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Abstract. To improve even more the efficiency in automotive engines, it is crucial to fully understand the
generation of friction in its components. In recent years the usage of mineral and synthetic or semi-synthetic oils
has increased. Nowadays worldwide massive research over nanoparticles and as a result nanolubricants has taken
place. Results of research under laboratory conditions on the aging of engine commercial oils with different
performance levels (such as mineral SAE 30, synthetic SAE 10W40) are presented in this paper. It is described
that the action of pressure and temperature play a key role of the engine oils behaviour. The aging of lubricant
causes changes to its dynamic viscosity. In this work an investigation was carried out using CFD simulations and
piston ring-cylinder problem. The friction as well as the absolute pressure has been measured for all the
crankshaft angles. The thermal problem has also been solved due to the fact that temperature variations affects
on the oil viscosity. The temperature and the piston ring velocity varied according to the angle of the crankshaft.
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1. INTRODUCTION

Synthetic lubricants are often including nanoparticles as additives. These nanoparticles have different
size, shape, and volumetric concentration. For many tribological applications, the lubricants with
nanoparticles have shown better performance in friction and wear, owing to high dispersion properties,
improved lubricant properties and thermal transfer. Therefore, an understanding of nanoparticles, like
fullerenes C60, behavior is necessary to improve lubrication mechanisms, which in practice might
help in complying to stringent vehicle emission regulations. In 2015, Spikes [1] referred that the
importance of tribofilm formation from friction modifiers and anti—wear additives within the contact is
continuously increasing. Particularly, a beneficial effect on frictional and energy losses can be
addressed on transportation section. This strategy has experienced in the mixed and boundary regimes
of lubrication, where the oil film is limited [2]. Several types of nanoparticles with sizes in the range
1-120 nm was added to different lubricants in order to achieve lower friction and wear for various
contacts. Lee et al. [3] reported the impact of fullerene nanoparticles using a disk-on-disk tribometer.
They showed that synthetic lubricant could result in higher friction reduction of 90% in comparison
the base oil. Padgurskas et al. [4] investigated the effect of Fe, Cu and Co nanoparticles and their
combinations in a mineral oil. They found that Cu nanoparticles are more effective than others,
reducing the friction and wear. Wan et al. [5] also showed the main properties of lubricant oil
including boron nitride nanoparticles. They used different concentration of nanoparticles in a
commercial oil SAE 15W40. It was indicated that optimal size and concentration of particles should
be 120 nm and 0.1 wt % accordingly. This consideration showed a friction reduction by 77% in
comparison with base oil.

To demonstrate the basic lubrication mechanisms in the piston ring conjunction, advanced models
were developed in recent years from many tribologists. Because of the transient engine conditions,
rapid loads and engine velocity would result in different contact conditions. Boundary/mixed and
hydrodynamic regimes are main lubrication stages as the ring reciprocates from Top Dead Center to
Bottom Dead Center.

* Author for contacts: Prof. P. G. Nikolakopoulos
E—mail: pnikolakop@upatras.gr

Copyright © 2022 The Authors. Published by Vytautas Magnus University, Lithuania. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.

17



Proceedings of the International Conference BALTTRIB’2022

Thus, generated ring friction is highly sensitive to Poiseuille shear and direct contact of asperities.
Under these conditions, lubricants containing nanoparticles protect the counter face surfaces reducing
contact wear and improve oil degradation.

In the context of this research, a 2D Computational Fluid Dynamics (CFD) model was developed
based on Navier-Stokes equation, vapor transport, Lagrangian approach for nanoparticles motion, and
the following configurations: i) The studied piston ring is taken from a motorbike engine, with an ideal
parabolic ring profile. Full lubrication (a—b), cavitation (b—c) and lubricant reformation (c—d) are the
basic lubrication regions ii) The flow is laminar, and the lubricant properties are changed according to
pressure and temperature into the contact. iii)Two phase flow is included using vapour transport
approach (Rayleigh—Plesset equation) with no artificial boundary conditions iv) Lagrangian method is
used to solve the equations for the nanoparticles, as well as a large number of particles are moved
individually through the lubricant field. v) Under mixed conditions, the load of asperities is taken into
account using the stochastic model of Greenwood-Tripp.

