviation for the reduced set of experiments. T20∗ andT100∗ represent the values of standard deviation for all experiments,
without reduction in the number of experiments.

REF T20 T20∗ T100 T100∗
Standard deviation of friction coefficient 0.0169 0.0043 0.0042 0.0109 0.0111
Standard deviation of resistive coefficient 0.5880 0.4190 0.3556 0.1321 0.1176

cycle step. What signifies the hydrodynamic lubrication
regime is that friction increases for an increase in speed, an
increase in oil viscosity, and a decrease in contact pressure.
Each cycle step in the DoE setup is 30 minutes; to minimize
the effect of transitions (e.g., thermal) between cycle steps,
the values of friction coefficient are only calculated for the
duration of 10–29 minutes within each cycle point. Each
point in this statistical analysis represents the mean of all
experiments for each surface.

On analyzing the lubrication regime transitions for the
reference surface, it was shown that

(i) a shift towards the hydrodynamic regime is present
for both increase in dynamic viscosity (as can be seen
in Figure 11) and decrease in contact pressure (as can
be seen in Figure 13);

(ii) a shift towards the hydrodynamic lubrication regime
is present for low values of temperature (high level of
viscosity), and a shift towards the boundary lubrica-
tion regime is present for high values of temperature
(low level of viscosity).

On analyzing the lubrication regime transitions for the
textured surfaces, it was shown that

(i) a shift towards the hydrodynamic regime is present
for a decrease in contact pressure (as for the reference
surface) (as can be seen in Figure 13);

(ii) a shift towards the hydrodynamic regime is present
for an increase in dynamic viscosity for all cycle steps

except for the cycle step with high level of load and
low level of reciprocating frequency (similar to the
reference surface, as can be seen in Figure 11);

(iii) a shift towards the hydrodynamic regime is present
for an increase in sliding speed at low level of load and
high level of reciprocating frequency (as can be seen
in Figure 12); a shift towards the boundary lubrication
regime is present for high values of temperature (as
for the reference surface). For high level of load
and low level of temperature, T20 and T100 show
slightly different results where an increase in sliding
speed shows a shift towards the boundary lubrication
regime for T20 and a shift towards the hydrodynamic
lubrication regime for T100.

The following conclusions can be drawn for the analysis
of the frictional measurement and of the transitions of
lubrication regime for different experimental points:

(i) The highest measured friction was found in experi-
mental step number 3 which is a combination of high
level of sliding speed, high level of dynamic viscosity,
and low level of contact pressure; thus, the friction is
the highest for contact with the most hydrodynamic
lubrication condition.

(ii) The contact pressure at the investigated levels has the
most significant impact on friction.

(iii) In general, the textured surfaces have the same
frictional behavior as the reference surface; some
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Figure 6: Measurement of input signals in experiments. (a) Dynamic viscosity. (b) Sliding speed. (c) Contact pressure.

differences are present for textured surfaces with shift
towards the boundary lubrication regime; however, at
low contact pressure and high viscosity, the friction
increases with increased sliding speed for all investi-
gated surfaces; thus, a shift towards the hydrodynamic
lubrication regime is present for this contact condi-
tion for all surfaces, textured or untextured.

4. Discussion

4.1. Behavior of Oil FilmThickness and Textures. What causes
the friction to decrease in sliding contact with textures
even though a higher level of contact was measured for the
textured surfaces? To visualize the interaction between two
opposing surfaces in sliding motion in which one of these
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Figure 7:Measured friction coefficient for each experiment.The numbers above the 𝑥-axis (italics) indicate the duration of each experimental
cycle step. (a) REF. (b) T20. (c) T100.

surfaces is textured, the problem has to be divided into two
perspectives: either the contact is between the plateaus of
the two surfaces (plateau of cylinder liner versus plateau
of piston ring) or the contact is between the plateau part
of the piston ring and the texture element of the textured
surface (texture of cylinder liner versus plateau of piston
ring). Equation (1) describes shear force, 𝐹𝑇, for two parallel
planes fully separated by a Newtonian fluid. When a mating
surface, for example, a piston ring, passes over a texture, the
area, 𝐴, is also unaltered for the passage since the surface is
not decreased or removed; there are still two parallel planes,
although in the passage of a texture the planes are farther

apart compared to the distance between the two plateaus of
the mating surfaces. Hence,

