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Ilpeocmasnena cucmemamuzupoSaHHas MEMOOUKA MeOPEemuiecKoll OYeHKU padouux Xapakmepucmux
24308020 08U2AMENIsL GHYMPEHHE20 C2OPAHUSL U NAPAMEMPO8 YCMAIOCIHO20 PA3PYULeHUSI €20 NOPUL-
Hell U BbINOJIHEHA ee HKCNEPUMEHMANbHASL 6ePUPUKAYUSL YMeM HAMYPHBIX UCHLUNAHUL 08USAMET.
Memoouka exniouaem 6 cebs MOOEIUPOBAHUE NPOYECCO8 GHYMPEHHE20 CCOPAHUS U MENIoNnepeoail,
KUHeMamu4ecKull U OUHAMUYECKU aHAU3bL OBUNCYWUXCA dacmell 08ueamens, aHaiu3 nepexooHo2o
mepmoynpy2020 npoyecca u yCmaioCmmo2o paspyuwenusi npu KOMNILEKCHOM MepMOMeXaHUuecKom
Haepysicenuu. Pacuemmnvie 3nauenuss oasnenus u memnepamypvi Onsi paA3IUYHLIX Y2llo8 NOGOPOMA
KPUBOUIUNHO-UUAMYHHO20 MEXAHU3MA XOPOULO CO2AACYIOMCS C IKCNEPUMEHMANbHLIMU OaHHbIMU. Pe-
3YIbMAmMbl pacyema Xapakmepucmux menionepeoaiy noomeepHcOaiomes: OAHHbIMU IKCNepPUMeH-
MATLHBIX USMEPEHULL ¢ NOMOWbIO mepmooamyukos Templugs. Jleudicywascs cucmema cuumaemcs He
OUCKPEmHOIL, a HeNnpepbleHOT ¢ MOUYHO MOOCIUPYEeMbIMU HeIUHEUHbIMU MHO2OMOYEYHbIMU KOHMAKM-~
oMy peaxkyusmu. Tlpu pacuemax ycmaiocmuoi 001206e4HOCMU UCHOAb3YIOMCS MOOUDUUUPOBAH-
Hule kpumepuu Mak-/[uapmuoa u QuHOIU 01 MHO2OYUKIOBOU YCMALOCU, NPEON0NCEHHbIe OOHUM
u3z asmopog 3motl pabomol. Beinonnena ux eepupuxayus ¢ nomMowpio IKCNEPUMEHMANLHIX OAHHBLX.
Memoouxa modicem ucnonvb3oeamspcs 0 OYeHKU YeaecoodpasHocmuy npeodpazosanus 6eH3UHOB020
dsueamens 6 2azoeulil. Pacuemmvle OanHble 0 PA3TUYHBIX YCIMATOCHHBIX XAPAKMEPUCTIUKAX, NOTYYeH-
Hble NpU MePMOMEXAHULECKOM HASPYIHCEHUL, NOOMBEPIHCOAION MOYHOCHb NPEOTOICEHHBIX KPUMePUes
yemanocmu u nOKa3wvl8aon, umo CpoK CILyiHcObl NOPUIHS 08USAMETSL 6HYIMPEHHE20 C2OPAHUSL CYyujeci-
6EHHO YMEHbULACCS, eCU 6MeCO OCH3UHA UCNONb3YemCs NPUPOOHbLIL 2a3.

Knrouesvie cnosa: MonenpoBaHie BHYTPEHHETO CrOpaHMs, TMHAMUYECKUN aHANN3,
JIBUTATEINb, MTOPIICHD, YCTAJIOCTHOE pa3pylIeHHEe, SKCIIEPUMEHT.

Introduction. Due to fuel and pollution crises encountered in the two past
decades and serious worries about the future of the petroleum resources, remarkable
researches recently have been performed to replace the gasoline by more reliable or
more economic fuels. In some countries, researchers have proposed using the
natural gas, e.g., in the form of compressed natural gas (CNG), as an alternative
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fuel. Due to different combustion characteristics, employing different fuels in the
gasoline-based engines leads to some side effects such as performance degradation,
increases in the thermal losses, emission, and lower fatigue lives for the components.
Therefore, predicting the consequences is a vital task in the design stage. Piston as
a key component of the engine that is vulnerable to severe cyclic and transient
thermal and mechanical loads can be directly affected by the mentioned conversion
[1, 2].

While some researchers modeled the combustion process [3], some researchers
have investigated the thermoelastic stresses caused by the combustion process.
Ivashchenko et al. [4] studied the stresses in a piston of a diesel engine. They
employed an analytical method on the base of solving Laplace’s equation to
determine the von Mises equivalent stresses in specific regions of the piston,
assuming a quasi-static condition. Scholz and Bargende [5] presented a three
dimensional thermomechanical stress analysis of the piston, employing simultaneous
computational fluid mechanics and finite element analyses. The nonlinear contact
constraints have also been modeled but no experimental validation or data has been
used. They calculated the velocities, accelerations, and stresses in distinct situations
(crank angles of 45, 135, 225, and 315°). They reported that the maximum von
Mises equivalent stress occurred at 135° crank angle at regions in contact with the
gudgeon pin. Valdés et al. [6] performed velocity, acceleration, and finite element
transient thermal and stress analyses for the piston, fixing some node point instead
of modeling the contact constraints or using rigid links. For this reason, the stresses
were unreliable in the neighborhood of the constrained nodes. They reported the
equivalent stresses for the 720° of the crank shaft rotation.

Some researches were devoted to fatigue life assessment under thermo-
mechanical loads. Su et al. [7] performed a thermoelastic high cycle fatigue and
creep analyses in ABAQUS for the engine cylinder head and validated their stress
analysis results by means of some installed strain gauges. Silva [8] analyzed
thermomechanical damage fatigues in the pistons. Based on his studied on
fatigue-damaged pistons, he stated that the wear, temperature gradient, and fatigue-
related phenomena are the main origins of the pistons damages. He reported that
the regions located at the pin holes, piston crown, grooves and skirt, are more
critical. A finite element linear static analysis, using COSMOS was used for stress
and temperature determination during the combustion. However, a damage analysis
rather than a life assessment analysis has been performed.

In the present paper, a systematic algorithm for evaluating effects of converting
a gasoline-based engine to a bifuel one on the fatigue life of the piston under the
combustion thermomechanical loads. The combustion model presented previously
by Jazayeri et al. [9-14], is enhanced and employed to model the combustion
process for the mentioned fuels. Based on the calculated combustion pressures,
temperatures and the non-uniform convection heat transfer coefficients, the
combustion thermomechanical loads, the piston pin load, and the frictional and
inertia forces are calculated for the gasoline and the natural gas fuels. In the stress
analysis stage, higher-order Lagrangian elements are adopted to avoid stress
discontinuity in the mutual boundaries of the elements. Since the available fatigue
theories have been mainly proposed to check whether or not a component have
infinite life, the fatigue lives are calculated by the modified Findley and McDiarmid
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criteria proposed recently by Shariyat [15-18]. The fatigue lives are computed
based on simulation of the standard durability tests, at the critical points of the
piston. Various engineering softwares have been used to prepare the CAE and
theoretical results. Finally, the temperatures, pressures, and the fatigue lives are
compared with the experimental ones.

1. Simulation of the Combustion Process. Accurate modeling of the
combustion process is a key issue for accurately comparing the engine performance
in the two cases of utilizing gasoline and natural gas fuels and subsequently, for
estimating the fatigue lives. In this regard, the combustion is modeled for the inline
four-cylinder spark-ignited (SI) gasoline-based engine, in our computer code. The
relevant engine information is listed in Table 1. Two modeling procedures are
customary: (i) a closed system which models the compression and combustion
stages, and (ii) an open system which covers all the stages. In the present research,
the second model is used.

Table 1
Specifications of the Considered Engine
Quantity Value
Cylinder diameter 78.6 mm
Stroke 85 mm
Connecting rod length 134.5 mm
Piston eccentricity 0.8 mm
Compression ratio 11
Cylinder volume 1650 cm®
Maximum RPM 6000
Distance between the piston pin and the C.G. of the connecting rod 40.9 mm
Engine cylinder head heat transfer area 6800 mm?
Piston mass 0.317 kg
Connecting rod mass 0.5 kg

Inertia moment of the connecting rod

0.001738 kg* m?

Height of the piston

51.7 mm

Location of the piston hole relative to the top surface

29.7 mm

Information of the gasoline and the natural gas is given in Table 2. The
combustion equations of the gasoline and the natural gas in the stoichiometric

condition are as indicated in Eqgs. (1) and (2):

CNG + x(O, +3.76N, ) = 1.0453CO, +3.9616/2H,0 + x - 3.76N 5 ,

x=10453+3.9616/4+02=2.0157,
[AF 00y = 20157(14 3.76) = 9.595,
[AF ], =15.27,

mass
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Table 2
Information of the Gasoline and the Natural Gas
Fuel type Chemical formula Molecular weight (kg) Oy » Ml/kg
Gasoline C1.0453H3.96100.02N0.09 114.82 44.00
Natural gas CgoHiss 18.13 44.98

Note. O, is the low heating value of the reference fuels used.

CgagHiss +12.135(0, +3.76N, ) > 8.26CO, +15.5/2H,0 + 45.6276N 5 ,
[AF 00 = 12.135(1 4 3.76) = 57.76, )
[AF], ... =141

mass

A two zone Vibe function is used to simulate the combustion. Crank angles
corresponding to the combustion initiation and the maximum pressure are measured
experimentally and given in Table 3. Since a full fatigue analysis requires the
accurate and full time history of the applied thermomechanical loads, the combustion
process is simulated for different rpms. The real to stoichiometric fuel ratio
measured through the experiments and used in the combustion analysis is given in
Table 4 for different rpms. Combustion is modeled using quasi dimensional
models. In this regard, a two zone model is adopted and analyzed in our computer
code. The heat release is evaluated using the same software considering a two zone
Vibe model [19]. The delay in the combustion initiation is predicted based on
Benson—Whitehouse model [20]. Heat transfer of the combustion chamber is
investigated based on the modified Woschni’s model [19]. The governing equations
of the mean temperature, the mean convection heat transfer coefficient, and the
rates of pressure and energy release per crank angle may be found using the first
law of thermodynamics. These data are employed to perform the required heat
transfer analyses. The theoretically determined temperature distributions are validated
by the experimental results measured by the high temperature plugs (templugs).
The procedure is somewhat similar to that explained in [9-14] but the engine
information and the combustion circumstances are quite different. The resulted
partial differential equations are solved employing the Runge-Kutta time integration
method.

Table 3
The Measured Crank Angles (deg) Corresponding to the Combustion Initiation
and the Maximum Pressure at the Full Load Condition [21]

Engine rpm Ignition advance (BTDC) Maximum pressure angle (ATDC)
Gasoline Natural gas Gasoline Natural gas
2000 5 23 32.0 14
3500 15 26 19.5 11
6000 14 31 21.0 8
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Table 4
Real to Stoichiometric Fuel Ratio for Different RPMs
Engine rpm Natural gas Gasoline
1250 0.962 0.895
1500 0.962 0.900
2000 0.968 0.900
2500 0.965 0.905
3000 0.970 0.900
3500 0.965 0.895
4000 0.960 0.905
4500 0.968 0.905
5000 0.970 0.875
5500 0.965 0.850
6000 0.965 0.800

2. Kinematic, Dynamic, Force, Thermal, and Thermoelastic Stress Analyses.
Determination of the exerted forces is a vital stage for stress analysis of the
components. In the present research, the forces are determined based on the prepared
Matlab code based on the texts [22], our computer code and the ABAQUS CAE
software, through exactly modeling the contact and large deformations nonlinearities.
The employed geometric parameters are shown in Fig. 1. The frictional forces
including the boundary, mixed, and hydrodynamic ones are taken into account. In
contrast to the traditional calculations, effect of the distributed inertia forces is
considered in the present work. Moreover, relative movement of the piston rings in
their grooves is also modeled. The unknown forces have been determined based on
employing the relevant force and moment equilibrium equations, taking into
account D’Alembert’s inertia forces and moments of the piston and the connecting
rod.

Fig. 1. Geometric parameters of the crank-piston mechanism for the kinematic and force analyses.
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Based on the convection heat transfer between the piston’s top surface and
the combustion mixture, heat transfer between the rings and the skirt and the
cylinder and subsequently, the coolant water, the heat transfer between the gudgeon
pin and the coolant oil film, and the thermal loads of the piston are determined.
Finally, a thermoelastic stress analysis is performed.

3. The Fatigue Life Assessment Algorithm. As may be expected, the resulting
thermoelastic stress components vary in a non-proportional manner. Furthermore,
they fluctuate with non-zero mean stresses. Therefore, the traditional fatigue life
assessment criteria as well as the available critical plane high cycle fatigue (HCF)
criteria may lead to unreliable results. Very comprehensive discussions have been
already published by Shariyat [15-18] in this regard. Although the traditional von
Mises criterion that is the base for many well-known fatigue analysis softwares,
such as MSC Fatigue and FEMFAT, may lead to erroneous results in the mentioned
circumstances, its results may be enhanced by employing Sine’s idea of the mean
stress [23] and incorporating the mean stress effect, using Goodman, Gerber, or
Soderberg relations:

Goodman’s linear relation:

o o
a —_m _ 1, (3)
OnN oy
Gerber’s parabola:
2
o o
a m) =1, 4)
OnN 0y
Soderberg’s linear relation:
o o
a —_m _ 1, (5)
Oy Oy

where 0,, 0,,, Oy, Oy, and o, are the amplitude, mean stress, equivalent
reversible (fatigue strength), yield, and ultimate stresses, respectively.

Among the so-called two-parameter or critical plane criteria, Fidley’s and
McDiarmid’s criteria have been proven to be more accurate and subsequently most
popular ones [24]. Findley’s criterion may be expressed as [25]:

(Ta + kan )max(@, o) = f7 (6)

k=
20 gy [T Rt —

2_0R=_1/TR=_1 f:\/ (0R=—])2
1’ MO gy [Tr=1 — 1)

According to this criterion, the critical plane is a plane where maxg ,, 4, (7, +k0,,)
occurs. Here 0, ¢, and ¢ are the Eulerian angles and ¢ denotes the time. Values
7, and o, are the shear stress amplitude and the normal stress component,
respectively, and o, is the fatigue strength amplitude corresponding to the
specified (R = 0, /0 may) Tatio. Based on the Goodman and Gerber mean stress
correction factors, it may be expressed as:
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Modified Goodman’s linear equation:

o
0R=—1(1_()_rn) OmZO,

0R=—1 UmSO,

(7

Gerber’s equation:

o \2
OR =0p=— 1—(0'") ; (®)

where R is the ratio of the minimum to maximum stress values, and o is the
relevant fatigue strength amplitude. Since minus and plus mean stresses appear
with similar effects in Gerber’s equation, Goodman’s equation is used in the
present research to account for the mean stress effect.

Recently, Shariyat [15, 16] has proposed a modified Findley’s criterion as

Ty =maxg o (1o +ho ) (T4 K2 1oy fr0). ©)

Modifications were proposed taking into account several parameters among them,
the mean stress effect.

McDiarmid used the concept of type A and type B cracks introduced by
Brown and Miller [26] to develop his linear criterion [27-29]:

T, t k(On)nmxT(t) =fa (10)

kz(Tf)AorB/zau’ fz(tf)A or B>

where 0, is the ultimate strength and 7  is the fatigue shear strength. According
to this criterion, at the critical plane, maxy , , ,(7,) is achieved. Therefore, two
limit cases (upper and lower limits) are predicted.

Recently, Shariyat [15, 16] has proposed a modified McDiarmid’s criterion in
the following form:

2TR_0R

qu=[Ta+k(0n)max,(t)]TR=—1/TR’ k= o +OR :
m

(11)
As the modified Findley criterion, modifications were performed taking into
account several considerations (not only the mean stress effect).

The fatigue life assessment algorithm is explained in details in [16] and the
related flow diagram is illustrated in Fig. 2. One of the motivations of the present
research is comparing results of the modified traditional fatigue criteria that are
commonly used in the engineering analysis softwares, the modified fatigue criteria
of the first author, and the experimental results.
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Definition of the samples of the
loading time histories

geometry, surface finish, hardness, etc.

Definition of the component’s

Definition of the fatigue
strength data of the materials
(Gerber or Goodman curve
and S-N-P and T-N-P curves)

Modification of the fatigus

A
| Dynarmic striss analysis |4— strength data
Choosing the critical near sirface subspaces| Establishment of the time
(elements and nodes) based on the stress | histories of the resolved shear
intensity results and normal stresses
¥
Tracing the time variations of the equivalent Cycle caunting of the stress
stress in each subspace COMpOents
Counting the cycles of the equivalent stress Performing the required
history (ranflow histogram construction) [#—  calculations to establish the
effective stress function in terms of]
L time (e.g., integration)
Converting the equivalent stress history to Computing the local
an equivalent one with zero mean stress ¥ " fatigue strength values

Summing the damage values of the
cycles using Miner-Palmgren rule:

D= Z 2n, (qu‘Madgf ! '7‘}’)—1”7

!

[Estimation of the mumber of repetition|
of the given sample history block

Fig. 2. Flow chart of the employed fatigue life assessment algorithm.

4. Results. Properties of the gasoline vary with temperature. Since temperature
of the fuel varies during the 720° of the crank rotation (one combustion cycle), the
following equation is used to predict the properties values at any specified

temperature:
Cpfuet = Af1 + ALy T+ Af3T% + Af T° + Af s [T? (12)

The coefficients Af| to Afs are given in Table 5 [29]. While properties of the air
may be determined based on the available references, variations of the combustion
products may be determined based on the following equation (6 = 7/100) [30]:

C N, =39.06—512.79607" +1072.7207% —820.46 ™,
C pu,0 =—37.57+30.5296"° — 410346 F 0.241986°,

_ 13
Cpco, =143.05—183.546"% +82.75160*° —3.69896), (13)
Cpo, =37.432+0201026%"° — 178,576 +236.880°.
Property of the exhaust gases may be determined from:
é =CpN2 +CpH20+CpC02 +Cp02 (14)
p pollutant 8.26+15.5/2+ 45.6276
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Table 5
Coefficients of the Temperature-Dependency of the Material Properties of the Fuel [21]

Fuel | Weight |  4f, Af; Af, Afy Af, Afs Af
CsaeHisy | 11482 | 14.64 | —24.078 | 256.63 | —201.68 | 64.750 | 0.5808 | —27.562
CraHizy | 10660 | 1437 | 22501 | 277.99 | —177.26 | 56.048 | 0.4845 | —17.578

Figures 3 and 4 compare the pressure of the combustion mixture versus the
crank angle curves predicted by the theoretical results (results of our computer
code) with those measured experimentally for the gasoline and CNG fuels, for
3500 rpm (corresponding to the maximum torque) and 6000 rpm (corresponding to
the maximum power), respectively. The theoretical results are in a good agreement
with the experimental results. Furthermore, comparing results appeared in Figs. 3
and 4 reveal that replacing the gasoline with the natural gas may lead to a slight
change in the resulted pressure profile in the 3500 rpm, the difference will be
significant in the 6000 rpm. Therefore, the engine acceleration will be affected
remarkably.

7
= Theoretical (CNG)

= = Experimental (CNG)

=== Theoretical (Gasoline)

...... Experimental (Gasolinc)

Lh
i s B

w
a
= 4
g
=
2 3
g
[-o
2 L
| J
0 T T T T T T T
0 %0 180 270 360 430 540 630 720
Crank angle (deg)

Fig. 3. In-cylinder pressure variations versus crank angle for a set of theoretical and experimental
results using gasoline and natural gas at 3500 rpm.

Figures 5 and 6 illustrate variations of the computed temperature of the
combustion mixture and the coefficient of the heat convection of the top surface of
the piston, with the crank angle at 6000 rpm, respectively. Since the temperature
distributions are somewhat identical, due to higher coefficient of the convection
heat transfer, it seems that the thermal losses may be higher for the CNG fuel.

Figures 7 and 8 illustrate the vertical and horizontal components of the
resultant forces exerted on the piston, respectively for the gasoline and CNG fuels
at 3500 and 6000 rpm. As it may be noted from Figs. 7 and 8, the maximum forces
are exerted slightly after the combustion initiation. Furthermore, the vertical
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Fig. 4. In-cylinder pressure variations versus crank angle for a set of theoretical and experimental
results using gasoline and natural gas at 6000 rpm.
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Fig. 5. Comparison of the mixture temperature for the gasoline and CNG fuels at 6000 rpm.

component is the dominant one. Variations of the translational acceleration of
piston are depicted in Fig. 9, for the gasoline fuel. Variations of the frictional force
are shown in Fig. 10 for the thrust side of the piston’s skirt, at 3500 and 6000 rpm
for the gasoline and CNG fuels. As it may be readily seen, the frictional forces at
the top dead centre (TDC) and bottom dead center (BDC) are of a boundary nature
[31] and are subsequently, high whereas at the midway point, the friction is of a
hydrodynamic nature and leads to small frictional forces.
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Fig. 6. Comparison of the coefficients of the convection heat transfer for the gasoline and CNG fuels
at 6000 rpm.
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Fig. 7. A comparison among the vertical component of the resultant force exerted on the piston at
3500 and 6000 rpm for the gasoline and CNG fuels.

The finite element analysis (FEA) model of the piston has been constructed in
Hypermesh software. Optimized second-order Lagrangian elements are adopted to
avoid abrupt jumps in the stress components at the mutual boundaries of the
elements. The FEA model is validated through a modal analysis in the NASTRAN/
PATRAN software. The proper size of the element is chosen based on a convergence
analysis. After accurately defining of the contact regions (between the piston and
the cylinder and between the piston hole and the gudgeon pin) and constraints, the
inertial, frictional, and the thermomechanical combustion loads obtained in the
foregoing steps are imposed. The inertia relief method is employed. In the contact
region of the rings, skirt, and pin of the piston, the mean temperature of the
lubricant film and the proper coefficients of the convection heat transfer are used.
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Fig. 8. A comparison among the horizontal component of the resultant force exerted on the piston at
3500 and 6000 rpm, for the gasoline and CNG fuels.
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Fig. 9. Variations of the translational acceleration at 3500 and 6000 rpm.
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Fig. 10. Variations of the frictional force for the thrust side of the piston’s skirt at 3500 and 6000 rpm
for gasoline and CNG fuels.
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Figure 11 illustrates the temperature distribution of the piston at 6000 rpm for both
gasoline and CNG fuels, as a typical result. The temperature distribution has been
validated experimentally by means of TEMPLUGs shown in Fig. 12. The relevant
von Mises equivalent stresses are shown in Fig. 13, for the most critical situation
(370° of the crank angle) at 6000 rpm for the CNG fuel, as representative results.
The maximum calculated temperature is 252°C which shows a good agreement
with the result measured by the templugs (249°C).

e
+1 2088402 s

TEMD
(Avg: 75%)

+1.2978+02

c d
Fig. 11. Temperature distribution in 6000 rpm for the (a, b) gasoline and (c, d) CNG fuels.
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P
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Fig. 12. The temperature plugs used to validate the computed temperatures.
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Fig. 13. Distribution of the: (a) mechanical and (b) thermal von Mises stresses at 6000 rpm and 370°
crank angle, for the CNG fuel.

Fig. 14. Orientations of the most critical regions.

Results shown in Fig. 13 reveal that the stresses are more critical in the
neighborhood of node No. 707 of Fig. 14. Regions located in the neighborhood of
node No. 7200 experiences the maximum pure thermal von Mises stress. Although
regions with greatest von Mises equivalent stress may not be generally considered
as regions with worst fatigue lives, fatigue results obtained by the MSC Fatigue
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software have also confirmed that for the considered conditions, regions located
around node points Nos. 707 and 7200 are most critical. Time variations of the
equivalent stresses of the piston are mainly due to variations of the mechanical
stresses. Variations of the von Mises equivalent mechanical stress of nodes Nos. 707
and 7200 are depicted in Figs. 15 and 16 for a complete combustion cycle of the
gasoline as well as CNG fuels, for 3500 and 6000 rpm. From these figures, it may
be deduced the maximum and minimum stresses occurs at crank angles of 370 and
1°, respectively. For this reason, regions in the neighborhood of node No. 707 are
adopted as critical ones.

70
—CNG., 3500 rpm
i | H = = Gasoline. 3500 rpm
===CNG, 6000 rpm
— . AR TF Gasoline, 6000 rpm
= 2 7
@ 40 -
z
>
FER
=
g
> 20 A
10 A
0 =
0 720

Crank angle (deg)

Fig. 15. Variations of the von Mises equivalent mechanical stress of node No. 707 for the complete
combustion cycle of the gasoline as well as CNG fuels at 3500 and 6000 rpm.

N =—CNG, 3500 rpm
4 A o) = = Gasoline, 3500 rpm
l| === CNG, 6000 rpm
3.5 \ +++++ Gasoline, 6000 rpm
\l
\

von Mises stress (MPa)

0 90 180 270 360 450 540 630 720
Crank angle (deg)

Fig. 16. Variations of the von Mises equivalent mechanical stress of node No. 7200 for the complete
combustion cycle of the gasoline as well as CNG fuels at 3500 and 6000 rpm.
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As it has been mentioned in Section 3, in the present research, the fatigue life
results are extracted based on the modified von Mises, modified version of the
Findley and McDiarmid theories proposed by Shariyat, and the experimental
methods. The employed fatigue life assessment algorithm has not been proposed
by any other authors before. The equivalent Findley and McDiarmid stresses (Eqgs.
9 and 11) are computed at the critical points of the piston and the relevant fatigue
lives have been calculated based on computer codes written by the authors, for the
720° of the crank rotation. Some fatigue damages predicted by different
approaches, various engine rpm and fuel types are shown in Table 6 for regions
surrounding nodes Nos. 707 and 7200, as typical results. As it may be noted from
results of Table 6, node No. 707 is the most critical node.

Table 6
Fatigue Damages Predicted by Different Approaches for Regions Surrounding Nodes
Nos. 707 and 7200 for Various RPMs

Fatigue life assessment approach | No. node 750 rpm 3500 rpm 6000 rpm
von Mises 707 10018-1071 | 21316-1071° | 16211-107 1
(Goodman mean stress correction) 4.8383-1071% | 58102-1071° | 35025-10~°
7200 | 1.0602-107"7 | 6.7149-107" | 10102-10713
11319-1071% | 63760-107'2 | 2.8745-107 !
von Mises 707 | 4.3994-10"'* | 63924-107" | 56012-107'2
(Gerber mean stress correction) 26188-107 1 | 1.6768-1071° | 19938-107°
7200 | 92547-107'% | 3.5331-107" | 5.7755-107 14
10597-107"7 | 33628-107'2 | 12537107
von Mises 707 188441071 | 7.2651-107'° | 4.1897-107 "
(Soderberg mean stress correction) 4.9675-1072 | 21891-1072 | 93645-107°
7200 | 13290-107"7 | 1.0548-107'2 | 14765-10713
15282-107'¢ | 9.9942-107'2 | 5.4480-107 "
Modified Findley 707 14897-107'% | 7.4480-107'2 | 9.0612-107 "3
6.0455-107"* | 7.9051-107'2 | 81219-107 "
720 22317-107"° | 11870107 | 33429-107 1
3.6071-107"7 | 7.2067-107'* | 13436-107'2
Modified McDiarmid 707 7.0654-1071 | 25676-1072 | 3.1148-107"3
12416-10713 | 5.9044-107"" | 18382-1071°
7200 | 63715-107'8 | 18248-10713 | 15411-107'¢
9.3908-107'% | 1.4798-107'* | 10742-107 12
FEMFAT software 707 6741071 6.90-10712 931-10713
2.80-107 1 722-107 1 11010710
7200 580-1071 214-10716 181-10718
120-10718 7.80-1071° 6.00-107 14

Note. Here and in Table 9: the data cited over the line correspond to gasoline and under the line — to

CNG.
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As a second stage, two standard histograms are adopted to simulate the
service thermomechanical loads and extract the fatigue results. The corresponding
block programs are given in Tables 7 and 8. The corresponding fatigue test
conditions are also specified in the mentioned tables. The first standard block
program is corresponding to the so-called 800 h durability under mechanical loads
test whereas the second one is associated with the so-called 400 h durability under
thermal loads test.

rabte Block Program of the 800 h Mechanical Engine Durability Test
Event | Duration | Engine speed Load spec. Outlet coolant Maximum oil
order (min) (rpm) water temperature temperature
O ®)
1 5 6000 rated power 90" 140
2 4 2000 BMEP = 2 bar
3 5 3500 max torque
4 1 750 low idle
Table 8
Block Program of the 400 h Thermal Engine Durability Test
Event | Duration Engine speed Load spec. Outlet coolant water
order (min) (rpm) temperature (°C)
1 9.5 6000 rated power 90"
2 4.5 750 low idle 30"

As it has been mentioned before, the most critical regions of the piston are the
pin hole, piston’s crown, and piston’s skirt (at the thrust side) (precisely, regions
located in the neighborhood of node points Nos. 707 and 7200). The reliability
contours obtained by FEMFAT software and illustrated in Fig. 17, confirm this
conclusion.

Table 9 summarizes the normalized fatigue results. The results are normalized
by dividing them by the experimental results. It is known that in non-proportional
loadings, von Mises criterion usually leads to results that are extremely conservative
[23]. In the present analysis, von Mises criterion is modified using Goodman,
Gerber, and Soderberg mean stress corrections. Although modified von Mises
criterion has been employed in the present research, the relevant results show
significant errors. Results of Table 9 reveal that employing Gerber and Soderberg
mean stress corrections leads to most and least accurate results for the von
Mises-type criteria. Furthermore, results of Table 9 reveal that modified McDiarmid
and Findley criteria lead to more accurate results with the modified Findley
criterion regenerates the experimental results more accurately. Moreover, an
interesting conclusion may be deduced from results of Table 9: although absolute
life values predicted by various theories show remarkable discrepancies, the
comparative results (e.g., the relative lives of the CNG and gasoline engines), may
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Table 9
Normalized Fatigue Lives (by Dividing the Original Results to the Experimental Ones),
Predicted Based on Various Theories for the So-Called 800 h Durability Tests

Approach Normalized Normalized Normalized gasoline
fatigue damage fatigue life to CNG engines

von Mises (Goodman’s 30.9 29.048 16.40
mean stress correction) 318 23.568
von Mises (Gerber’s 9.26 8.730 31.20
mean stress correction) 1810 12.630
von Mises (Soderberg’s 105.0 96.825 12.90
mean stress correction) 85.1 91457
Modified Findley 1.080 1064 10.90

0.738 0519
Modified McDiarmid 0372 0.365 7.16

1670 1.685
Experimental 10 10 15.90

1.0 1.0
Table 10
Ratio of the Fatigue Lives Predicted Based on Various Theories (400 to 800 h Test Results)
Approach Ratio of the fatigue lives
(400 to 800 h test results)

von Mises (Goodman’s mean stress correction) 0.892473
von Mises (Gerber’s mean stress correction) 0.840246
von Mises (Soderberg’s mean stress correction) 0.888942
Modified Findley 0.84
Modified McDiarmid 1.022222
Experimental 1.208955

Fig. 17. Reliability contours of the piston derived by the FEMFAT software for the CNG fuel
(6000 rpm).
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Fig. 18. Some of the observed piston’s defects during the fatigue tests: (a) destruction of the piston
crown in the so-called 800 h durability test, (b) destruction of the piston trust side of the skirt in the
so-called 800 h durability test, and (c) destruction in the piston’s pin hole in a so-called 400 h
durability test.

show acceptable deviations from the experimental comparative results. It is evident
that the experimental results have been calculated based on mean values of results
obtained from numerous fatigue tests with identical conditions. Ratio of the fatigue
lives of the two types of the durability tests predicted based on various theories
(400 to 800 h test results) are given in Table 10. As it may be seen, results of the
modified McDiarmid criterion are closer to the experimental ratio.
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Fatigue failures have been detected based on visual NDT techniques, e.g., spot
check for micro-crack detection. Some of the defects occurred for the piston
through the fatigue tests are shown in Fig. 18.

Conclusions. In the present research, a systematic performance and fatigue
analysis procedure is presented for the pistons with an emphasis on employing and
validating the three-dimensional multiaxial random fatigue criteria recently proposed
by the first author. These analyses are vital, e.g., when upgrading a gasoline-based
engine to a CNG engine. In this regard, results of the enhanced traditional theories
and the recently proposed theories have been compared with the experimental
results for a part with complicated geometry, boundary conditions, and loading
conditions. The customary method of verifying the results by means of simple
specimens, and simple boundary and loading conditions may not guarantee
validation of the results in more complex conditions. The obtained results for the
combustion temperatures and pressures, the temperature distributions, and the
fatigue life results obtained by the recently proposed critical plane-type criteria of
the first author, have a good agreement with the experimental results.

Acknowledgments. The authors would like to thank IPCO Engine Research
Company for its cooperation in extracting the experimental data.

Pe3ome

[IpencraBieHo cucTeMaTH30BaHY METOJMKY TEOPETUYHOI OLIHKM POOOYMX Xapak-
TEPUCTUK Ta30BOTO JIBUTYHA BHYTPIIIHBOTO 3TOPSIHHS 1 MapaMeTpiB yTOMHOTO
pyHHYBaHHs HOT'O MOPIIHIB T4 BUKOHAHO 11 eKCHIEpUMEHTaIbHY BepH]ikawito muis-
XOM HaTypHHX BUIPOOYBaHb ABHTYHA. MeTOAMKa BKIIOYAa€e MOJCIIOBAHHS MpPOIe-
CIB BHYTPIITHHOTO 3TOPSHHS 1 TEIUIONepenadi, KIHeMAaTHIHIHA 1 AMHAMIYHIA aHaJi31
PYXOMHX YacTHH JIBUTYHA, aHaJi3 MEPEeXiHOro TePMONPYKHOIO MPOLECY H yTOM-
HOTO pYHHYBaHHS NPH KOMIUIEKCHOMY TEPMOMEXaHIYHOMY HaBaHTakeHHi. Pozpa-
XYHKOBI 3Ha4€HHS THCKY 1 TeMIepaTypy sl Pi3HUX KyTiB MOBOPOTY KPHUBOIIUITHO-
LIATYHHOTO MeXaHi3My J00pe Y3TO/DKYIOTBhCS 3 EKCICPUMEHTAILHUMH JTaHUMH.
Pesynpratu po3paxyHKy XapakTEpUCTHK TEIUIONepenadi MiATBEpAKYIOThCS aHH-
MH EKCIEpUMCHTAJIBHUX BHMIPIOBaHb 3a JIOIIOMOIOK TepMoJaTyukiB Templugs.
Pyxoma cucreMa BBa)a€ThCsl HE JIUCKPETHOIO, & HETEPEPBHOIO 3 TOYHO MOJIETIhOBA-
HUMH HENIHIHHUMH 0araTOTOYKOBUMH KOHTAKTHUMHU peakiismMu. [Ipu pospaxyH-
Kax YTOMHOI JOBTOBIYHOCTI BHKOPHCTOBYIOTbCS MOAH]iKoBaHI kpuTepii Mak-
Hiapmiga 1 @inmi 11 6araToUKIOBOI YTOMH, 3allPOIIOHOBAHI OJHUM 3 aBTOPIB
pabotu. Bukonano ix Bepu¢ikalilo 3a JOMOMOIOI0 EKCIEPUMEHTAJIbHUX JaHHX.
MeTouKy MOXHA BUKOPHUCTOBYBATH JUISl OI[IHKHU JIOIIIBHOCTI IMEPETBOPCHHS OCH-
3WHOBOTO JIBUTYHa B Ta30BHUH. Po3paxyHKOBI JaHi 00 Pi3HUX YTOMHHX Xapak-
TEPUCTHK, OTPUMaHi B yMOBaX TEPMOMEXAaHIYHOTO HABAHTAXCHHS, MiATBEPIKY-
I0Th TOYHICTh 3aIIPOTIOHOBAHMUX KPUTEPIiB YTOMH 1 MOKA3yIOTh, 1[0 TEPMIH CITyKOH
MOPILHS JBUTYHA BHYTPIIIHBOIO 3TOPSIHHS CYTTEBO 3MEHLIYETHCS, SIKIIO 3aMiCTh
OCH3MHY BHKOPHCTOBYBATH NMPUPOJHUI Ta3.
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