2. THEORY AND MODELING

A 2D CFD model is built using the Ansys FLUENT. The flow problem is nonlinear, and the
governing equations are coupled together. The pressure-based mixture model is used, while the
velocity—pressure coupling was treated using the Semi-implicit Method for Pressure-linked Equations
(SIMPLE) algorithm. The SIMPLE algorithm reduces the discretisation-induced errors in the
calculations including second-order upwind configuration. Grid sensitivity tests are obtained to find
better mesh requirements. A total number of 31.031 quadrilateral volumes are considered in this case.
Furthermore, the time step is taken as 102 s. This configuration is determined for flow stabilization
during the simulation. Convergence criterion of 10~ was taken into account. The power-law model
was used for viscosity, Zavos and Nikolakopoulos [25].

The ring moved along the cylinder inner liner according to the piston sliding velocity. This velocity is
calculated as [20]:
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where r is the crank-pin radius, ® is the rotational engine speed, ¢ is the crank angle and Acr is the
control ratio. Ring twist is not considered. The lubricant film thickness between the ring and the liner
can be approximated as the following:

h(x,y,t)=h_. (t) +h (x)+0(x,,t) @)

where £, (¢) is the minimum lubricant film, A (x) is the parabolic ring profile and & is the

localized contact pressure-induced deflection. The final parameter has a limited effect for this analysis.

Calculated the gas pressure behind the ring, the main forces are illustrated in Figure 3 and rewritten
here. The back-gas force is obtained as:

Fy =nd,,bp, () (3)
and the ring tension force is also defined as:
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where the elastic pressure is expressed as:
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where dgq, 1s the piston-ring end gap and d., is the cylinder bore diameter.

The mechanism of mixed lubrication has a critical impact in piston ring conjunction owing to rapidly
changing running engine conditions. This is obvious as the ring moved near to dead centers where the
speed is low and contact load is predominant. In the current analysis, the stochastic model of
Greenwood-Tripp [16] is used to predict the load of asperities and contact area accordingly.
Greenwood and Tripp's approach for two nominally flat, rough surfaces is a conventional model to
express asperities impact in ring-liner contact. However, statistical contact models are more useful
predicting with better accuracy the ring and cylinder surfaces [30]. Many works have tried to study the
changes of surface topography during running-in of the engine whose surfaces are non-Gaussian.Thus,
a more comprehensive contact model for both Gaussian and non-Gaussian surfaces should be
addressed. This issue remains the motivation for further improvement of the proposed model.

Assuming that the asperity height distribution is Gaussian, the generated contact pressure can be
defined as:

p.= y, (6)

c

where VVC:%E(gK’G)Z \/EE'AFS/2 (l)is the load carried by the asperities and
K

A =7 (Q’KO')2 AF, (ﬂ.) is the corresponding contact area.

The probability distribution of asperity heights Fs5»(4),F>(4) is analysed by a fifth-order polynomial
curve [18].

Analysis of nanoparticles motion.

To simulate the nanoparticles motion into the fluid, small and spherical particles are considered to this
case. Particularly, the Basset—Boussinesq—Oseen expression (BBO equation) is used throughout the
Ansys FLUENT code. The governing equation is given as [15]:

Vg ‘dV—_ = = = — L . 7
Pt _37z,udp(V—Vp)—gdep+EpdpE(V—I/p)+5dp\/7rp/u;!7,_t_rE(V—V[,)dszK‘FK (7

This mathematical formula promotes the trajectory of each particles during the Iubricant motion. In
more details, this is Newton's second law, in which the left-hand side is the rate of change of the
particle's linear momentum, and the right-hand side is the contribution of the viscous, gravitational,
buoyancy, virtual mass, and Basset forces acting on the nanoparticle. The basic terms on the right side
are defined as:

e Stokes' drag,

e Froude—Krylov force due to the pressure gradientin the lubricant flow. Note that the
pressure gradient estimated from Navier-Stokes equation as follows:

DV =
—Vp=p——1N*V (8)
Dt

o the unsteady force due to the added mass effect,

e Basset force and other forces acting on the particle, such as the effects of Brownian
motion. This trend is not taken into account owing to the size of nanoparticles. In this case,
the sizes of nanoparticles are 100 nm.

The effective lubricant viscosity is modelled as a relationship of pressure and temperature by the
Houpert investigation [19]:
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where the parameters S, and Z, are determined by Gohar and Rahnejat [20].

Simulations were performed and compared to the experimental data, reported previously. During those
tests, a four-stroke motorbike engine operated at idle speed of 1000 min'.

After using the boundary and load conditions of a previous paper [8, 10, 14, 18, 24, 25] published
several years ago for the simulation it was observed that the simulation results are matching those
established experimentally.

First of all, the minimum film thickness is calculated from the simulations and shown in Figure 1. As
it is observed the lubricant 10W30 corresponds to a higher minimum film thickness while the
fullerenes lubricants correspond respectively in lower film thicknesses. It is observed in all phases of
the combustion. This is due to the fact that the lubricant with fullerenes as additives has lower
viscosity and retains its properties, as does 10W30 lubricant, under all operating conditions.
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Figure 1. The minimum film thickness at 398 K.

At each crank angle for the minimum Iubricant film thickness the maximum hydrodynamic pressure is
shown in the figure 2.
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Figure 2. The maximum hydrodynamic pressure at 398 K.
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As expected, the pressure is bigger if the film thickness is lower. And so the pressure, if the lubricant
with C60 fullerenes as additives is used, is much higher. But the viscous friction, which causes wear
and decreases the performance of the engine, has extreme differential between the two lubricants. This
happens because the viscous fiction depends on viscosity, which is much lower for fullerenes
lubricant.
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Figure 3. Viscous friction at 398 K.
The temperature through the flow is changing and that change is what the following figure shows. As

it is expected the differential is observed near the piston ring which has heat flux and so the
temperature varies in the area next to it. The temperature of the cylinder is considered as 398 K.
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Figure 4. Temperature distribution through lubricant 10W40.

If the lubricant with fullerenes additives is used the temperature distribution is shown in figure 5. It is
obtained that the temperature is similar through the lubricants, but the distribution is lower in the case
of fullerenes lubricants, which causes the stability of its viscosity and its properties in general. This
happens due to fullerenes thermal properties.
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Figure 5. Temperature distribution for lubricant with fullerenes.
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All these results are according to Harigaya et al. (6). After using just the same inputs and boundary
conditions, the results taken could be told that are the same.

This assumption has great application in piston ring-liner tribo-system from different researchers
showing good predictions with experimental data. Zavos et al. [10], Gore et al. [22] and Soderfjall et
al. [23] focused recently on the piston ring conjunction including numerical predictions and direct
measurements with well verification. Of course, ring shape and roughness can affect lubrication
mechanisms during mixed and hydrodynamic regime. This is obvious to previous work of Zavos and
Nikolakopoulos [10], where the difference can be varied between 5-25% depending on the running
conditions. Therefore, the effect of lubricant with nanoparticles using an advanced CFD model is the
main contribution of this study.

Table 1. Basic parameters for the CFD model in piston ring-liner contact.

Parameters Values Units
Ring base material Steel —
Coating Chromium plated —
Young’s modulus of elasticity for ring 270 GPa
Ring Poisson’s ratio 0.21 —
Ring face width 0.5 mm
Ring radial width 3.3 mm
Ring end gap 0.2 mm
Ring curvature 3 mm
Ring roughness 0.2 mm
Cylinder base Material Aluminium -
Young’s modulus of elasticity for ring 70 GPa
Ring Poisson’s ratio 0.33 -
Cylinder roughness 0.15 mm
Roughness parameter 0.04 —
Asperity slope 0.0015 -

The viscosity has been measured using an EH105 capillary tube viscometer manufactured by
DELTALAB (Carcasonne, France). P. G. Nikolakopoulos et. al [24] have done the same
measurements and the results, for a SAE 10W40 fresh and 100 hr aged, are shown in the figure 6
below.
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Figure 6. Measured viscosity for fresh and aged synthetic oil SAE 10W40 [24].

CONCLUSIONS

A CFD model is developed in order to study the effect of lubricants contain fullerenes against
synthetic oils, on the tribology piston ring problem. It is obtained that the film thickness in fullerenes
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lubricants with the highest value might be achieved in 270 degrees of crank angle while the friction is
minimum in 180 degrees of crank angle. For example, the maximum variation of the minimum film
thickness is about 30% while the maximum variation of friction is about 42%
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