𝐹𝑇 =
𝜂V𝐴
ℎ
= 𝜂𝑆𝐴. (1)

In an analysis of the oil viscosity, it is important to account
for the non-Newtonian shear rate behavior of the engine oil.
The shear rate is dependent on oil film thickness, ℎ, and
sliding velocity, V0 (see (2)). The dynamic viscosity, 𝜂 or 𝜇, is
dependent on the shear ratio; for low levels of shear rate, the
value of viscosity is assumed to be that of zero shear, 𝜇0, and
for high levels of shear rate the value of viscosity is assumed
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Figure 8: Measured friction coefficient, average of experiments for each surface type. The numbers above the 𝑥-axis (italics) indicate the
duration of each experimental cycle step.

to be that of infinite shear, 𝜇∞ (see (3)). As was shown in
the experimental study, the amount of contact increases for
the textured surface compared to the reference surface. For
passage of a texture, the oil film thickness increases and thus
𝜂 or 𝜇 increases; however, the oil film thickness decreases for
passage of a plateau and thus 𝜂 or 𝜇 decreases. The effect of
viscosity on shear force is however not believed to be highly
significant since the decrease of dynamic viscosity for passage
of plateau is partially cancelled out by the increase in dynamic
viscosity for passage of a plateau. Therefore,

𝑆 =
V0
ℎ
, (2)

𝜇 = 𝜇∞ +
𝜇0 − 𝜇∞
1 + 𝛾/𝛾𝑐

. (3)

In essence, there is no alteration of the area and it is believed
that there is no significant alteration of the dynamic viscosity
for a textured surface compared to the reference surface; there
is however a significant increase in the oil film thickness of
passage of a texture if the oil film thickness is considered as
the entire depth of the texturing element.

The resistive signal increases for the textured surfaces
which indicates that the amount of metal-to-metal contact
increased for the textured surface compared to the reference
surface (see Table 3); this shows that there is generally a
thicker oil film ℎref (see Figure 14) between the reference
surface and the opposing surface compared to the oil film ℎoT
(oil film thickness outside of the texture) between the plateau
of a textured surface and the opposing surface. However, for
the textured surfaces and the passage of a texture, the oil film
thickness is the same as the texture depth considering that
the contact between the piston ring and the cylinder liner is
fully flooded. The increase in metal-to-metal contact for the

Table 3: Average friction coefficient and average resistive coefficient
for each surface type.

Surface type REF T20 T100
Average friction coefficient 0,105 0,097 0,078
Average resistive coefficient 1,209 1,399 1,575

textured surfaces is due to a decrease in the build-up of hydro-
dynamic pressure. There are two causes for loss of hydrody-
namic pressure: firstly because of leakage of oil into the tex-
ture and secondly because less surface area is available for the
generation of hydrodynamic pressure. The amount of metal-
to-metal contact is greater for T100 compared to T20, since
the areas of the textures are practically the same; this means
that the leakage of oil into the texture is greater for the T100
textured surface. A summary of the average values of friction
coefficient and the average values of resistive coefficient for
all experiments and DoE cycle steps can be seen in Table 3.

In the tribometer experiment, fully flooded conditions
were withheld for all experimental conditions; this gives an
oil film thickness five times larger for passage over a texture
of the T100 surface considering that the texture depth is five
times larger for T100 (ℎiT100 in Figure 14, oil film thickness for
passage of T100 texture) compared to T20 (ℎiT20 in Figure 14,
oil film thickness for passage of T20 texture). In this calcu-
lation of the very specific oil film thickness within textures,
the possible reduction in oil film thickness obtained due to
the reduction in hydrodynamic pressure (for the two textured
cases) is not taken into account. The calculated average oil
film thickness mentioned in this paper for textured surface
area is the average separation for the two components: aver-
age separation for the textured part of the surface times the
texturing area density combined with the average separation
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Figure 9: Measured resistive coefficient for each experiment. (a) REF. (b) T20. (c) T100.

for the plateau (nontextured) part of the surface times the
plateau area density.

