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1. Introduction

Control of emissions in automotive systems is an
important goal in current research activities, driven by the
need to mitigate the harmful impacts of greenhouse gases on
the environment. Achieving compliance with stringent
EURO emission standards requires the adoption of special-
ized after-treatment technologies integrated within the en-
gine exhaust systems to effectively reduce pollutants. De-
spite the anticipated transition towards electric and hybrid
vehicles, there exist significant challenges, including but not
limited to, the efficiency of battery charging, operational
range, the time required for charging, and the sustainable
generation of the electricity needed for these processes.

In response to these challenges, cutting-edge com-
bustion technologies such as Reactivity-Controlled Com-
pression Ignition (RCCI), Homogeneous Charge Compres-
sion Ignition (HCCI), and Premixed Charge Compression
Ignition (PCCI) are being rigorously evaluated for their ca-
pacity to diminish emissions while simultaneously improv-
ing thermal efficiency. A pivotal element of this investiga-
tive effort focuses on the reduction of frictional forces,
which presently represent a mere 11.5% of an engine's total
energy utilization. The interaction between the piston and
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Fig. 1 Piston-cylinder liner assembly a — piston lubrication
system, b — piston acting forces and moments [1]

the cylinder liner emerges as the principal source of friction,
necessitating a thorough examination of their design attrib-
utes to determine their impact on the engine's longevity and
functional performance. Furthermore, the piston's lateral
movements within the cylinder play a significant role in the
overall frictional dynamics experienced (Fig. 1).

Employing the GT-SUITE software, this study
aims to forecast tribological performance and quantify fric-
tional losses within the engine. This comprehensive analysis
delves into the ramifications of piston eccentricity, tilting
actions, the peak oil pressure achievable, the quantification
of friction power losses, the variability in oil film thickness,
and the dynamics of frictional forces in relation to various
crank angles, engine speeds, and operational loads. Through
this meticulous examination, the study seeks to provide val-
uable insights into optimizing engine design and operational
parameters to achieve a balance between reduced emissions
and enhanced performance efficiency.

2. Literature review

Theotokatos et al. [2] used GT-SUITE based en-
gine model capable of predicting steady-state behavior and
transient response of the engine. The study utilizes a GT-
ISE™ software-developed integrated engine model to as-
sess the safety implications of marine Dual Fuel (DF) en-
gines, focusing on steady-state behavior and transient re-
sponses. Validation against published data and subsequent
simulations of fuel transitions underscored the importance
of engine-turbocharger matching and wastegate control in
maintaining compressor surge-free operation during fuel
mode changes. Mehmet Kunt [3] studied the energy losses
of a 4-stroke gasoline engine working in urban and extra-
urban conditions. GT-Suite is utilized for vehicle simulation
programs to assess engine and powertrain energy losses of
a 4-stroke gasoline passenger car across various driving cy-
cles, including FTP75, HFET, US06, and WLTP, both in
urban and extra-urban conditions. The findings indicate that
the HFET driving cycle resulted in the lowest CO2 emis-
sions (127.58 g/km) and average fuel consumption (5.29
1/100km), with notably the lowest torque converter losses
observed during this cycle (0.2%). Utilizing insights from
Mehmet Kunt concentrated on enhancing the viscosity in-
dex [3]. Moreover, numerical simulations and GT-Power



software validation were employed to analyze the perfor-
mance of a turbocharged diesel engine, focusing on metrics
like mean effective pressure, power, torque, and fuel con-
sumption, thereby demonstrating the utility of simulation
tools in enhancing engine design [4]. The cylinder deactiva-
tion (CDA) on a 16-cylinder diesel engine was studied by
Liu [5]. It is shown that CDA significantly improves power
and emission performances, as revealed through a compre-
hensive study using 1D and 3D models validated against ex-
perimental data. Findings show CDA reduces fuel consump-
tion by up to 14% and cuts BSCO and BSsoot emissions by
75.26% and 62.9%, respectively, while slightly increasing
BSFC by 0.8% without elevating BSCO emissions, show-
casing its efficacy in enhancing engine efficiency and envi-
ronmental compliance. Turnbull studied multi-physics anal-
ysis of piston top compression rings. The study reveals that
in high-performance internal combustion engines, gas leak-
age losses through piston top compression rings can signif-
icantly exceed frictional losses, a novel finding not previ-
ously documented [6]. Delprete [7] summarized the synthe-
sis of the main technical aspects and challenges regarding
piston dynamics. Investigations into piston dynamics and
lubrication underscore their critical role in enhancing the ef-
ficiency of internal combustion engines, significantly im-
pacting mechanical friction, power loss, and emission re-
duction. Hama Rashid conducted research in a 1-D gas ex-
change simulation program. An engine model for natural
gas buses and Miller Cycle efficiency was explored through
GT-Power simulations, with a VOLVO-origin engine
model, verified by varied testing cases [8]. Chris performed
a powertrain Systems Analysis Toolkit (PSAT). The aim
was to develop a validated simulation model of a Ford Es-
cape Hybrid Electric Vehicle (HEV), demonstrating the
model's fidelity by comparing simulated results with actual
vehicle data from chassis dynamometer testing at Argonne
National Laboratory. The study highlighted the potential for
control strategy enhancements to boost HEV efficiency,
with the model showing improvements over previous simu-
lations [9]. Pasupathi developed a system-level battery elec-
tric vehicle model for light heavy-duty applications [10].
Mohiuddin demonstrated the effectiveness of Multi-Objec-
tive Genetic Algorithm Optimization [11]. Cerdoun et al.
[12] conducted a study comparing heat transfer coefficients
and temperature distributions across exhaust and intake
valves at different engine speeds. The study revealed that
intake valves took twice as long as exhaust valves to stabi-
lize. This approach enables quantification of temperature
distribution, thermal gradients, and thermal flux across
valve zones at different engine speeds, aiding metallurgists
in extending valve lifetimes. Yilmaz et al. [13] enhanced
their study by incorporating the pressure ratio between the
intake manifold and atmospheric pressure, along with the
Reynolds number, to better understand the impact of back-
flow gas on intake air temperature. When compared with
experimental data, they found maximum and average errors
in estimating intake air temperature inside the manifold to
be 2.9% and 0.9%, respectively. Nichani employed a cou-
pled 1D-3D simulation method to accurately depict the oil
sloshing phenomenon. The simulation approach efficiently
models engine oil pan sloshing, significantly speeding up
computational analysis while maintaining accuracy in as-
sessing lubrication pump performance during vehicle accel-
eration [14]. Additionally, several hybrid versions of a tra-
ditional internal combustion engine (ICE) vehicle were
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compared [15]. The Miller cycle was investigated using a
one-dimensional (1D) simulation model created with GT-
Power software [16]. Lee used AMESim and KULI as tools
in his work, a single-cylinder four-stroke diesel engine was
modelled [17]. Yahuza created an engine cycle simulation
for a BED (biodiesel-ethanol-diesel) fueled engine [18].
GT-Power software was utilized to predict knock and com-
bustion [19]. Shah employed an integrated approach to con-
duct a 3D thermal analysis of battery cells and cooling plates
[20], an innovative method was developed to analyze heat
rejection calculations. A one-dimensional model of a roots-
type twin rotor was studied on GT-Suite [21]. Saxena de-
veloped a real-world drive cycle [22]. Tiwari developed a
simulation of tank draining using GT-SUITE [23]. A 1-di-
mensional CFD modeling methodology was developed us-
ing GT-SUITE [24]. In this study a one-dimensional numer-
ical simulation model using the GT-Suite simulation soft-
ware will be developed. Then numerical simulation is car-
ried out and validated against experimental data.

3. Background

The interplay of forces and moments on an engine
piston is integral to the operational dynamics and efficiency
of internal combustion engines. These phenomena stem
from several key sources: the combustion process, the pis-
ton's secondary movements, and the effects of inertia. The
combustion force, a direct outcome of fuel-air mixture igni-
tion within the combustion chamber, propels the piston
downward during the power stroke, transforming chemical
energy into mechanical work. Concurrently, the piston's
vertical oscillation within the cylinder generates inertia
forces, dependent on the piston's mass and its velocity's rate
of change. This action results in a cyclical pattern of accel-
eration and deceleration, correlating with the engine's stroke
phases.

Additionally, the angular trajectory of the connect-
ing rod introduces lateral forces on the piston, compelling it
towards the cylinder walls, which may lead to secondary
motions such as piston slap or rock, thus impacting the en-
gine's wear and operational efficiency. Furthermore, the
synthesis of dynamic forces and the mechanical architecture
of the engine-characterized by the dimensions and relation-
ships between the piston, connecting rod, and crankshaft-
give rise to moments and torsional vibrations. These forces
not only affect the mechanical stress distribution across the
engine's components but also have implications for the en-
gine's longevity and smooth functionality.

A comprehensive understanding of these forces
and moments is crucial for advancing engine design, miti-
gating component wear, and elevating the engine's perfor-
mance and efficiency. This knowledge underpins the engi-
neering strategies employed to refine the functionality of in-
ternal combustion engines, addressing both the immediate
mechanical interactions within the engine and the broader
implications for automotive engineering and environmental
impact. The free-body diagram (FBD) in Fig. 1 is used to
derive the piston motion equation. As can be seen from the
FBD movement of the piston is governed by the solution of
a set of equations that consider various factors acting on the
piston, such as the inertia of the piston, the hydrodynamic
force, the friction force, and the hydrodynamic moment. The
derivation of the Forces acting in axial (y) direction, Forces
acting in radial (x) direction and moments are shown in



detail in Ali et.al, [25]. The general equation that governs

with:
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In this paper, we consider the thin, incompressible,
and laminar oil film. The hydrodynamic pressure is calcu-
lated by solving the Reynolds equation [26]:
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The forces and moments (Fr and M) are generated
by the hydrodynamic pressure generated in the oil film for

the surface parts limited between (-6, 6,) and
(6,, 27 —6,) . The pressure condition for non-lubricated ar-
eas is described as:

Py (v.07) = 6,<6 ~<6,. (5)

The pressure reaches maximum on the edges at
f=0and 8= r, and is characterized by a zero-pressure gra-
dient.
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The symmetry of the pressure in the oil film is ex-
pressed using the following condition:

Py (V.=0) = p,(v.9) ©)

A pressure that at the top and at the bottom of the
piston-skirt is considered to be zero:

P, (0,6)=p,(L,6)=0. (8)
The hydrodynamic force and moment can be cal-

culated by integrating the hydrodynamic pressure of the oil
Pn over the lubricated area [27], [28]:
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Then the hydrodynamic friction force and moment
around the wrist pin based on the shear stress are calculated
as follows:

the motion of the piston is as follows:
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The approximate method proposed by Zhu [29],
[30] is used to calculate the contact pressure of an Alumin-
ium piston:

P, =5.464x10" 5%, (13)

where the wall deformation is denoted as o.

Once P is calculated then total contact force acting
on the piston skirt and moment around the wrist pin are
found by:

=2R ﬁ P. cos@dady , (14)
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Egs. (16) and (17) describe the contact friction
force and moment of asperities in a potential solid-solid con-
tact between the piston skirt and the cylinder.
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where ¢ is empirical friction coefficient of the solid.

Considering that the oil film is fixed to the piston
during its movement, its thickness is closely related to the
secondary motion of the piston. Neglecting elastic defor-
mation, the thickness of the lubricating film can be calcu-
lated using the following expression:

h(6.,y.t)=c+e (t)cosp+

+[e, (t)-e (t)]%coswl 1)

The lubricant's dynamic viscosity is given by [16]:

_ 5.6625x10°

19
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Shear force and hydrodynamic friction are given as [26]:
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where &, @&, @, are the shear pressure factors.
The power loss is given by:
L
P, = FxU =Ux [[7(x)x. (21)
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3. Results and discussions

Table 1 presents the diesel engine specifications
data used in GT-SUITE simulation. The influence of engine
speed and engine load on the tribological behavior of the
piston-cylinder contact is studied due to their significant im-
portance.

Table 1

Engine specifications
Parameters Values Units
Bore 119 mm
Stroke 87.5 mm
Connecting road 300 mm
Compression ratio 17:1 -
Cylinders number 01 -
Timing of injection 10° BTDC
Opening of intake valve 11° BTDC
Clouse of intake valve 32° ABDC
Opening of exhaust valve 35° BBDC
Closure of exhaust valve 16° ATDC
Oil type SAE 30 -

Simulation results are verified against experi-
mental data from the work of Lee et al. [17]. Fig. 2 shows
the variation of the hydrodynamic friction force between the
compression ring and the cylinder as a function of the rota-
tion angle for an engine speed of 2000 rpm and partial load.
The same engine parameters were introduced into the simu-
lation software to calculate this friction force. The simula-
tion results are in agreement with the work of Lee et al. [17],
with a satisfactory match between the simulated and exper-
imental data. The maximum friction force occurs at the
point of maximum pressure in the cylinder. The negative
part of the curve is due to the change in direction of the pis-
ton velocity resulting from the reciprocating motion.
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Fig. 2 Top ring hydrodynamic friction force versus crank
angle

3.1. Engine speed effect

Fig. 3 illustrates the impact of the engine speed on
the piston eccentricity at full load for one engine cycle. It
can be observed that the maximum eccentricity values de-
crease as the engine rotation speed increases during the
combustion, expansion, and exhaust phases. On the other
hand, during the intake and compression phases, these max-
imum values increase with the motor rotation speed.

Fig. 4 shows the effect of the engine speed on the
piston tilt angle at full load for one engine cycle. A signifi-
cant influence is observed during the expansion period. The
maximum tilt angle values decrease as the motor rotation
speed increases.

Fig. 5 presents the effect of the motor speed on the
minimum oil film thickness on the main thrust side between
the piston and the cylinder liner at full load. In general, the
oil film thickness increases with the increase of motor speed
during the intake and compression strokes, and decreases
during the expansion and exhaust strokes. It can be observed
that the minimum oil film thickness is reached during the
expansion stroke.

Fig. 6 illustrates the impact of engine speed on the
maximum oil film pressure in the major thrust of the piston-
cylinder assembly at full load for one engine cycle. The oil
pressure reaches its maximum value in the middle of each
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stroke for all three engine speeds. During the intake, com-
pression, and exhaust strokes, the maximum oil pressure in-
creases with engine speed and can reach a value of 30 bars.
On the other hand, the maximum oil pressure decreases with
increasing engine speed during the expansion stroke, with a
peak of 118 bars possible at a speed of 1000 rpm.

Fig. 7 presents the effect of the engine speed on the
total hydrodynamic friction force of the oil film in the piston
skirt-cylinder liner assembly at full load for one engine cy-
cle. For the three engine rotation speeds, it can be observed
that the friction force reaches its maximum value in the mid-
dle of each stroke, and zero values when the pistonisat TDC
(top dead center) and BDC (bottom dead center).  The
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maximum value of the hydrodynamic friction force is 80 N
for an engine speed of 2000 rpm.

Fig. 8 shows the effect of the engine speed on the
total hydrodynamic friction power of the oil film in the pis-
ton skirt-cylinder liner assembly at full load for one engine
cycle. There is a remarkable influence of the engine rota-
tional speed. The friction power reaches its maximum value
in the middle of each stroke and zero values when the piston
is at TDC and BDC. The hydrodynamic friction power can
reach a maximum value of 1.5 kW.

3.2. Engine load effect

The engine load effect on the piston eccentricity
during one cycle of the engine operating at 1000 rpm is
demonstrated in the Fig. 9. The graph clearly shows that as
the engine load increases, the maximum eccentricity values
also increase during both the combustion and expansion
phases. In fact, if the engine load were to increase by 25%,
the maximum value of piston eccentricity would increase by
35%.

The impact of the engine load on the piston tilt an-
gle during one cycle of the engine running at 1000 rpm is
presented in Fig. 10. The graph highlights that there is a sig-
nificant influence on the piston tilt angle during the combus-
tion and expansion period, where the maximum tilt angle
values decrease as the engine load increases.

Fig. 11 illustrates the evolution of the minimum oil

film thickness between the piston and cylinder liner on the
main thrust side versus crank angle for different engine load
during one engine cycle and engine speed of 1000 rpm. The
graph reveals that, overall, the oil film thickness decreases
as the engine load increases across all engine strokes. Addi-
tionally, the minimum value for the oil film thickness is ob-
served during the expansion stroke.
The impact of the engine load on the maximum oil film pres-
sure in the major thrust of the piston-cylinder assembly dur-
ing one cycle of the engine operating at 1000 rpm is pre-
sented in Fig. 12. The graph indicates that the oil pressure
reaches its highest value in the middle of each stroke, re-
gardless of the engine load. However, the maximum oil
pressure varies significantly during the expansion stroke,
where it increases with the engine load and can reach a peak
of 98 bars at full load.

Fig. 13 illustrates the relationship between engine
load and the total hydrodynamic friction force of the oil film
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in the piston skirt-cylinder liner assembly. The data pertains
to an engine speed of 1000 rpm and a single engine cycle. It
can be observed that regardless of the engine load, the fric-
tion force reaches its peak during the midpoint of each
stroke, with zero values occurring when the piston isat TDC
(top dead center) and BDC (bottom dead center). According
to the data, the maximum hydrodynamic friction force is
80 N when operating at full load.

The effect of the engine load on the total hydrody-
namic friction power of the oil film in the piston skirt-cylin-
der liner assembly during one cycle of the engine operating
at 1000 rpm is depicted in Fig. 14. The graph indicates that
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the friction power reaches its highest value in the middle of
each stroke and has zero values when the piston is at TDC
(top dead center) and BDC (bottom dead center). Addition-
ally, there is a notable influence of the engine load during
the expansion period, where the friction power can reach a
maximum value of 0.8 kW at full load.

4. Conclusions

In this research, we have successfully formulated
and validated a one-dimensional numerical simulation
model utilizing the GT-Suite simulation platform, achieving
a noteworthy correlation between the simulated outcomes



and empirical data. This model's validation underscores its
efficacy in accurately replicating the dynamic behavior of
internal combustion engines under varied operational con-
ditions.

Our findings illuminate the critical influence of en-
gine speed and load on the tribological interactions within
the piston-cylinder interface, highlighting their pivotal role
in modulating frictional losses. Specifically, adjustments to
these parameters emerged as effective strategies for enhanc-
ing tribological efficiency, thereby heralding potential ad-
vancements in engine design for optimized performance.
Notably, the study revealed a reduction in oil film thickness
during the piston's expansion phase, attributed to elevated
oil pressures, which underscores the intricate relationship
between engine operational parameters and lubrication dy-
namics.

Despite the comprehensive nature of this study, it
recognizes the existence of additional complex phenomena
not yet explored, which could substantially affect the en-
gine's tribological performance. Future research endeavors
will aim to integrate the effects of piston bore distortion, fo-
cusing on its implications for the piston-cylinder assembly's
sealing efficiency and mass flow dynamics. This expanded
analytical framework is anticipated to yield deeper insights
into the nuanced mechanisms governing engine perfor-
mance, paving the way for the development of more refined
and efficient internal combustion engines.
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B. Menacer, A. Soualmia S. Narayan, M. Al-lehaibi

IMPACT ANALYSIS OF KEY ENGINE PARAMETERS
ON PISTON LUBRICATION AND FRICTION
PERFORMANCE IN DIESEL ENGINES USING GT-
SUITE PROGRAM

Summary

In Compression ignition engines combustion oc-
curs at higher temperatures that leads to a rapid rise in com-
bustion pressure and amount of heat released. This may lead
to lesser emissions during engine cycle. Moreover, occur-
rence of combustion takes place for a very small crank an-
gles duration resulting in better thermal efficiency. On the
other hand, the oil used for lubrication in IC engines is re-
sponsible for a significant amount of pollution and particles
emitted into the environment. In order to comply with in-
creasingly strict pollution standards, manufacturers make
considerable efforts to minimize the impact of oil consump-
tion on engine emissions. The purpose of this study is to de-
velop a one-dimensional numerical simulation method us-
ing GT-Suite software to assess how the engine speed and
load affect the oil film thickness, frictional force, and power
losses during the operating engine cycle. The results ob-
tained in this simulation were validated using experimental
data, and there is good agreement between the numerical
and experimental results. It was found in this paper that the
maximum friction power losses were found to be 1.6 kW at
middle of strokes and the minimum Qil film thickness was
obtained in range of 9-38 pum.

Keywords: Engine friction, piston, cylinder liner, internal
combustion engine, GT- SUITE software, lubrication.
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