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Abstract: In this paper, Finite Element analyses are performed to evaluate stresses and
strains in a motorbike piston. Non-linear Finite Element models are employed to mimic
the piston behaviour when subjected to different loading conditions. In particular, gas
forces, inertial forces, and piston-to-cylinder contact forces are considered. Proper
temperature distributions are applied to the model to include thermal stresses and strains
into the analyses. Two different thermal configurations are considered: the first has a
standard design of the oil jet hitting the underside zone of the piston crown, while the
second one presents modified parameters able to appreciably increase the heat transfer
coefficient. The different operating temperature distributions related to the two thermal
configurations considered strongly influence the piston thermo-mechanical behaviour.
This contribution aims at performing high-cycle fatigue analyses to show how the
fatigue life and fatigue-critical points of the component change when moving to the

standard configuration to the modified one.
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1 INTRODUCTION

Piston is one of the most important components in internal combustion engines and at
the same time it is one of the most stressed parts of a whole modern vehicle. In fact,
pistons have to endure thermo-mechanical cyclic loadings in a wide range of operating
conditions, in terms of frequency/amplitude of both temperature and mechanical loading
cycles. In the last decades, piston design has been substantially modified and it has been
properly rationalised. The ratio between piston diameter and piston height has
continuously decreased. Moreover, most of the current pistons do not present a
complete skirt, but lateral forces between the piston and the liner are supported by two
finite opposite sliding surfaces orthogonal to the con-rod moving plane. This
progressive decrease of the piston height and of the circumferential extent of the piston
skirt has brought to a consistent reduction of the piston mass, with a consequent
decrease of the inertial forces and of the friction losses, with a definite advantage in the
fuel consumption reduction.

Thanks to these design improvements and to the high technological materials
adopted, pistons are stronger, more durable and lighter. Nevertheless, there are still
many different types of damage mechanisms affecting the piston strength, mainly
induced by wear, high temperature and fatigue. In particular, fatigue phenomena are
recognized to play a crucial role in a large number of piston failures [1, 2].

In order to evaluate the mechanical strength of engine components it is
necessary to model and to analyse them considering all the possible critical operating
conditions. Cyclic stresses and strains, responsible of fatigue phenomena, are essentially
related to gas pressure evolution, inertial loads and temperature distribution, so both
thermal and mechanical mechanisms are usually involved [3, 4].

During the initial stage of the design of a piston, it is difficult to obtain detailed
information about its thermal and mechanical behaviour and the piston fatigue life can



be evaluated only with experimental bench tests which are usually excessively costly
and time consuming [5].

With these preliminary remarks, Finite Element analyses constitute an important
tool to be employed to analyse and optimize piston geometries. Nevertheless, only a few
numerical studies can be found in the pertinent literature focused on 3-D structural and
thermal analyses of engine pistons [6].

In [6] Finite Element are employed to predict the critical regions where the
highest stresses occur, in a spark ignition engine piston made of aluminium alloy. Both
thermal and mechanical analyses are presented. Only a single engine thermal
configuration is considered and the areas where maxima stresses occur are highlighted.
No fatigue results are presented. In [7] Finite Element analyses are employed to
evaluate the stress and strain distributions in a gasoline engine piston under the coupling
effect of thermal loads and combustion pressure. Thermal stresses are recognized to
play a crucial role for the piston safety assessment and the authors conclude that it could
be useful to decrease the overall piston temperatures in order to decrease the maximum
stress. In [8] the causes of thermal stress appearance are investigated in order to find out
the way to alleviate the maxima stresses in an internal combustion engine piston. Also
in this case, thermal strains and stresses are considered to be higher than in other engine
parts and they are addressed like the main threat for the piston reliability. The influence
of both temperature gradients and piston deformability are investigated. A decrease of
the temperature gradients and of the piston stiffness are shown to positively affect the
thermo-mechanical behaviour of the piston. In [9] the effect of the cooling gallery
position on the temperature field and on the thermal stress distribution is investigated
for a diesel engine piston. The lowest thermal stresses are registered in the piston when
the particular coolant gallery design, able to produce the lowest temperature gradients,

is considered.



Recent studies exist about the effect on the engine performance of a thermal barrier
coating executed on the top of the piston. For example, in [5], both temperature and
thermal stress distributions are investigated in a plasmasprayed magnesia-stabilized
zirconia coating on an aluminium piston top of a diesel engine. In [10], the purpose is to
determine the temperature and the stress distributions in a spark ignition engine piston,
partially coated with ceramic. In both cases, the focus of the study is the evaluation of
the maxima temperatures and of the thermal stress distribution at the interface between
the coating and the piston. No results are presented about the influence of the coating on
the fatigue life of the piston.

In this contribution, a Finite Element analysis is presented with the aim of
evaluating the influence of the temperature distribution on the fatigue life of a
motorbike piston. In particular, a first thermal configuration is considered, in which a
standard design of the oil jet hitting the underside zone of the piston crown is employed
for heat removal purpose. In this case, the piston has experienced different cracks in the
piston top and in the upper portion of the pin bosses when subjected to severe bench
tests, see Figure 1. Unfortunately, cracks have been observed at a stage of the design
process when a massive modification of the piston geometry was no longer allowed.
Therefore, it was decided to investigate the effect of a variation of the thermal boundary
conditions on the thermo-mechanical behaviour of the piston. In order to decrease the
thermal stresses and strains induced by the high temperatures, a second oil jet
configuration is introduced in which the geometrical parameters of the jet impinging the
underside zone of the piston crown are modified in order to increase the heat transfer
coefficient between the oil and the piston, and, consequently, the amount of the heat
flux removed by the oil. In fact, a reduction of the maxima temperatures and especially
of the temperature gradients is considered to be an effective means for reducing thermal
stresses and strains in mechanical component, e.g. [6-9]. Surprisingly, for the particular

case addressed in this contribution, results show that the modified configuration reduces



the overall maxima temperatures and temperature gradients, but the operating stresses,
at least in the critical regions here addressed, increase moving from the original to the
modified oil jet configuration. Nevertheless, an improvement in the fatigue life of the
component is obtained, and it is essentially related to the higher fatigue properties that
the material of the piston exhibits at the lower operating temperatures produced by the

modified oil jet.

(a) (b)

Figure 1. Experimentally detected cracks: (a) piston top; (b) upper part of piston bosses.

The present paper is structured as following: a) first of all, the adopted
modelling strategy is described; b) then, considering two different cooling oil jet
designs, results of thermal analyses are presented aiming at estimating the temperature
distribution inside the piston at the most critical operating condition, i.e. maximum
power regime; c) results of these thermal analyses are then superposed to the
mechanical loads affecting the piston, and stress and strain distributions are calculated,;
d) finally, results from the mechanical analyses are employed to perform fatigue life

estimations of the piston in terms of both safety factor and number of cycles to failure.



2 MODELLING STRATEGY

The modelling strategy developed in this study consists in considering separately
thermal and mechanical simulations, performed using the commercial Finite Element
software MSC.Marc2012®.

Only half the whole components has been modelled, as the piston is symmetrical
with respect to the con-rod moving plane. Nevertheless, neither the engine liner nor the
engine block are perfectly symmetrical; however, since the piston is the only engine
component to be examined, it is felt that a symmetrical modelling is acceptable.
Moreover, only the top part of the con-rod has been discretised while its bottom portion
has been substituted by rigid elements with the control node positioned in the con-rod
big end centre. In particular, former calculations have shown that “cutting” the con-rod
at a distance from the small end centre three times greater than the small end inner
diameter produces in the piston results that differ less than 1% with respect to those
obtained modelling the whole con-rod [11]. Figure 2(a) shows all the modelled
components.

Particular care has been devoted to the piston meshing process. Second order
elements of 1mm size have been adopted for piston top and piston skirt discretization,
while a finer mesh with an element size of 0.35mm has been employed in the pin boss
area, see Figure 2(b).

Contacts between the different parts have been modelled, see Figure 2(c). In
order to correctly detect the interaction between the piston and the others components,
clearances have been taken into account between piston and liner and piston and piston
pin. In particular, the actual oval/tapered/barrelled piston profile has been modelled
[12], see Figure 2(d).
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Figure 2. Finite Element model: (a) discretized components; (b) piston discretization;

(c) contact elements; (d) piston profile.

3 THERMAL ANALYSIS

3.1 Oil jets configurations

The underside zones of a piston are generally wetted by the oil present in the oil sump
and splashed by the crankshaft counterweights rotation. In high performance engines,
due to the high thermal loadings involved, an oil jet usually directly hits the underside
zone of the piston crown in order to improve the cooling performance while the splash
effect only marginally contributes to the heat removal. As a consequence, the heat
transfer coefficients in the areas directly hit by the oil jet are greater than the heat
transfer coefficients in the other parts where only the convective effect between piston
surfaces and the atmosphere present inside the engine crank-case is involved [13].



A proper design of the oil jet geometry strongly influences the piston cooling. In
particular, the oil jet has to be correctly directed in order to avoid that the particular
piston geometry and the relative motion between the piston and the jet prevent the oil
from reaching the underside zone of the piston crown where the operating temperature
reaches its maximum.

In this contribution, two distinct cooling oil jet configurations are investigated:
one has a no-optimized design of the oil jet hitting the underside zone of the piston
crown, whereas the other presents modified parameters able to appreciably increase the
heat transfer coefficient in this area, see Figure 3. From now on, the two mentioned
configurations are denoted as the case A and the case B, respectively.

For case A: in the first case addressed in this paper, a former oil jet configuration
Is considered. In particular, the jet is characterized by a small nozzle able to direct the
oil in the underside part of the piston. Unfortunately, the peculiar geometry of the piston
and in particular the transversal ribs between the piston bosses and the piston skKirt,
prevent the oil from reaching the center of the area for most of the operating cycle, see
Figure 3.

For case B: Alternatively, a second jet configuration has been proposed with a
modified “S-shaped” nozzle. In this case, the oil directly hits the underside surface of

the piston near the center where the highest temperatures exist.



(b)

Figure 3. Cooling oil jet hitting the underside piston crown: (a) original oil jet; (b)

modified oil jet.

3.2 Boundary conditions

In the following, the boundary conditions applied to the thermal model are described.
The methodology employed is the same as the one described in [14] and it is briefly
recalled in the following for the sake of clarity.

Piston top. The results from a previous CFD-3D simulation of the combustion process,
from which the gas temperatures and the corresponding heat transfer coefficients are
derived [14], are employed as external boundary conditions and they are applied to the
top surface of the piston. In particular, the maximum power operating condition has
been considered, since it produces the most severe thermal loading and maxima
temperatures inside engine components [4].

It is well known that temperature oscillations can be observed at the walls facing
the combustion chamber [15]. Nevertheless, because of the relevant thermal inertia of
the metal components, these temperature oscillations due to the instantaneous heat flux
variation are expected to moderately affect the thermo-structural behaviour of the piston



[7]. Therefore, instantaneous heat transfer coefficients and gas temperatures deriving
from the CFD combustion simulations can be averaged through a single thermodynamic

cycle of the engine, e.g. [4, 16], see Figure 4.
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Figure 4. Boundary conditions applied to the piston top surface: (a) heat transfer
coefficients; (b) gas temperatures.

Once the boundary conditions applied to the upper surface of the piston have
been defined, the thermal energy exchanged by the piston with the other components
and with the oil has to be estimated in order to solve the problem of the thermal
diffusion inside the piston.

Starting from literature results [16-21], various formulae have been identified,
of both analytical and empirical derivation. By this way, the different heat transfer
coefficients have been estimated in terms of various engine parameters.

As a consequence, the piston has been subdivided into a certain number of zones
and proper values of heat transfer coefficients and reference temperatures have been
applied to each zone.

Piston rings and piston skirt. The thermal circuit method [16] has been employed to
mimic the heat transfer mechanism in the regions of the piston rings and piston skirt,

see Figure 5, where:



e R1: conductive oil film resistance;
e R2: conductive liner resistance;

e R3: convective water-jacket resistance.
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Figure 5. Thermal resistance model for rings and skirt.
The effective heat transfer coefficients are obtained from:

heff = 1
Rtot A\eff

(1)

where Ry is the total resistance and A is the effective contact area between the rings
and the liner and the skirt and the liner.

Oil jet. Many empirical, semi-analytical and numerical models are available for the
evaluation of the heat transfer coefficients for jets of fluid impinging generic surfaces

[22, 23]. In particular, the experimental correlation given in [24] has been successfully



employed in [13] for the investigation of the piston cooling using oil jets in heavy duty
diesel engines, and it has been recently validated versus numerical CFD results in [25].
This correlation for the local heat transfer coefficient at the piston underside surfaces as

a function of the radial distance from the stagnation point, r, is given by:

1

k VT k

where k is the oil thermal conductivity, d is the jet diameter, Nu, is stagnation point
Nusselt number expressed by:

-0.0336 -0.237
NU, = 2.67Re pro¢| Z v ©)
0 d d

with z the distance of the stagnation point from the nozzle and v the jet velocity, and
of ©
f Gj o) (@)

Values of the constants a and b of equation (4) are functions of the nozzle diameter d
and listed in Table 1.

Table 1. Correlation coefficients for equation (4) [24].

d[mm] | a b
2.2 1.15 | -0.23
4.1 1.34 | -0.41
5.8 1.48 | -0.56
8.9 1.57 | -0.7




In this paper this same correlation has been adopted for the evaluation of the heat
transfer coefficients in the areas of the back side of the piston crown directly impinged
by the oil jet. Instantaneous heat transfer coefficients have been averaged considering a
single engine cycle. Figure 6 depicts the heat transfer coefficient distributions in the

different areas interested by the jet impingement for the two configurations investigated.

Min

(a) (b)

Figure 6. Heat transfer coefficients in the surfaces directly hit by the oil: (a) original oil
jet; (b) modified oil jet.

Underside/inside of the piston. In the underside zones of the piston crown and in the
inner zones of the piston skirt not directly impinged by the jet, the heat transfer
coefficients between the piston and the atmosphere into the engine crank-case can be up
to one order of magnitude lower than the ones evaluated for the surfaces directly
impinged by the jet [20, 21]. In this paper, the same empirical correlations adopted in
[16] both for horizontal, equation (5), and vertical, equation (6), surfaces have been

employed:
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where n is the engine revving speed expressed in rev/min.

3.3 Thermal properties of the materials employed

Table 2 collects the material considered for each modelled component and the

corresponding thermal properties adopted for the thermal analyses.

Table 2. Thermal properties of the materials employed for the thermal analyses.

Component Material Therm[s/:/;:r?]gd;]ctlwty
Piston Aluminum alloy 146
AA2618

Cylinder Aluminum alloy 155
AlSi10Mg

Engine block Aluminum alloy 135
AlISi7TMgTi

Piston pin Steel 39
33CrMoV12

Con-rod Steel 59
38NiCrMo4

3.4 Results

Figure 7 shows the temperature distributions obtained within the piston with the two
different oil jet configurations considered. As expected, both the maximum temperature

on the piston top and the temperature gradient computed along the cylinder axis of the

case A are higher than the ones of the case B.




(a) \ (b) \

Figure 7. Temperature distribution within the piston: (a) original oil jet; (b) modified

oil jet.

In particular, numerical forecasts show a 12% decrease of the maximum
temperature and a 21% decrease of the gradient along the cylinder axis.

Results of the thermal analysis have been qualitatively validated versus
experimental residual Brinell hardness measurements, performed at the centre of the
piston top after full power long runs of the engine, e.g. [14]. With the modified oil jet
configuration, a 18% increase of the residual hardness value has been detected, with
respect to the standard oil jet configuration.

Focusing on the piston top, the modified oil jet reduces the maxima global
temperatures, but it also modifies the radial temperature gradient. In fact, the maximum
temperature in the case A occurs at the piston top centre, while in the case B, thanks to
the higher amount of heat flux removed from the centre of the underside zone of the
piston crown by the modified oil jet, the maximum temperature area expands toward the
piston top periphery, see Figure 7.



4 MECHANICAL ANALYSIS
4.1 Model description
Time independent mechanical analyses have been performed in which the mechanical
boundary conditions have been superposed to the previously calculated temperature
fields.

Five different load configurations have been considered. In particular, piston,
piston pin and con-rod have been correctly positioned according to different engine
operating points representing the most critical conditions that the piston experiences

during a complete engine cycle:

o maximum gas pressure (near top dead centre during the combustion phase);
o top dead centre at the beginning of the induction stroke;

o bottom dead centre;

o maximum lateral force during the expansion phase;

o maximum lateral force during the compression phase.

All the simulations have been performed considering the maximum power

regime. Table 3 collects the main engine data employed for the analysis.

Table 3. Main engine data.

Displacement 1198 | cm?®
Number of cylinders 2

Bore 106 | mm
Stroke 67.9 | mm
Con-rod length 124 | mm
Compression ratio 12.8

Maximum revving speed 11000 | rpm

4.2 Boundary conditions
The temperature fields evaluated in the previously described thermal analyses have been

employed as external thermal boundary conditions in the mechanical models.



Moreover, different mechanical loads have been superposed to the thermal loads
depending on the piston position during the operating cycle. In particular, the
alternating inertial acceleration has been evaluated as a function of the crank angle, 6,

by the classical formula:

a(0)=a’r(cos 9+ 4cos26) (7)

where @ is the angular velocity, r is the crank radius and 1 is the crank radius to con-rod
length ratio, see Figure 8(a). The inertial acceleration has been applied to all the
elements of the model, considering that the portion of con-rod that has been modelled
approximately corresponds to its reciprocating part. The combustion gas pressure,
acting on the piston top surface, has been evaluated via a CFD-1D model of the whole
engine and validated versus experimental data obtained during bench tests of the engine
equipped with a spark plug combustion pressure sensor, see Figure 8(b). Both
acceleration and gas pressure have been one-degree crankshaft angle step sampled, and
the corresponding values have been employed for the different piston positions

considered, see Table 4.
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Figure 8. Mechanical loadings: (a) inertial alternating acceleration; (b) gas pressure.



Table 4. Boundary conditions for the different load cases considered.

Load case Crank angle | Acceleration | Gas pressure
[°] [m/s’] [oar]

Maximum gas pressure 373 56380 86.8

Top de_ad centre during the beginning 0 58940 0.94

of the induction stroke

Bottom dead centre 540 -31158 3.42

MaX|m_um lateral force during the 472 26868 8.19

expansion phase

Maximum lateral force during the 943 28617 174

compression phase

4.3 Mechanical properties of the materials employed

Table 5 collects the material considered for each modelled component and the

corresponding mechanical properties adopted for the mechanical analyses.

Table 5. Mechanical properties of the materials employed for the mechanical analyses.

Component Material Young[jl’\;I Fr)r;?dulus [[k)glndsrir'%/] Expan[srir(])/rrln clg)g;ficient
Piston A'umxgg‘lg”‘)y 74000 2.7 2.2x10°¢
Cylinder A“ﬁgi‘%“w‘?goy 74500 2.7 2.2x10°
EB”I%'C”E A'KT;:‘?‘JI\TQ‘?‘F':OV 74000 2.7 2.2x10°¢
Piston Pin 330?5?\/12 210000 7.8 1.2x10°
Con-rod 38N5it£f,{/| o 210000 7.8 1.1x10°

All the analyses have been performed considering elastic materials, apart from the

piston material for which the elasto-plastic behaviour has been taken into account with

properties varying with temperature. Details about the piston material are given in the

following.




Piston material static properties. The material employed for the piston manufacturing
is a T6 treated AA2618 aluminium alloy. The non-linear material behaviour has been
considered to carry out plastic strains by the numerical simulations. In particular, the
Chaboche [26, 27] stress-strain relationship has been used, based on the non-linear
kinematic hardening rule expressed by:

X (&)= a;—(xo —agje‘”(%*p) (8)

where a = sign(c — X), K and y are experimentally determined material properties
depending on temperature and & is the local plastic strain. In particular, the constants K
and y have been tuned versus experimental results obtained for “as forged” test
specimens at the different temperatures of 20°C, 100°C, 200°C, 250°C and 300°C.
“Fully aged” parameters have then been extrapolated considering data of [28]. Table 6

collects the different values of the material static parameters employed in the analyses.

Table 6. Piston material static parameters as functions of the temperature.

Temperature Young’s “As forged” “Fully aged”
modulus Chaboche parameters Chaboche parameters
T E Yield stress, Yield
[°C] [MPa] Rs K y stress, Rs K y
[MPa] [MPa]
20 74000 321 7403 | 45.3 321 7403 | 45.3
100 72000 311 5922 | 46.7 311 5922 | 46.7
200 68200 306 4313 | 48.6 228 2772 | 49.3
250 65500 237 650 | 53.2 111 244 | 53.5
300 62000 147 266 | 53.6 54 90 |53.7

Figure 9 depicts experimental end numerical stress-plastic strain curves as functions of

the temperature.
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Figure 9. Experimental and numerical stress-plastic strain curves as functions of the

temperature.

Piston material fatigue properties. Two different fatigue criteria have been adopted in

the analyses:

the Dang Van criterion [29, 30] which is a stress-based multiaxial criterion
employed to compute a fatigue safety factor taking into account a certain load
history;

the Brown-Miller criterion [31] which is a strain-based multiaxial criterion capable
to estimate the number of cycles to failure. In this case, the general load history is
elaborated with a rainflow algorithm to obtain a discrete number of equivalent

fatigue cycles [32, 33].



The material fatigue limits to be employed in the Dang Van criterion have been
derived from Wohler temperature dependent curves considering the maximum
alternating stress at 108 cycles [34]. This number of cycles has been conventionally
assumed as a reference value for the reason that aluminium alloys do not exhibit a
perfectly horizontal asymptote in the Wohler diagram.

For the Brown-Miller criterion, Manson-Coffin constants of equation (9) have to
be defined as functions of the temperature:

Ag_%JFAé‘p_a;

=t E(2N)b+g;(2N)° (9)

In this paper, the constants have been derived following the statistical
predictions proposed in [35]. In particular, low-cycle fatigue parameters ¢, and ¢ have

been assumed as temperature independent and they have been extracted from the
experimental results of [36] valid for a defined temperature of 200°C, while high-cycle

fatigue parameters o, and b have been then fitted versus experimental results of [34]

for other temperature values, namely 20, 150, 260 and 315°C. Table 7 collects the

different values of the material fatigue parameters employed in the analyses

Table 7. Piston material fatigue parameters as functions of the temperature.

Temperature | Fatigue | Young’s Fatigue Fatigue Fatigue Fatigue
[°C] limit | Modulus | ductility ductility strength strength
[MPa] | E[MPa] | coefficient | exponent | coefficient | exponent

& C o, [MPaq] b

20 123 74000 0.55 -0.96 598 -0.083

150 100 70000 0.55 -0.96 638 -0.097

200 82 68200 0.55 -0.96 697 -0.112

260 65 64000 0.55 -0.96 729 -0.1265

315 49 61000 0.55 -0.96 682 -0.1378




Figure 10 depicts experimental end numerical &-N curves as functions of the

temperature.
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Figure 10. Experimental and numerical -N curves as functions of the temperature.

4.4 Results

For both the cases A and B, the highest stress values arise inside the piston when it is at
top dead centre during the combustion phase. Nevertheless, comparing results of the
case A and B, the piston mechanical behaviour is far from expectations. In fact, the
stresses evaluated inside the piston in the most critical areas in the case A are lower than
those calculated in the case B, see Figure 11 and Figure 12. In particular a 18% increase
is registered in the value of the von Mises stress on the piston top and a 30% increase on
the upper part of the piston bosses moving from the original oil jet configuration to the

modified one.
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Figure 11. Comparison of equivalent von Mises stress: (a) original oil jet; (b) modified

oil jet.
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Figure 12. Comparison of principal stress max: (a) original oil jet; (b) modified oil jet.



This unexpected result may be rationalized by considering the thermal deformation
induced by the different temperature fields of the two cases A and B investigated. In
particular, in the case B the modified oil jet impinging the underside zone of the piston
crown produces a lower temperature in the central area of the piston top while, on the
contrary, in the case A, the central portion of the piston top exhibits the highest
temperatures and it tends to expand more than the peripheral counterpart. Therefore,
only in this case, a compressive state arises in the top central portion of the piston that
helps reduce the operating stresses in this zone. Figure 13 confirms this explanation. In
fact, if only thermal stresses are analysed, a higher compressive state arises in the top

central part of the piston when results of the case A are considered.

(b)

Figure 13. Comparison of thermal principal stress min: (a) original oil jet; (b) modified

oil jet.



5 FATIGUE ANALYSIS

The superposition of thermal and mechanical loadings can promote both high cycle and
low cycle fatigue phenomena [1, 4]. In this case, as no plastic strains have been
registered at the end of all the numerical simulations performed even when “fully aged”
material properties have been considered, only high cycle fatigue has been taken into
account. In particular, considering the experimental cracks observed during severe
bench tests, the upper part of the piston bosses and the piston top have been investigated

in detail, see Figure 1.
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Figure 14. Dang Van safety factors: (a) original oil jet; (b) modified oil jet.

Figure 14 shows a comparison between the Dang Van safety factors calculated
for the case A and B. In particular, results from the case A exhibit lower fatigue safety
factors than those from the case B. This fact is essentially due to the drop of the fatigue
properties of the material at high temperatures as the highest stresses in the case A are
lower than those in the case B (see data of Table 7 and Figure 10).



Figure 15 shows the results in terms of Brown-Miller number of cycles to failure
for the two oil jet configurations considered. Results confirm the previous ones, and the

minima numbers of cycles to failure are detected for the case A.

(a) (b)
Figure 15. Brown-Miller number of cycles to failure — log of life: (a) original oil jet; (b)

modified oil jet.

A comparison of the results of Figure 14 and Figure 15 with the experimental
cracks of Figure 1 confirms that the proposed methodology correctly estimates the
fatigue strength of the piston analysed. In fact, both the location of minima Dang Van
safety factors and minima Brown-Miller numbers of cycles to failure correspond to

effective crack initiation points.



6 CONCLUSION

In this contribution, non-linear Finite Element analyses have been performed to evaluate
stresses and strains in a motorbike piston, subjected to both thermal and mechanical
loads.

In particular, two different oil jet configurations have been considered: one has a
standard oil jet hitting the underside zone of the piston crown, while the other presents
modified parameters able to reduce the thermal load of the piston. This aspect clearly
influences the thermo-mechanical behaviour of the piston. Surprisingly, the higher
stresses have been registered for the modified oil jet configuration, at least for the
critical regions addressed in this contribution.

Fatigue calculations have been then performed. High cycle fatigue results
underline how an improved oil jet allows a better fatigue behaviour of the piston to be
achieved. This result is essentially related to the decrease of the temperatures inside the
piston and to the consequent increase of the mechanical properties of the material at the
corresponding operating condition when an improved oil jet is employed.

Thermal low cycle fatigue phenomena do not significantly affect the piston in
both the two oil jet configuration considered since no plastic strains arise in the piston

top due to both thermal and mechanical loads.
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FIGURES

Figure 1. Experimentally detected cracks: (a) piston top; (b) upper part of piston bosses.
Figure 2. Finite Element model: (a) discretized components; (b) piston discretization;
(c) contact elements; (d) piston profile.

Figure 3. Cooling oil jet hitting the underside piston crown: (a) original oil jet; (b)
modified oil jet.

Figure 4. Boundary conditions applied to the piston top surface: (a) heat transfer
coefficients; (b) gas temperatures.

Figure 5. Thermal resistance model for rings and skirt.

Figure 6. Heat transfer coefficients in the surfaces directly hit by the oil: (a) original oil
jet; (b) modified oil jet.

Figure 7. Temperature distribution within the piston: (a) original oil jet; (b) modified
oil jet.

Figure 8. Mechanical loadings: (a) inertial alternating acceleration; (b) gas pressure.
Figure 9. Experimental and numerical stress-plastic strain curves as a function of
temperature.

Figure 10. Experimental and numerical €-N curves as a function of temperature.

Figure 11. Comparison of equivalent von Mises stress: (a) original oil jet; (b) modified
oil jet.

Figure 12. Comparison of principal stress max: (a) original oil jet; (b) modified oil jet.
Figure 13. Comparison of thermal principal stress min: (a) original oil jet; (b) modified
oil jet.

Figure 14. Dang Van safety factors: (a) original oil jet; (b) modified oil jet.

Figure 15. Brown-Miller number of cycles to failure — log of life: (a) original oil jet; (b)

modified oil jet



TABLES

Table 1. Correlation coefficients for equation (4) [23].

d[mm] | a b
2.2 1.15|-0.23
4.1 1.34 ] -0.41
5.8 1.48 | -0.56
8.9 1.57 | -0.7

Table 2. Thermal properties of the materials employed for the thermal analysis.

Component Material Therm{s/:/;:r?lrzld;]ctlvny
Piston Aluminum alloy 146
AA2618

Cylinder Aluminum alloy 155
AlSi10Mg

Engine block Aluminum alloy 135
AlISi7TMgTi

Piston pin Steel 39
33CrMoV12

Con-rod Steel 59
38NiCrMo4

Table 3. Main engine data.

Displacement 1198 | cm?®
Number of cylinders 2

Bore 106 | mm
Stroke 67.9 | mm
Con-rod length 124 | mm
Compression ratio 12.8

Maximum revving speed 11000 | rpm




Table 4. Boundary conditions for the different load cases considered.

Load case Crank angle | Acceleration | Gas pressure
[°] [m/s’] [oar]

Maximum gas pressure 373 56380 86.8

Top de_ad centre during the beginning 0 58940 0.94

of the induction stroke

Bottom dead centre 540 -31158 3.42

MaX|m_um lateral force during the 472 26868 8.19

expansion phase

Maximum lateral force during the 943 28617 174

compression phase

Table 5. Mechanical properties of the materials employed for the mechanical analysis.

Component Material Youn%’\;I I:r)r;l(])dulus [[k)ge/ndsrirt]%/] Expan[srirc])/r;n clgce:gficient
Piston AlumiAn;glglloy 74000 27 2 2x10°
Cylinder A"jg?isri‘;g‘w";‘é'oy 74500 27 2.2x10°
Engine Block A';Tsi{‘?“'\rﬁng?}:oy 74000 2.7 2.2x10°
Piston Pin 33(:?52'\/12 210000 7.8 1.2x10°
Con-rod Steel 210000 7.8 1.1x10°

38NiCrMo4




Table 6. Piston material static parameters as functions of the temperature.

Temperature Young’s “As forged” “Fully aged”
modulus Chaboche parameters Chaboche parameters
T E Yield stress, Yield stress,
[°C] [MPa] Rs K y Rs K y
[MPa] [MPa]
20 74000 321 7403 | 45.3 321 7403 | 45.3
100 72000 311 5922 | 46.7 311 5922 | 46.7
200 68200 306 4313 | 48.6 228 2772 | 49.3
250 65500 237 650 | 53.2 111 244 | 53.5
300 62000 147 266 | 53.6 54 90 |53.7

Table 7. Piston material fatigue parameters as functions of the temperature.

Temperature | Fatigue | Young’s Fatigue Fatigue Fatigue Fatigue
[°C] limit | Modulus | ductility ductility strength strength
[MPa] | E[MPa] | coefficient | exponent | coefficient | exponent

& C o, [MPaq] b

20 123 74000 0.55 -0.96 598 -0.083

150 100 70000 0.55 -0.96 638 -0.097

200 82 68200 0.55 -0.96 697 -0.112

260 65 64000 0.55 -0.96 729 -0.1265

315 49 61000 0.55 -0.96 682 -0.1378