Since it is assumed that the oil transport from texture to
plateau and from plateau to texture (in relation to the volume
of the texture) will be small, the oil within the texture will be
forced to recirculate; this is why there is a difference in the
flow profiles for passage of textures compared to flow profiles
for passage of plateau in Figure 14.The surfaceT20 exhibited a
larger friction coefficient for some experimental cycle steps in
which a high load was used (e.g., cycle step 9); the reason for
this is believed to be that the increase in boundary friction for
passage of a plateau was greater than the decrease in viscous

losses for passage of texture, thus combined creating a higher
friction than that of the reference surface.

4.2. Texture Properties Applicable to a Tribosystem in Hydro-
dynamic Lubrication. Textured surfaces with elements of
similar geometry to the ones investigated in this paper can be
applied on a tribosystem with reciprocating sliding with the
aim of decreasing hydrodynamic friction. However, certain
aspects should be considered. It is not optimal to put textures
in the reversal zones of a tribosystem due to the following:

(i) The sliding speed is small at the reversal zones and
thus the hydrodynamic friction losses are small.
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Figure 10: Measured resistive coefficient, average of experiments for each surface type.

(ii) If temperatures are high, the oil viscosity is low and
thus the hydrodynamic friction losses are small.

(iii) If the contact pressure in the tribosystem is high,
an addition of textures in severe tribological contact
could increase wear [27]; thus, it is not regarded as
beneficial to apply textures with similar dimensions as
investigated in this study in the vicinity of the reversal
zones.

The surface angle, which is the slope in the axial direction
between the edge of the plateau surface and the bottom of the
texture (for the textures shown in Figure 14(b), this angle is
90∘), was high for the analyzed textures; this is here consid-
ered preferable since, with a high angle at the boundary, the
oil film will be larger at a larger surface area. In perspective,
this could be regarded as follows: either the counter body slides
over a texture with high film thickness or it slides over the
plateau surface to build up oil film between the two mating
surfaces. The passage of texturing provides decreased hydro-
dynamic friction losses. The passage of a plateau provides
oil film build-up between components in the tribosystem.
To gain additional frictional improvement from a textured
surface, it is important to produce a smooth surface on the
plateaus to decrease the mechanical friction of the passage of
a plateau.

The addition of the suggested surface textures increases
the surface volume. An example of a sliding reciprocating
tribosystem is the cylinder liner. In applying the knowledge
to this system, it is important to analyze the effects on blow-
by and oil consumption. Hegemier and Stewart [28] analyzed
the effects on blow-by and oil consumption for different types
of cylinder liner surfaces, although the analyzed surfaceswere
different from the suggested surface texturing in this study.
Hegemier and Stewart found that different surface finishes
had a little effect on blow-by and that the dominating factor
that controlled oil consumption was the amplitude of the

plateau roughness. Still, it could be necessary to optimize the
geometries of the piston rings for efficient control of blow-by
and oil consumption; one suggestion in this optimization is
to analyze the effects on blow-by and oil consumption with
different designs of gas tight top rings [29].

Seki et al. have experimentally analyzed the oil film
thickness (OFT) [30] between piston rings and the cylinder
liner; the result in this study shows that OFT increases with
sliding speed. The following is a tentative example of how
friction could be reduced by applying surface textures.

We start by assuming that oil film thickness increases lin-
early with sliding speed (this is a generalization despite being
not that different from the study carried out by Seki et al.) for
a reference plateau honed cylinder liner. We also assume that
a varying area density of uniform texturing elements (with
the geometry of T100) is applied on a textured cylinder liner
surface, excluding the reversal zones (at the position of 0–20
crank angle degrees and at the position of 160–180 crank angle
degrees). In this example, we do not define a location on the
stroke for a specific component; this should be seen more
as a general description. The area density of this texturing
increases linearly from 21 to 90 crank angle degrees and
decreases linearly from 90 to 159 crank angle degrees. On the
untextured part of the textured cylinder liner, we assume that
the oil film thickness between the plateau surface of the cylin-
der liner and the piston ring is the same as for the reference
cylinder liner. We also assume that the oil film thickness is
the same for the textured cylinder liner compared to reference
cylinder liner for crank angle degrees that have a smaller value
of oil film thickness compared to the constant value of oil film
thickness. By controlling the area density of the texturing, the
oil thickness between the plateau of the cylinder liner and the
piston ring does not increase for crank angle 21–159 but is
maintained at a constant value for the textured surface, which
in this tentative example varies between 20% and 50% (see
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Figure 11: Evaluation of the different levels of DoE input parameters. The effect of dynamic viscosity on the friction coefficient. (a) REF. (b)
T20. (c) T100.

