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Abstract. The pursuit for more efficient vehicles has been a research field over the last few years in order to obtain a
reduction in both fuel consumption and the release of pollutants to the environment. In this context, hydrodynamic
lubrication has played an important role, since it tends to reduce the friction, that is a main cause of wear and power
loss in internal combustion engines. Therefore, this work aims to evaluate the lubrication conditions in automotive
pistons, due to its importance and great influence in the performance of engines. For this, a mathematical model is
developed taking into account two translational and two rotational motions to the piston within the cylinder. From
these four degrees of freedom, the oil film thickness is determined and, consequently, the pressure distribution and the
hydrodynamic forces acting on the piston can be evaluated. The results obtained in this work show the pressure
distribution, the peak position of the maximum pressure and the hydrodynamic forces for different operational
conditions. Due to the critical operational conditions, an estimation of the hydrodynamic forces is very important,
since they act directly on the engine dynamic behavior. Finally, the model developed in this work can be successfully
employed to estimate the hydrodynamic forces acting on the piston, being very important for the dynamic modeling of
the slider-crank mechanism in internal combustion engines.
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1. INTRODUCTION

The internal combustion engines represent a highly complex mechanical system, since its correct operation involves
many parameters, such as thermal efficiency of combustion, dynamic behavior of the assembly and lubrication of the
components. The lubrication conditions in internal combustion engines have been research topic in recent years due to
be related to frictional losses and wear of the components, i.e. affecting directly the efficiency and durability of the
internal combustion engines.

The main energy losses in internal combustion engines occur in the set of power generation, composed by valves,
cylinder, piston and journal bearings (Heywood, 1988; Jovai and Maslov, 1973). Among these components stands out
the piston which can represent up to 55% of energy loss (Richardson, 2000).

According to Cho and Moon (2005), the piston has a great influence on the internal combustion engine, affecting the
most important performance indicators, such as efficiency, noise and energy consumption. For this reason, many
researchers have studied the lubrication conditions between piston and cylinder, especially on the piston ring (Dowson
et al., 1979; Priest et al., 1996; Han and Lee, 1998) and on the piston skirt (Knoll and Peeken, 1982; Dong et al. 1992;
He et al., 2014).

In relation to the piston skirt, important studies have been developed in recent years. Yang et al. (2001) showed that
the clearance and piston skirt length are very important parameters to reduce frictional loss. Nobutaka et al. (2004)
showed that an optimized profile of the piston skirt can reduce the slap excitation. Three years later, Kim et al. (2007)
showed that piston skirt geometry can reduce the wear of the piston. Recently, He et al. (2014) showed that the piston
skirt parameters can influence on the dynamics behavior of the piston.

In this context, this work aims to evaluate the lubrication conditions on the piston skirt due to the interaction
between piston and cylinder. For this, a mathematical model was developed from Reynolds’ equation in order to
determine the pressure distribution and the reaction forces due to hydrodynamic lubrication. The solution of the
Reynolds’ equation is obtained from the Finite Volume Method (FVM), because the ratio between the length and
diameter of the piston is about 1 (assumption of finite bearing). The equation of the oil film thickness was developed
considering four degrees of freedom, being two degrees of freedom related to translation (x and y) and two degrees of
freedom related to rotation (ax and ay) of the piston inside the cylinder. Finally, the main results presented in this work
are the pressure distribution, hydrodynamic forces and the oil film thickness.
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2. METHODOLOGY

The methodology developed in this work is based in the Reynolds’ equation that is the theoretical basis of the
hydrodynamic lubrication (Reynolds, 1886). This equation can be obtained from the Navier-Stokes equations,
considering some assumptions (Dowson, 1962). Thus, the classical Reynolds’ equation can be adapted to the
hydrodynamic lubrication on piston as presented in Eq. (1):
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where P is the pressure distribution on the piston, u is the absolute viscosity of the lubricant oil, h is the oil film
thickness between the piston and the cylinder, W is the linear velocity of the piston, t is the time and (x,z) is the
coordinate system, being the first coordinate the piston’s circumference and the second coordinate the piston’s length.

As previously described, the equation of the oil film thickness was developed considering four degrees of freedom,
being two degrees of freedom related to translation (x and y) and two degrees of freedom related to rotation (ay and ay)
of the piston inside the cylinder. Considering this condition, the oil film thickness can be obtained from geometrical
parameters and operation conditions as presented in Eq. (2):

h(6) = Cryar + (ex + Lyar Sin(ay)) sin(6 + ¢) — (ey + Lyqr sin(ay)) cos(6 + ¢) (2

where @ is the angular position on the piston, ¢ is the attitude angle, ayx and a, are the angular positions of the piston; e,
and e, are the displacements of the piston, Cry is the radial clearance between the piston and the cylinder and L, is the
axial position on the piston, varying from —L/2 to L/2, being L the piston’s length.

It is important to highlight that the radial clearance between the cylinder and piston is not constant in the axial
direction, i.e. the piston is not cylindrical. This assumption is normally used in piston’s design in order to improve the
hydrodynamic lubrication due to axial motion of the piston. Fig. (1) shows a schematic representation of the piston.
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Figure 1: Schematic representation of the piston, showing the piston rings and the piston skirt.

A brief representation of the physical system is exposed in Fig. (2):
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Figure 2: Scheme of the piston skirt and the cylinder. (a) View of the plan yz. (b) View.fo the plan xz. (c) View of
the plan xy.
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So, Eqg. (1) can be solved to obtain the pressure distribution acting on the piston from the operational conditions and
the geometric parameters. However, this equation (Reynolds’ equation) is a non-homogeneous partial differential
equation, whose analytical solution cannot be obtained for a finite bearing. Therefore, a numerical method must be
applied in order to obtain the solution. In this paper, the Finite Volume Method (FVM) was applied as proposed by
Maliska (2004).

In order to solve the equation through the Finite Volumes Method, a computational mesh was built to describe the
external surface of the piston (problem domain). Figure 3 represents the computational mesh, emphasizing a control
volume P, and the adjacent volumes, indicated by geographical coordinates (north: n; south: s; east: e; west: w).
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Figure 3: Computational mesh showing a control volume P in the surface of the piston.

The partial derivatives that describe the pressure gradient in the boundaries of the control volume can be
approximated by the central differences scheme, as described in Eq. (3)
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This way, the integration of the Reynolds’ equation leads the linear equation presented below:
In Eq. (4), the coefficients of each pressure (Cp, Cg, Cy, Cy and Cs) and the source term (B) are evaluated as:
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It is possible to verify that the source term is composed by two effects, wedge and squeeze. Thereby, squeeze effect
in the source term is obtained from the variation of the film thickness over time. This way, the derivate of the film
thickness can be obtained as proposed in Eq. (6):
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The terms from Eq. (6) are evaluated by making use of Eq. (2). Then, the derivative can be written as:
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Once the pressure distribution is already determined, the forces acting on the external surface of the cylinder can be
obtained. Firstly, the hydrodynamic force acting in each volume of the mesh can be calculated. Afterwards, these forces
can be summed according to the radial (r) and tangential (t) directions, as proposed in Eg. (8):

Fe = X% X% Ppsin(6) AxAz; F. = X% —Pp cos(0) AxAz ®)
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Finally, the hydrodynamic forces in the x and y coordinates of the inertial system can be determined from the
attitude angle as presented in Eq. (9):
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When the piston has angular displacements related to the x and y axes (ax and a), the center line of the piston is not
parallel in relation to the z axis. Thus, the decomposition of force expressed in Eq. (9) should also include a component
F,. However, due to the values of the piston’s length and the radial clearance, these angles (ay and ay) are very small,
allowing this component to be neglected without considerable losses to the quality of the analysis. Moreover, the force
generated by shear of the fluid film was not considered since the focus of this work is evaluate the reaction forces due to
hydrodynamic lubrication that tends to avoid the contact between the piston and cylinder.

3. RESULTS

In order to analyze the model’s behavior under real operation conditions, the numerical solution was implemented
and some tests were performed.

During these tests, two groups of parameters were considered. The first group is named as physical parameters and it
contains the geometrical dimensions used in the description of the system and also the absolute viscosity of the oil. This
group was kept unchanged in all the tests. The second group is named as operational parameters, containing the
conditions that can vary during the system’s operation, such as the displacements and the velocities of the piston inside
the cylinder. In order to simulate different condition, these parameters were altered through the tests, with exception of
the linear velocity along z, kept in -10m/s in the whole set of tests.

The tables in the sequence show the physical and operational parameters of the model.

Table 1: Physical parameters adopted in the model to perform the tests.

Physical parameters
DevyLinoer 70 mm
L 70 mm
Cr max 60 um
AC, 30 um
I 0.05 Pa.s
Table 2: Operational parameters adopted in the model to perform the tests.
Operational parameters
w €x ey éx éy O Qy dx d}’
Tests | (m/s) (m) (m) (m/s) (m/s) (rad) (rad) (rad/s) (rad/s)
1 -10.00 0 0 0 0 0 0 0 0
2 -10.00 | 5.00E-06 0 0 0 0 0 0 0
3 -10.00 | 2.00E-05 0 0 0 0 0 0 0
4 -10.00 0 -1.00E-05 0 0 7.00E-04 0 0 0
5 -10.00 | 1.00E-05 | 1.00E-05 0 0 7.00E-04 | 7.00E-04 0 0
6 -10.00 | 1.00E-05 | 1.00E-05 | 1.00E-03 | 1.00E-03 | 7.00E-04 | 7.00E-04 | 7.00E-02 | 7.00E-02

The tests performed in this work generated different oil film thicknesses and, consequently, pressure distributions.
These pressure distributions were obtained from the solution of the Reynolds’ equation, in which the Finite Volumes
Method was applied considering a computational mesh composed by 6400 volumes (80 volumes per direction).
Moreover, the numerical solution was obtained considering the Glimbel’s cavitation condition. The results obtained for
each test is presented in following.

Figure 4(a) shows the pressure distribution in a condition where the eccentricity and its velocity are null (i.e. the
piston is concentric with the cylinder), but the piston moves in a linear speed of -10m/s along z direction. This condition
generated a pressure distribution that is constant in the circumferential direction, for each position on z direction
(piston’s length). This is expected since the oil film thickness is the same around the piston, indicating that there was
hydrodynamic pressure due to oil wedge in z direction even without displacements in the directions y and x. It can be
explained taking into account the piston skirt shape, whose radius varies along z direction, causing a positive wedge on
first half and a negative wedge on second half for a positive velocity in z direction. For a negative velocity, the opposite
behavior is observed. This shape generates a compression of the lubricant oil by forcing it through an area that
decreases until the mid-line of the piston skirt. It is important to highlight that this phenomenon happens with or without
displacements of the piston along y or x directions, changing just its intensity. So, in a situation where they occur
simultaneously, the resulting pressure should be a combination of their effects.
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In Fig. 4(b), the oil film thickness around the piston is a result of its shape (barrel shape). At its extremities, the
space filled by the lubricant is simply the maximum radial clearance while in the middle occurs the minimum value of
the radial clearance, evaluated just by subtracting AC, from C; yax.

The other figures whose sub-indexes are (b) are obtained by the combination of the piston shape and the
displacements applied (linear and angular), resulting in different film thicknesses. It is possible to observe a common
format of these figures, where the middle has a smaller gap and the extremities a higher one, showing an important
influence of the piston skirt shape, which can superimpose the effects of the angular and linear displacements.
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Figure 4: Results obtained in test 1. (a) Pressure field. (b) Oil film thickness.
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Figures 5(a) and 6(a) show the same condition, in which a linear speed of 10m/s in z direction and a displacement
causing an eccentricity in x direction are considered. The difference is only in the magnitude of such eccentricity. In the
first case (Figure 5(a)), a small value (5 micrometers) is assumed while in the second case (Figure 6(a)) this value
becomes four times greater (20 micrometers). Both situations show a clear increasing in the intensity of the oil wedge
effect, caused by the approximation of the piston’s external surface in relation to the cylinder’s internal wall. Besides,
Fig. 6(a) shows that when a radial displacement has the same order of magnitude of the radial clearance, the pressure
peak tends to significantly overcome the pressure generated simply by the piston skirt shape.

The test that resulted in Fig. 7(a) is composed by two displacements in the plane yz: a negative linear (ey) and a
positive angular (a,). Although Fig 2(a) was not made to represent this test, it can be used to visualize its configuration.
From Fig 2(a), it is possible to verify that both displacements tend to decrease the gap between the piston and the
cylinder above the y axis (superior region of the piston). Consequently, the fluid is more severely compressed in this
region and the resulting pressure is greater. On the other hand, the effect observed is the opposite below the axis y
(inferior region of the piston), increasing the gap between the surfaces, causing the oil compression and the pressure
obtained (convergence region). This behavior depends on the displacements’ signals.
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Figure 5: Results obtained in test 2. (a) Pressure field. (b) Oil film thickness.



L. T. Selegatto, G. B. Daniel
Evaluation Of The Lubrication Conditions In The Interaction Between Piston And Cylinder

50 80
= ,',‘;;,,',;;;.,:, R
£ i
40 2 i
s | =60 i
© SO0
A Y
% 3 S "’“:“:‘:‘:‘:‘:' e
~ 0 (K Aot el
2 it < 40 B
@ 4
@ 20+ /;I%"':':.:"\‘\\\\\ E
0 OGN -
W RORRRTE:
£ I////’/'/'t",":‘:"s“\\‘f\\\‘ £ 2
Q 104 RO =
A% ['8
0-

0.06

. 0.04
200
o 0.02

z (m) o (degrees) z (m)

(a) (b)
Figure 6: Results obtained in test 3. (a) Pressure field. (b) Oil film thickness.
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Figure 7: Results obtained in test 4. (a) Pressure field. (b) Oil film thickness.
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Figure 8: Results obtained in test 5. (a) Pressure field. (b) Oil film thickness.

Lastly, Figs. 8(a) and 9(a) show the pressure distribution from the similar conditions. The eccentricities and the
angular displacements are the same in both cases. Nevertheless, the first one has no velocity in the plane xy while in the
second the piston has velocities in both directions of the plane xy and also angular velocities, as presented in table 2.
Thus, the similarity of these figures allows to verify the influence of the velocities (é,, é,, d, and a,,) in the pressure
distribution. In this work, there is a weak influence of these velocities in the pressure distribution. However, this
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behavior is consequence of the magnitude of the velocities considered in these simulations. Due to the dynamic of the
system, the action of the combustion force and others effects, the piston's velocities in the plane xy can be higher, doing
the squeeze effect more influent in the pressure distribution. In this scenario, the wedge and squeeze effects can have
the same influence in the lubrication conditions in the interaction between piston and cylinder. Besides, a brief comment
about the oil film thicknesses in the tests 6 and 7 (Figs. 8(b) and 9(b)) is necessary, since these results are exactly the
same. It can be explained by the fact that the velocities in the plane xy can influence only the pressure distribution, due
to the squeeze of the lubricant. On the other hand, the film thickness depends only on the position of the piston and the
geometry of the system, characterized by the piston’s skirt shape, piston’s length, piston’s diameter and cylinder’s
diameter.
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Figure 9: Results obtained in test 6. (a) Pressure field. (b) Oil film thickness.

In addition to the pressure distribution and oil film thickness, the hydrodynamic forces acting on the piston surface
were also evaluated from the Egs. (8) to (9). The following table shows these results for each one of the tests performed.

Table 3: Forces acting on the piston, for each test performed.

Forces on the piston
Tests Fr (N) F (N) Fy (N) Fy (N)
1 -1.33E-03 3.48E-05 -1.33E-03 3.48E-05
2 8.47E-03 5.80E+03 -5.80E+03 8.47E-03
3 3.30E-02 3.84E+04 -3.84E+04 3.30E-02
4 -1.61E-02 2.05E+04 -1.61E-02 2.05E+04
5 1.29E+04 2.05E+04 -2.36E+04 -5.38E+03
6 1.78E+04 2.87E+04 -3.29E+04 -7.66E+03

According to Table 3, the hydrodynamic forces acting in test 1 should be zero because the pressure distribution is
constant along the circumferential direction. Analyzing the hydrodynamic forces obtained in tests 2 and 3, the
hydrodynamic forces occur only in x direction, because the eccentricity was only considered in this direction. Moreover,
the hydrodynamic force obtained in test 3 is greater due to the eccentricity considered in this test was four times greater
than in test 2. Finally, the influence of the velocities in the plane xy can be verified from the hydrodynamic forces of the
test 5 and 6.

4. CONCLUSION

This work aimed to study the lubrication in the interface between the piston skirt and the cylinder in internal
combustion engines, more specifically the influence of the operational parameters. The Reynolds’ equation was
numerically solved to obtain the pressure distribution considering the wedge and squeeze effects in the oil film.
Moreover, the fluid film thickness was also evaluated considering four degrees of freedom (translation: x and vy;
rotation: a, and ay).
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From the numerical simulations, the results showed that for a given linear velocity along z direction, the piston skirt
shape is responsible for generating a pressure distribution that is uniform in the circumferential direction of the piston
and varies through its height. Thus, when the piston is centered in relation to the cylinder, this uniformity in the
circumferential direction tends to cause hydrodynamic forces about null. On the other hand, in situations where the
piston had non null values of eccentricities, the pressure distribution can be not uniform in the circumferential direction,
since the oil film thickness is altered by the piston eccentricity, resulting hydrodynamic forces in the xy plane. The
pressure distribution in these cases depends on the magnitude of the eccentricity. When the magnitude is similar to the
piston radial clearance, the eccentricity effect tends to overcome the piston skirt shape effect. Configurations with
smaller eccentricity lead to results similar the pressure distribution obtained with the piston centered. In addition, the
hydrodynamic forces on the piston tend to increase when considered the velocities in plane xy (squeeze effect).
However, the increasing depends on the magnitude of these velocities, being that for small magnitude the behavior
practically does not change. Therefore, the simulation results offered a great understanding on how the operational
parameters affect the pressure distribution and, consequently, the hydrodynamic forces over the piston.

Finally, the computation simulations performed in this work allow to conclude that this model can be extremely
useful for analyzing the dynamic behavior of the slider-crank mechanism in the time domain, since the hydrodynamic
forces acting on the piston should be evaluated and computed in the equation of motion of the system.
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