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Abstract

Currently, modern internal combustion engines are receiving great attention due to their efficiency, particularly in response to the
increasing limits imposed by environmental and emission legislation. Sound emissions of internal combustion engines are mainly
caused by three sources of noise: combustion, mechanical and aerodynamic flow. The secondary motion of the piston plays a crucial
role in the analysis of performance, noise, vibration and reliability of internal combustion engine (ICE). In the presented article,
a mathematical simulation model has been developed by using of the GT-Suite software to study the rotational and lateral motion
of the piston (called secondary motion) as well as the piston slap in ICE. This model takes into account the effect of variation in
the major geometric parameters of the skirt design, such as the piston pin offset (P.P.O) and the length of the skirt. Furthermore,
a combined model that accounts for the interplay between the secondary dynamics of the piston and the dynamic fluid lubrication
has been developed. This model utilizes a mixed lubrication approach for the purpose of simulation. The results of this simulation
have demonstrated that the variations in length of the skirt and the P.P.O have a considerable effect on piston secondary motion and
tribological performances, and that the lateral motion of the piston is significantly influenced by the piston side force, which plays
a crucial role in this behavior.
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1 Introduction

In the internal combustion engine (ICE), the piston is sub- studies in literature that are dedicated to examining the sec-

jected to two distinct types of movement. The first type
is the primary motion, which consists of a back-and-forth
motion between two points top dead center (TDC) and
bottom dead center (BDC) [1]. This motion converts the
pressure generated by the fuel combustion into mechanical
work that drives the engine. The second type is the second-
ary motion, which refers to the piston's motion in lateral
and rotational directions [2]. This motion can have signif-
icant consequences on the engine's performance, vibration
and lubrication. Indeed, this secondary motion can increase
the friction and wear of components such as cylinder walls,
piston rings, and bearings [3]. There are numerous research

ondary motion of pistons, specifically concerning the effec-
tiveness, emissions, and longevity of engines, such as [4, 5].

Lu et al. [6] examined the effects of various factors such
as connecting rod inertia, piston skirt profiles, piston off-
set, and thermal deformation on lubrication performance
and piston secondary motion. The results revealed that
these factors have a significant impact on both lubrication
performance and piston secondary motion.

The objective of the study conducted by Guo et al. [2]
was to examine the impact of secondary piston motion
combined with clearances joints on the performance and
durability of internal combustion engines. The results
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indicated that secondary motion increased loads on the
piston rings and cylinder walls, thus affecting the durabil-
ity and performance of the engine.

Forero et al. [7] proposed a mathematical model that
incorporates the deformation of the piston skirt and con-
siders the effects of clearances in the connecting rod bear-
ings in order to enhance the accuracy of estimations for
the secondary movement of the piston. The findings of
the study reveal that throughout the combustion cycle, the
piston experiences six changes in direction, accompanied
by lateral and angular velocities reaching up to 0.13 m/s
and 4 rad/s, respectively. Furthermore, the hydrodynamic
forces acting on the connecting rod bearings increase by
approximately 500 N as a result of these motions.

Tan et al. [8] devised a numerical model with three
degrees of freedom to examine the secondary motion of
the piston. The outcomes indicate that when the damping
coefficient and stiffness are low, the piston exhibits bounc-
ing behavior against the cylinder liner, leading to vibra-
tions in the engine block. However, as the damping coef-
ficient of the piston increases, these vibrations diminish.
Moreover, when the stiffness of the piston segment is aug-
mented, the amplitude of piston bounce and engine block
vibration decreases.

Bhavi et al. [9] reported an experimental study that
examines the impact of piston connecting rod offset on
the reduction of noise and vibrations caused by piston
slap. In this study, three values of connecting rod offset
(0.2, 0.3, and 0.4 mm) and experiments were carried out
on an operating ICE to obtain the frequency spectrum
of noise and vibrations. Additionally, noise level curves
in terms of dB(A) were generated through these experi-
ments. The purpose of these experiments was to inves-
tigate the frequency components of the engine noise and
vibrations, and to assess the overall noise levels in terms
of dB(A) for various operating conditions, including dif-
ferent piston motions, bearing clearances, and combustion
dynamics. The results showed that a piston connecting rod
offset of 0.3 mm had a positive impact on stress values and
on the reduction of noise intensity on the internal combus-
tion engine studied.

In this study, a numerical simulation model is devel-
oped to investigate the variation with crank angle of the
piston tilting, the top and bottom piston eccentricities, pis-
ton thrust side force and the hydrodynamic performances
in mixed lubrication. The GT-Suite simulation software
was utilized for this purpose. The dynamic equations
associated with the piston's secondary motion were solved,
and the impacts of different skirt designs were analyzed.

2 Governing equation of the secondary motion of the
piston

Fig. 1 illustrates the dynamic movement of the piston.
Under the pressure exerted by the gas on the upper part
of the skirt, the piston moves along the cylinder liner,
generating a hydrodynamic oil force around the skirt,
represented by F,, and a moment M,. The translation
and rotation movements of the piston are called top (e?)
and bottom (eb) eccentricities of the skirt. In this paper,
the following assumptions have been taken into account
during the modeling [8, 10]:

e only three degrees of freedom of piston motion
are taken into account, namely the primary piston
motion (one degree of freedom) and the secondary
piston motion (two degrees of freedom);

* the oil used in the power cylinder unit is considered
a Newtonian and incompressible fluid;

» assuming the absence of cavitation and full immer-
sion of the piston skirt in oil, the governing equation
for the secondary motion of the piston is formulated
without considering thermal and elastic deformation
of the piston skirt and liner;

¢ the oil film thickness is considered thin compared to
the lateral size of the piston [11].

Noise and vibrations are generated when the secondary
motion of the piston, caused by various eccentricities,
causes it to collide with the cylinder liner [12]. The distance

Fig. 1 Piston dynamic model



traveled by the piston along the cylinder liner, denoted
as Z, can be expressed as a function of several parameters,
such as the piston pin radius 7, the connecting rod length /,
the piston pin offset Cp, and the tilt angle ¢ as follows in

Eq. (1) [13]:

Z=-r,cos(0)—(1"-B2)+(I+1,) -C2, M

where B = r, sin(d) + C,.

By applying the first and second derivative of the previ-
ously mentioned equation (Eq. (1)), the piston velocity and
acceleration are given by [14]:
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The inertia force acting on the X-axis, denoted F P

can be formulated as follows in Eq. (4) [15]:
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The force exerted by the gases on the top of the piston,
represented by F, can be calculated based on the cylinder
gas pressure, denoted P, and the diameter of the piston,
D, as follows in Eq. (5) [16]:

2
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In addition to the inertia force acting along the X-axis,
the piston is also subjected to a force along the Y-axis,
which can be expressed in terms of the upper and lower
eccentricities (et, eb) as follows in Eq. (6) [17]:
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The displacement ( y), velocity (v), and acceleration (a)
of the piston along the Y-axis can be defined as follows in
Egs. (7) to (9) [18]:

y=et+b—c(et—eb), (7
L
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When the piston moves inside the liner, the friction
between the liner and the skirt creates a shear force (7)
in the oil film. This force can be formulated as follows in
Eq. (10) [19]:

U

T=po (10)
where U is the skirt velocity in the axial direction, /4 is the
minimum film thickness and y is the oil dynamic viscosity.

Using the shear stress, it is possible to calculate the fric-
tion force between the skirt and the liner (¥ f) as well as
the resulting moment around the piston (Mf) as follows in
Egs. (11) and (12) [18, 20]:

F, =R”r(x,9)dxd0, (11)
M, = R|[z(x,0)(Rcos0—C,)dxdo. (12)

The force of the oil film (F,) and its moment around the
wrist pin (M,) generated by the nonlinear pressure dis-
tribution p(x, 8) can be expressed as follows in Egs. (13)
and (14) [21]:

F, = R[[[p(x,0) Joos 0cixd, (13)

M, = R{[[p(x,0))(a, - x)cos Oado. (14)

When the piston changes direction, it undergoes a tilt at
an angle (y). The moment of rotation around the wrist pin
can be defined as follows in Eq. (15):

:_ﬁ(ézet_ézebj (15)
e S .

In addition, different forces and moments balance equa-
tions are employed to describe the system dynamics of the
piston's secondary motion, can be formulated as follows in
Eqgs. (16) to (18) [22]:
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F,+F.+F;,+F cosp=0, (16)
F,+ Fy+ F,sing =0, (17)
M, + M, +Fy(a,-b)+F,C,~F.C,+ M, =0. (18)

The numerical model can be formulated in matrix form
as follows in Eq. (19) [23, 24]:
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Due to the non-linear behavior of forces and moments
acting on the piston, the pressure distribution in the lubri-
cation film is not uniform. As a result, the Reynolds
hydrodynamic lubrication model, as referenced in [3],
is frequently utilized to describe the system dynamics.
The model is formulated as follows in Eq. (20):
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Equation (21) describes the thickness of the lubrication
film (%) [3]:

Y
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In the Reynolds hydrodynamic lubrication model, the
clearance between the piston skirt and the cylinder liner is
denoted by "Cpc”, and "d" represents the elastic deformation
of the piston induced by the pressure of the lubrication film.

3 Results and discussion

The findings presented in this study pertain to a single-cyl-
inder, four-stroke direct injection diesel engine operating
at 2000 revolutions per minute (rpm) under full load con-
ditions. The key parameters utilized in the simulation are
summarized in Table 1.

To assess the dependability of the mathematical model
devised in this research, a comparative analysis is per-
formed between the gas pressure findings derived from
the mathematical model and those obtained from exper-
imental tests [25], as depicted in Fig. 2. The comparison
reveals a strong correspondence between the numerical
and experimental gas pressure values, indicating a signifi-
cant correlation between the two sets of data, with an esti-
mated error of about 3% between the two.

Table 1 Engine data

Parameter Value Units
Bore 119 mm
Stroke 100 mm
Length of connecting rod 300 mm
Connecting-rod mass 1900 g
Crank radius 315 mm
Crank mass 1260 g
Length of piston skirt 70/75/80 mm
Liner material Al -
Skirt surface roughness 0.4 -
Skirt-cylinder friction coefficient 0.12 -
Elasticity modulus of the cylinder liner 75 GPa
Cylinder liner poisson's ratio 0.33 -
Piston Material Al -
Piston mass 1200 g
Elasticity modulus of the piston 75 GPa
Piston poisson's ratio 0.33 -
Density of the used oil 881.5 kg/m?
Dynamic viscosity of the lubricant 0.008736 Pas
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Fig. 2 In-cylinder simulated and experimental gas pressure as

a function of crank angle



3.1 Effect of the piston-skirt length

The study of piston dynamics is strongly influenced by
the length of the piston skirt. Fig. 3 shows the influence
of the skirt length on the secondary movement of the pis-
ton (namely, lateral and angular displacement). The varia-
tions in eccentricities range is from —1.5 to 2.0 microns for
a skirt length of 70 mm and is from —3.0 to 2.5 for a skirt
length of 75 mm. Fig. 3 shows that the eccentricity and tilt
of the piston increase proportionally to the length of the
piston skirt, both for the top and bottom skirts. The most
significant variations in skirt eccentricity are observed
when the gas forces acting on it are maximal, particularly
at crank angle positions of 0° during the power stroke.

Fig. 4 illustrates the impact of varying piston skirt
length on the resultant piston side thrust force. This force
undergoes five changes in direction during a complete
engine cycle, implying the possibility of five occurrences
of lateral contact between the piston skirt and the cylinder
liner. The highest variation in force is observed at a crank
angle of 0° during the power stroke, which corresponds to
a maximal cylinder pressure.

Fig. 5 illustrates the influence of the length of the piston
skirt on its tribological properties. Specifically, Fig. 5(a)
shows the evolution of the minimum oil film thickness,
while Fig. 5(b) highlights the frictional power losses over
an engine cycle. The results show that the minimum oil
film thickness decreases as the length of the piston skirt is
increased, whether it is for major or minor thrust.

The hydrodynamic frictional power losses exhibit
a sinusoidal curve. Furthermore, the energy dissipation
due to frictional power consumption resulting from the
shear stress of the Iubrication oil exhibits a relatively uni-
form pattern. The hydrodynamic frictional power loss
reaches its maximum value when the piston is at TDC and
a value of zero when the piston is at BDC, whether it is for
major or minor thrust.

3.2 Effect of the piston pin offset

The engine piston can be placed on either the thrust or
anti-thrust side of the cylinder liner. However, both posi-
tions can pose a problem. To reduce lateral movement of
the skirt, the offset must be towards the thrust side, while
to minimize wear, it should be oriented towards the anti-
thrust side [6]. In the presented results, positive values of
the piston pin offset distance indicate that the offset is ori-
ented towards the anti-thrust side, while negative values
indicate that it is turned towards the thrust side.
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Fig. 3 Effect of piston-skirt length on the piston secondary motion;

(a) Lateral displacement (variations in top and bottom eccentricity of
skirt); (b) Angular displacement (variations in tilting angle of skirt)
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Fig. 5 Effect of the piston-skirt length on the tribological charac-
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Fig. 6(a) and (b) show, respectively, the comparisons of
the eccentricity of the top and bottom of the piston skirt and
the tilt angle of the piston using three different offset val-
ues of —1 mm (thrust side), 0 mm (central location), and +1
mm (anti-thrust side). It noticed that the top and the bottom
eccentricity increases if the piston pin offset moved from
the thrust side (piston pin offset (P.P.O) = —1) to the anti-
thrust side (P.P.O = +1). The most variations of top and bot-
tom eccentricity are observed at crank angle positions of 0°
during the power stroke. The adjustment of the piston pin
has a significant impact on the piston tilting angle during
the compression and the working stroke. The most critical
position is during the reversal of the piston at the TDC.

Fig. 7 shows the effect of the piston pin offset on the
piston side thrust force. The highest variation in force is
observed at a crank angle of 0° during the power stroke,
which corresponds to a maximal cylinder pressure.
The piston pin offset does not have a remarkable impact
on the piston side thrust force.
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Fig. 6 Effect of piston pin offset on the piston secondary motion;
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Fig. 7 Effect of the piston pin offset on the piston side thrust force

Fig. 8(a) and (b) illustrate respectively the influence
of the piston pin offset on the minimum oil film thick-
ness and on the frictional power losses during an engine
cycle. The results show that the minimum oil film thickness
decreases if the piston pin offset moved from the thrust side
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(P.P.O =—1) to the anti-thrust side (P.P.O = +1), whether it is
for major or minor thrust. The hydrodynamic friction power
losses demonstrate a sinusoidal pattern. The hydrodynamic
friction power loss is at its highest when the piston is at
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