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ABSTRACT

Piston has to withstands thermo-mechanical cyclic stresses in a wide
range of engine operating conditions. The thermo-mechanical
stresses distribution enables us to optimize the piston design at
lower cost Thermo-mechanical stress analyses of an engine piston
used in a gasoline engine was studied. The boundary conditions of
thermal loads of piston obtained by thermal resistance circuit model
and GT-POWER and MATLAB software products. The thermal
analysis results showed that the piston crown center withstands the
maximum temperature. The results of finite element analysis (FEA)
indicated that the stress has the most critical values at the upper
portion of piston pin and piston compression grooves. The
numerical results showed that the stress maximum occurred at the
upper region of piston pin. The results of the Von-Mises and Tresca
criterions proved that the upper region of piston pin and ring
grooves are critical areas. The distribution of the safety factor
demonstrated no critical point in the piston, and the minimum safety
factor of 1.1061 occurred in the upper area of piston pin. The results
of the FEA are match with experimental damaged piston in these
regions. To evaluate properly of results, stress analysis results is
compared with real samples of damaged piston and it has been
shown that critical identified areas, match well with areas of failure
in the real samples.

Keywords: Finite element analysis; Piston; