lubricants @\py

Article
A Minimal Input Engine Friction Model for Power
Loss Prediction

Cristiana Delprete (", Chiara Gastaldi T and Lorenzo Giorio **

Department of Mechanical and Aerospace Engineering (DIMEAS), Politecnico di Torino, 10129 Torino, Italy;
cristiana.delprete@polito.it (C.D.); chiara.gastaldi@polito.it (C.G.)

* Correspondence: lorenzo.giorio@polito.it

t These authors contributed equally to this work.

Abstract: The minimization of friction losses in internal combustion engines is a goal of primary im-
portance for the automotive industry, both to improve performance and to comply with increasingly
stringent legislative requirements. It is therefore necessary to provide designers with tools for the
effective estimation of friction losses from the earliest stages of design. We present a code for the
estimation of friction losses in piston assembly that uses semianalytical models that require only
strictly necessary geometric and functional inputs for the representation of components. This feature
renders the code particularly suitable for the preliminary design phase. Furthermore, models ensure
reduced computation times while maintaining excellent predictive capabilities, as demonstrated by
the numerical-experimental comparison.
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1. Introduction

Rising fuel costs and increasing limits in environmental legislation render improving
the mechanical efficiency of internal combustion engines (ICEs) a topic of paramount

:C::eﬁtfgsr importance for the automotive industry [1]. The efficiency of ICEs is severely limited by the
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and circumferential variation of oil meatus thickness: a finite difference scheme can be
applied to solve the 2D Reynolds equation and determine the pressure distribution at the
skirt-liner interface.

The final contribution to friction losses in ICEs that is considered here is journal
bearings supporting both conrod and crankshaft. In recent decades, there were great
attempts to evaluate and simulate the tribological and lubrication performance of journal
bearings [24-27]. Lubrication theory is primarily applied to examine the tribological
performance of finite-length bearings [28,29]. In this context, pressure distribution is often
defined under an approximate analytical solution of the Reynolds equation.

Modeling the tribological performance of engines is important for two main reasons:
first, the development of analytical tools for design evaluation, and second, the develop-
ment of reliable friction models that can be used in transient simulations of the engine to
predict its actual performance. Providing designers with reliable models to predict friction
losses is necessary to discriminate the most effective design solutions in minimizing losses.
Such models would reduce the need for experimental tests to check the most promising
solution. Highly advanced software for the behavior prediction of engine components
is now available, and some offer suites to predict friction losses. However, these tools
are complex and require a large amount of input data, often including a CAD model of
components [30]. This requirement renders the use of these software packages a daunting
task during the predesign phase, when there is still much uncertainty on different features.

The purpose of this paper is to overcome this issue by proposing software that can
effectively predict friction losses starting from a minimal set of input parameters, i.e.,
key geometrical dimensions, lubricant data, and operating conditions. The proposed
tool cleverly uses a combination of analytical models, basic numerical discretization, and
numerical methods to time-efficiently indicate friction losses. This features enables the
designer to explore the influence of different parameters and ensures efficient comparisons
of different design solutions. The tool, equipped with a graphical user interface, is able to
estimate friction losses for key engine components such as piston rings, piston skirt, and
journal bearings (connecting rod and main crankshaft). For each component, constitutive
model equations are provided with the implemented solution technique. The predictive
capabilities of the model are discussed by showing an experimental-numerical comparison
on a reference test case.

2. Design Tool Overview

In order to create an easy-to-use design tool for end users, an easy-to-interpret graphi-
cal user interface (GUI) was implemented to ensure quick and intuitive data entry, and easy
viewing and exporting results. The main menu of the presented tool is shown in Figure 1.
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Figure 1. Main menu of proposed tool.
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The designer may automatically enter data using an external spreadsheet, so that a large
number of simulations can be quickly performed, which is useful for performing parametric
studies on the effect of different input data on friction losses on modeled engine components.

As shown in Figure 1, the proposed tool allows for the evaluation of friction forces
and the dissipated power for three main subsystems of the ICE: piston rings, piston skirt,
and journal bearings (main and conrod).

The first tab available to the user, “Crank Mechanism”, allows for the input of geomet-
ric and inertial data of the crank mechanism. It is shown in Figure 2, and its inputs are later
used by the models of each subsystem.

4 Crank Mechanism - o X | | 4 crank Mechanism - o X
‘Geometry and Speed Masses and Inertias Pressures Results and Plots Geometry and Speed Masses and Inertias Pressures Results and Plots

Rotation speed w [rpm] 2000 Piston mass (+rings+clips) [g] 501.8 Crank Pin mass mcp [g] 376.5

Bore Diameter D [mm] 79.7 Connecting Rod: Wrist Pin mass [g] 235.8

Crank radius r [mm] 40.05 - reciprocating mass [g] 1935 | Crank Web mass mew [g] 1770

Connecting rod length lcr [mm] 135 - rotating mass [g] 4475

Crank web mass - Crank axis
distance row [mm]

i

Crank shaft offset zoc [mm] 0

- total mass [g]

Wrist pin offset zowp [mm] -0.5

Total offset zo [mm]

D)
P

Return to Home Return to Home

Figure 2. Input tab for crank geometry and inertial data used for current analysis.

The layout of the connecting rod-crank mechanism can be one of two types: centered
and offset. In the centered configuration, the cylinder axis intersects the rotation axis of
the crankshaft and the wrist pin axis. In the offset configuration, the cylinder axis does not
intersect the rotation axis of the crankshaft and an overall offset is present in agreement
with the rotation direction of the crankshaft when the piston reaches the top dead centre
(TDC). Offset cranking is useful as it reduces pressure acting on the connecting rod side
and the piston-slap phenomenon. All formulas were developed for offset configuration,
i.e., the centered configuration is treated as a special case with null offset.

The design tool also allows for the simulation of two different engine operating
conditions: motored and fired. In the case of fired operation, pressure values in the
combustion chamber and between the various piston rings can be entered by the user by
importing an external spreadsheet.

Input data for each component of the design tool is broken down by type:

*  Geometric (and inertial, if necessary) data of connecting rod-crank mechanism.

*  Working conditions in the combustion chamber (motored or fired).

¢ Geometrical data and lubrication conditions of the component under examination.
e  Tribological data of the lubricant and the modeled surfaces

¢  Parameters necessary to the numerical integration method.

The flowchart for setting up the model is shown in Figure 3, using as a demonstrator
the tabs and data needed for the evaluation of friction due to the piston rings.
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Figure 3. Program setup flowchart for evaluating friction losses due to piston rings.

2.1. Modeling and Numerical Methods

The design tool presented here uses a similar scheme for the different subsystems that
it analyzes (piston rings, piston skirt, and bearings). There are three fundamental elements,
as shown in Figure 4:

*  Necessary semianalytical model to define the relationship between external forces acting
on the component, and the pressure and thickness present in the lubricant meatus.

*  Numerical discretization (1D or 2D) to solve the Reynolds equation associated with
the lubricant meatus.
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¢ Numerical methods such as finite differences to solve the Reynolds equation, and
algorithms to link equilibrium equations with meatus thickness h.

To ensure high calculation speed of the code, which allows for the comparison of
a large number of different solutions during the initial phases of the design process, we
assumed the following:

e crankshaft angular speed w is constant;

*  lubricant is Newtonian and incompressible;

¢ oil viscosity and density are constant;

* thermal and elastic deformation of the components are neglected.

EFFICIENT
FRICTION
MODEL

¢ op. 0 .op :
== (B 50) + 5= (h*=5) = 6yl
200" 9o’ T oz " ar) =01

Ih 12 Oh
Roa " og

FINITE

BB DIFFERENCES

NUMERicaL sOWER

Figure 4. Diagram representing constituent code elements.

The general process of solution applied for each analyzed subsystem by the presented
code is reported in Figure 5, in which x and « represent axial and circumferential co-
ordinates, respectively; # is lubricant viscosity; U is piston instantaneous velocity; w is
angular crankshaft speed; R; is piston skirt radius; / is oil film thickness; and p is pressure.
Starting from geometrical and tribological parameters, working conditions, and geomet-
ric discretization of the subsystem (one- or two-dimensional depending on the specific
component), an initial guess of oil film thickness & can be used to numerically solve the
Reynolds equation though a finite difference scheme (one or two-dimensional depending
on the specific component) and obtain pressure field p inside the lubricant meatus. The
calculation of the friction force and moment with inertial forces of the component allows
to update oil film thickness distribution. Though an iterative process, the calculation can
be completed in order to obtain correct oil film thickness &, pressure field p, friction force,
friction moment, and power loss. Additional details are reported in the following sections
for each engine component.

INPUTS

Other functional and geometrical Component specific oil film
parameters thickness definition
egn U o R h

Geometry discretization (Mesh)

eg.x, a

l

[

1D or 2D Reynolds equation

|

Iterative Finite Differences
scheme

OUTPUTS I

‘ Pressure field H Friction force and power loss

calculation

Figure 5. Flowchart of general process of the model solution individually applied to each subsystem
(piston rings, piston skirt, journal bearings) analyzed.
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2.1.1. Piston Rings

Piston rings exploit axial symmetry both geometrically and in terms of piston ring
loads. In fact, the model depicted in Figure 6, the resulting discretization, and the Reynolds
equation connected to them are one-dimensional:

3 (,59p\ _ oh oh
ax(h ax) = —6yUs_ + 1275 1)

where h represents oil film thickness, p is pressure, 7 is oil viscosity, and U is instantaneous
piston velocity (i.e., it was assumed the piston ring and piston had the same velocity).

In Figure 6, RH represents ring height, RW is ring width, o is ring face offset from the
center of the ring, w is angular crankshaft speed, and #,,;,, is minimal oil film thickness.

7

Oil

Ring
RH Pimin N

{ Liner
Piston | \
X

Figure 6. Representative diagram of fundamental piston ring sector.

In order to solve Equation (1) by finite differences, it is necessary to hypothesize oil
film thickness h. This was calculated through a purposely developed iterative scheme
described in great detail in [31]. The calculation is also influenced by lubrication conditions
(hydrodynamics, separation, cavitation) that change the configuration of meatus thickness
h [31]. If minimal oil film thickness h,,;,, evaluated at each crankshaft angle is lower than
the combined surface roughness, the lubrication regime is of the boundary condition type,
and the lubricant meatus configuration changes; in this case, minimal oil film thickness was
set to be equal to the combined surface roughness, and friction force and power loss can be
directly computed with typical friction contact equations with friction coefficient p¢ [14].

2.1.2. Piston Skirt

Axial symmetry of the geometry is not respected by the piston skirt, as the presence
of the wrist pin implies nonsymmetric lubricated surfaces of the component. Therefore,
hydrodynamic pressure acting on the piston skirt must be determined using the complete
2D Reynolds equation, which considers changes in oil film thickness in the axial (x) and
circumferential («) directions:

9 [ap\ 9 (,ap\ . . oh o
R29a (h aa) RFr: (h ax ) = O Rax T 1195 @

where 6 = wt is crankshaft angle, w is crankshaft angular speed, and with reference
to Figure 7, R; = % is piston skirt radius. The last term of Equation (2) represents the
nonstationary contribution of the Reynolds equation on the condition that crankshaft
angular speed w is constant.

In this case, oil film thickness & is determined as a function of the eccentricity at top
e and bottom e, of the piston skirt, which are in turn related to the dynamic equilibrium
of the piston itself. Additional parameters needed for the calculation are represented in
Figure 7: a is the wrist pin vertical distance from the oil control ring, /1, and Iy, are
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respectively the unlubricated area width and position with respect to the piston axis, [ s is
the piston skirt length and zg,, is the piston center of gravity position with respect to the
piston axis.

Starting from arbitrary values of ¢; and ¢y, an initial guess of oil film thickness distribution
h(x, ) is used to solve the 2D Reynolds equation applying the finite difference method [32] at
each crank angle in order to estimate the pressure distribution, and evaluate piston friction
force and moment. Together with piston inertial forces and moments, top and bottom
eccentricities e; and e;, are updated by applying an iterative technique until convergence, and
oil film thickness h and pressure field p are evaluated, solving the complete Reynolds equation
using the finite different method one last time.

I<+>|

s | Luns

»
|~
Piston center
of mass

|
Ler
| Junio

Figure 7. Eccentricity and fundamental geometric quantities of piston skirt model.

2.1.3. Connecting Rod and Main Bearings

The Reynolds equation related to the bearings is analogous to Equation (2), where Rj
represents the radius of the journal. In the case of journal bearings, oil film thickness & is
related to eccentricity e and is in turn derived from the balance between hydrodynamic
reaction and forces acting on the bearing. Considering Figure 8, e is eccentricity, w is angular
crankshaft speed, c is the mean radial gap of the bearing, Rj is journal radius, and Lx is
bearing width. Here, Booker’s method [33,34] with Ocvirk short-bearing approximation is
used to solve the equilibrium of forces and find e.

Figure 8. Representative diagram of semianalytical journal bearing model.

Booker’s method requires knowledge on the reaction force that the bearing supports.
While this calculation is trivial for the connecting rod bearing, the situation is more complex
when considering the main bearings. At each crank angle, the applied load acting on the
connecting rod bearing can be considered as made up of a contribution from the force of
the gas in the combustion chamber and one due to the inertia forces of the alternating and
rotating masses. Three simplifications can be considered in order to obtain a quick estimate
of the tribological performance of the connecting rod bearing. First, analysis is applicable to
a single cylinder and can be considered to be an approximation of a multicylinder engine.
Second, engine components are treated as rigid bodies, and they are not associated with
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elastic deformation. Lastly, the effect of engine fluctuations caused by the firing order and
inertial imbalances can be limited to a few harmonics.

On the other hand, it is not as easy to evaluate loads acting on the main bearings. These
are due in part to connecting rod bearing load reactions and in part to crankshaft unbalance
forces (counterweights and connecting rod pins) [35]. This is an underdetermined problem
because both crankshaft and crankcase have finite stiffness, and interactions between the
connecting rod bearing load and the unbalanced crankshaft forces make the calculations
complex. To avoid rather complex and expensive calculations, in this first version of the code,
the so-called statically determinate method [36] was applied in which the crankshaft was
assumed to have an articulation at each supporting bearing; therefore, the influence of forces
acting beyond the two adjacent main bearings is neglected, and the crankshaft-basement
system can be considered a succession of statically determinate systems.

3. Results

Results that can be accessed and exported by the user via the graphical interface (see
Figure 9) include:

*  quantities directly related to the Reynolds equation such as oil film thickness and
pressure distribution;

¢ frictional forces due to viscous shear stresses and the associated power loss (typically
obtained as the integral of the frictional force).

Plot Results Export Results
Minimum Oil Film Thickness “Ring 1
: F Filename
Quantity to plot p”mmL orce ZRing 2 Plot
ower Loss . Ring: Ring 1 Ring 2 Qil Control Ring
Qil Flow per Unit Length # 0il Control Ring
|
7 Friction Force
61 Power Loss |
S5} \ / Minimum Oil Film Thickness |
2 \\ f |
g I/ \ // |
Bl \ / \ / Qil Flow per Unit Length |
= \
& | \ | |
£ \ | / | |
= I\ [/ | i \
z3 \ l \ f |
= I | "
g \ [ Plot to external figure
€ 2
=
! Save results to external file
0 .
0 100 200 300 400 500 600 700 800
Crank angle [deg] Back

Figure 9. Example of result output tab for the relative module to piston rings.

In detail, information on the instantaneous power loss, whose value changes as a
function of the crankshaft rotation angle, can be condensed in its average value (see
Figure 10). This value is in fact easily comparable with the experimentally obtained data.

An experimental-numerical comparison was obtained for a four-cylinder medium-
sized diesel engine in motored condition. The comparison was performed on four pistons,
each with three piston rings and the related skirt. In addition, the connecting rod bearing
contribution was accounted for. Experimental results were obtained from a stipdown
test of the considered medium-sized diesel engine. Geometrical parameters and surface
roughness values used in the numerical evaluation were obtained from direct measurement
and the manufacturer’s technical drawing of the considered engine; further information
on the geometrical parameters used in the simulation can be found in [26,37]. Lubricant
viscosity was chosen at the estimated working temperature from the datasheet of the used
lubricant during the experimental campaign; friction coefficient ¢ used in the code was
estimated from the literature to be equal to 1y = 0.08 [14].
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| |
| \
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[ \ \
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Crank angle [deg]
Figure 10. Example of results on instantaneous power loss and its average value for the second

piston ring.

Results in terms of average power are shown in Figure 11 for a speed range from 1000
to 4000 rpm. Maximal percentage deviation was 3.6% and was obtained at 4000 rpm.

3000
® Computed Fin Diff 4
2500 w]
E 2000 ® Experimental data
2 W]
2 1500 .
g
g 1000
°
500
L)
0
0 1000 2000 3000 4000

engine speed [rpm]

Figure 11. Experimental-numerical comparison for piston assembly (piston rings, skirt, and connect-
ing rod bearing) for four different speed values.

A similar comparison was performed on the performance of the main bearings. Results
are shown in Figure 12.

1400

1200 ® Computed Fin Diff [W] 24
L ]
— 1000
3 ® Experimental data [W]
2 800
o
T 600 $
g
2 400
$
200
'
0
0 1000 2000 3000 4000

engine speed [rpm]

Figure 12. Experimental-numerical comparison for five main bearings supporting crankshaft for
four different speed values.

The experimental-numerical comparison shown above demonstrates the predictive
capability of the code. However, to render this code useful in the preliminary design phase,
it is necessary that it provides results that are compatible with industrial needs. For this
reason, great attention was also paid to the time to result. Table 1 shows the calculation
times required for each module contained within the code. A complete calculation on the
piston assembly for four different speed values would therefore require less than 4 h, and
about 5 h if the analysis also includes the main bearings.
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Table 1. Computation times required by each module for a single value of rotational speed.

Module Calculation Time [min]
Piston Rings 8
Piston Skirt 40
Journal Bearing 10

Sensitivity Analysis of Piston Assembly Power Losses to Uncertain Parameters

Some of the input parameters required by the numerical model developed for the
estimation of friction losses, such as the friction coefficient, the combined surface roughness
and the lubricating oil viscosity, are difficult to accurately assess. In particular, ranges
of variability for these parameters are known from literature and sector industries, but
their exact value is difficult to measure during the pre-design phases. For this reason, a
sensitivity analysis of the friction losses of the piston unit as a function of the three uncertain
parameters highlighted is carried out. In detail, a sensitivity analysis of the piston group
components to the variation of a single parameter is firstly evaluated, in order to recognize
correlation laws. In particular, the variability ranges of the three input parameters analyzed
were chosen as follows: the friction coefficient varies between 0.04 and 0.14 [38,39], the
combined surface roughness between 0.36 pm and 0.4 pm and the lubricating oil viscosity
assumes values between 9.4 mPas and 10.15mPas.

Analyzes were carried out keeping two of the three parameters constant, while varying
the remaining one. In Figure 13 the effect of each parameter variation on the power loss of the
first piston ring are shown. A linear correlation between the parameters and the component
power loss can be highlighted. Considering the generic equation for a line, y = mx + g, in
which m represents the slope and g is the y-coordinate of the point of intersection of the line
with the y-axis, the slope of the line can be used as indication of the sensitivity of change in y
dictated by a known change in x. Considering the linear correlations in Figure 13 between the
power loss and the three parameters considered, the slopes m £, My and m,, of the line are used
to indicate the sensitivity of the power loss to changes in the friction coefficient, combined
surface roughness and oil viscosity, respectively.

20.458 20.465
.
./
20.456 PEe 20.460 'y
- ~
P 20.455 o
= . = N
£ 20454 L 2 20.450 LN
2 4 2 AN
S 20452 s S 20.445 g
5 L’ 5 S
3 20450 L .
e 20.435 S
~
20.448 e - 20.430 S
20.446 20.425
0.02 004 006 008 01 012 014 016 035 036 037 038 039 0.4 0.41
Friction Coefficient Combined Surface Roughness [um]
22.0
*
218 s
-
-
216 e’
2 24 eZ
2 e
S 22 _»
] g
z 210 -
S -
20.8 »~

9 9.4 9.8 10.2 10.6
il Viscosity [mPa-s]

Figure 13. Example of the uncertain parameters effect on the power losses of the first piston ring.

More generally, this phenomenon was observed for all components of the piston
group, whose slopes m of the line correlations are reported in Table 2: n; represents the
sensitivity of the power loss to changes in the friction coefficient, m, is the sensitivity of the
power loss to the combined surface roughness, and m, is the sensitivity of the power loss
to changes of the oil viscosity.
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Table 2. Sensitivity of piston assembly components power losses to uncertain parameters.

Component mys [W] my [W pum™1] my [WmPa—1s71]
Ring 1 0.102 —0.74 1.022
Ring 2 0.065 —0.397 0.857
Oil control ring 0.132 -0.782 1.277
Conrod bearing — —10.614 1.791
Piston skirt — - 6.625

The presented slopes were verified by simulating a different engine with comparable
characteristics; numerical values depend on the particular geometric characteristics of the
analyzed engine, but the relation between different coefficients remains unchanged. In
particular, the friction coefficient had a greater effect on the oil control ring power losses
(approximately 30% greater variation compared to the first piston ring for the same friction
coefficient change) and the second piston ring was the least affected by this parameter.

The combined surface roughness effect was clearly higher for the connecting rod
bearing (approximately one order of magnitude higher than the effect on the piston rings);
moreover, in the analyzed range of variability of the combined surface roughness, a decrease
in parameters leads to an increase in power losses. However, the uncertainty of the
roughness was within the range of tenths of a micrometer, resulting in variability in lost
power of a few watts at most.

Lubricating oil viscosity presented a greater effect on the piston skirt (approximately 3
times greater than the effect on the connecting rod bearing). The same relationship was
maintained between piston rings, in which the oil control ring was the most affected by the
parameter variation, followed by the first ring and then by the second.

In order to evaluate the uncertainty of these parameters on the piston group power
losses, the Latin hypercube sampling method [40] was used employing 15 distinct cases.
The variation domain of each parameter was divided into a number of ranges equal to the
number of analyzed cases. In each of these, a random calculation point was selected. This
generated the 15 cases reported in Table 3 that were subsequently analyzed.

Table 3. Cases selected by Latin hypercube sampling method.

Case Oil Viscosity [mPas]  Surface Rough. pm Friction Coeff. [—]
1 9.873 0.363 0.104
2 9.974 0.373 0.045
3 9.181 0.393 0.075
4 10.045 0.388 0.054
5 9.654 0.398 0.061
6 9.120 0.376 0.122
7 9.371 0.361 0.095
8 9.567 0.392 0.079
9 10.291 0.397 0.127
10 10.392 0.381 0.047
11 9.292 0.384 0.092
12 10.407 0.388 0.084
13 10.177 0.369 0.108
14 9.477 0.375 0.116
15 9.802 0.366 0.067

The power loss results obtained for each analyzed case are illustrated in Figure 14,
divided by component contribution. The greater effect of power loss variability was due to
the effect of the connecting rod bearing and the piston skirt, while the piston ring effect
was more contained.
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Figure 14. Piston assembly power losses for 15 analyzed cases using Latin hypercube sampling method.

To evaluate the piston group power loss uncertainty, the maximal distribution range
was used, calculated as the maximal value minus the minimal value of the total power loss
of the group, brought in the percentage to the average value of lost power. An uncertainty
on lost power of plus or —4.62% was therefore calculated. This value shows that the choice
of the uncertain parameters within the available ranges in literature and typically used
by manufacturers leads to limited variability in piston group power loss, supporting the
robustness of the model developed in the initial design phases of internal combustion
engines, where exact values of considered parameters are not yet available.

4. Conclusions

We presented a code for the estimation of friction losses in the piston group and
main bearings. The code could serve as a valuable preliminary design tool due to the
following features:

¢ use of the smallest possible number of inputs to calibrate the models, a necessary
feature in the preliminary phase when not all design details are already available;

*  use of semianalytical models with simple discretizations that guarantee low computa-
tional times;

¢  ease of use thanks to a graphical interface for data entry, and for the interpretation
and export of results;

*  proven predictive capabilities thanks to the experimental numerical comparison oper-
ated in different operating conditions;

¢ robustness of the model in the choice of uncertain parameters during the initial
design phases of internal combustion engines, which guarantees limited variability in
estimated power losses.
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