Figure 15). The average oil film thickness for the textured
surface including the oil film height within textures will thus
be significantly higher than the oil film thickness for the ref-
erence surface; by this, it is possible to decrease the hydrody-
namic friction.

In the example above, it is shown that the average oil film
thickness with inclusion of the textures is greatly increased,
and thus friction will decrease greatly according to (1). How-
ever, there ismost likely a limit to which this equation is valid,
assuming that viscous shear dependency on oil film thickness
might in practice prove inaccurate for high values of oil
film thickness. On the contrary, in the analysis of wet clutch

engagement, the assumption that torque due to viscous shear
is inversely proportional to film thickness is still considered
valid for an oil film thickness of 0,001 inches (25,4 𝜇m) [31]
and it has been determined that if the contribution of viscous
shear is neglected in a computational model the comparison
to experimental data will be incorrect [32].

Also, it cannot be expected that, in the passage from
plateau to texture, the flow profile of the oil is instantly fully
developed down to the bottomof the texture. In this study, the
axial length of the textures is far larger than the axial length of
the piston ring and the sliding speed is smaller than that in the
engine; thus, it is likely that the effect of time dependency and
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Figure 12: Evaluation of the different levels of DoE input parameters. The effect of sliding speed on the friction coefficient. (a) REF. (b) T20.
(c) T100.

flow profile is small; however, for application in an engine,
the flow profile dependency of texture geometry needs to be
further investigated.

Manufacturing a consistent depth of 20𝜇m on T20
samples proved to be difficult; however, these is no reason to
suppose from the experimental results that the distribution
in depth is important.

4.3. Additional Discussion regarding Experimental Tribometer
Setup. The tribometer used in this study was not originally
constructed to perform tests with combined high sliding

velocity and low levels of load; the result presented in this
study is a representative quantification of the hydrodynamic
lubrication regime, and, however, it is not possible to study
more viscous contact using the presented tribometer without
alteration of sample bodies. It is thus suggested that future
experiments should be conducted in an experimental device
capable of running higher sliding speeds. In an analysis of
hydrodynamic friction losses, it could be possible to use an
experimental device with constant sliding speed (as opposed
to reciprocating, e.g., pin-on-disc, block-on-ring) although in
an experimental setup it is important tomaintain line contact
between the surfaces.



14 Advances in Tribology

2 3 4 5 6

0.08

0.1

0.12

0.14

0.16

Contact pressure (Pa)

RE
F, 

av
er

ag
e f

ric
tio

n 
co

effi
ci

en
t (

—
)

×106

Steps 2–7, 23∘C, 10Hz
Steps 3–8, 23∘C, 18Hz

Steps 4–9, 43∘C, 10Hz
Steps 5–10, 43∘C, 18Hz

(a)

2 3 4 5 6

0.08

0.1

0.12

0.14

0.16

Contact pressure (Pa)

T2
0,

 av
er

ag
e f

ric
tio

n 
co

effi
ci

en
t (

—
)

×106

Steps 2–7, 23∘C, 10Hz
Steps 3–8, 23∘C, 18Hz

Steps 4–9, 43∘C, 10Hz
Steps 5–10, 43∘C, 18Hz

(b)

2 3 4 5 6

0.08

0.1

0.12

0.14

0.16

Contact pressure (Pa)

T1
00

, a
ve

ra
ge

 fr
ic

tio
n 

co
effi

ci
en

t (
—

)

×106

Steps 2–7, 23∘C, 10Hz
Steps 3–8, 23∘C, 18Hz

Steps 4–9, 43∘C, 10Hz
Steps 5–10, 43∘C, 18Hz

(c)

Figure 13: Evaluation of the different levels of DoE input parameters. The effect of contact pressure on the friction coefficient. (a) REF. (b)
T20. (c) T100.

5. Conclusions

As a means of decreasing hydrodynamic friction losses, two
different types of surface textureswere analyzed in reciprocat-
ing tribometer experiments.The following conclusions can be
drawn from this study:

(i) The two types of the investigated textured surfaces are
quantified by 3D profilometry, by which it is shown
that the only parameter that differs between the two
types is the texture depth.

(ii) The novel type of surface texturing presented in the
study decreases friction in the hydrodynamic regime

in the contact between oil control ring and cylinder
liner.

(iii) The analyzed textured surface does not increase wear;
on the contrary, the textured surface exhibits smaller
signs of abrasive wear in tribometer experiments; this
was due to entrapment of wear particles in textures.

(iv) In further discussions, it is here suggested that the
hydrodynamic frictional losses between the cylinder
liner and the piston ring can be greatly reduced by the
following design of a textured cylinder liner:

(a) The amplitude of the plateau surface on the
complete axial length of a textured cylinder
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Table 4: The table shows a complete overview of the measured dimensions of the textured samples.

(a)

Density of grains Area Area st. dev. Perimeter Perimeter st. dev. Orientation Orientation st. dev.
(%) (mm2) (mm2) (𝜇m) (𝜇m) (∘) (∘)

T20-1 32,2223 4,34707 0,0397027 8265,17 65,4723 159,4 1,25886
T20-2 32,8645 4,29443 0,147231 8277,15 358,444 158,529 6,6634
T20-3 33,8209 4,42867 0,0774429 8403,61 386,756 159,292 4,49348
T20-4 32,9664 4,42515 0,0374976 8304,15 62,9534 159,532 0,925686
T100-1 33,5814 4,39362 0,0402664 8303,7 67,3321 160,107 0,890755
T100-2 34,0799 4,44955 0,114732 8378,44 239,861 159,644 2,18038
T100-3 34,1404 4,44813 0,105916 8381,69 161,312 159,602 1,83101
T100-4 31,5613 4,42882 0,0626995 8332,02 99,071 159,907 1,58551

(b)

Min. diameter Min. diameter st. dev. Max. diameter Max. diameter st. dev. Depth Depth st. dev.
(𝜇m) (𝜇m) (𝜇m) (𝜇m) (𝜇m) (𝜇m)

T20-1 1896,47 9,35645 2910 8,40168 19,59715882 6,337111655
T20-2 1872,57 11,0435 2917,71 121,281 18,16972941 4,905834966
T20-3 1912 5,75698 2947,43 81,393 22,64912941 7,889610536
T20-4 1915,29 6,52384 2926,18 7,67529 19,46122353 3,674416624
T100-1 1909,43 7,53766 2905,71 9,34596 94,58104412 13,81767236
T100-2 1919,71 6,08779 2930 103,178 87,75976176 11,92867327
T100-3 1919,14 6,03392 2928,29 73,4647 97,93557647 13,59051635
T100-4 1917,94 6,76471 2915,59 18,8166 87,18046471 11,65203976

href hoT hiT20

hiT100

V
V V V

(a) (b)

Figure 14: Schematic overview of the oil film build-up for the reference surface (a) and piston ring passage over the plateau of a textured
surface; the piston ring passage over a 20𝜇m deep texture and the piston ring passage over a 100 𝜇m deep texture (b).

liner is minimized to keep boundary friction at
minimum.

(b) Texturing is applied on the part of the axial
length on the cylinder liner below the upper
reversal zone and above the lower reversal
zone. The area density of texturing increases at
midstroke position and decreases towards the
reversal zones.

(c) The reversal zones remain untextured; there are
two main reasons for this; firstly, the sliding

speed is low in the vicinity of the rever-
sal zones and thus the hydrodynamic friction
is low; secondly, the introduction of textures
with relatively large geometry might increase
wear.

Appendix

See Tables 4(a) and 4(b).
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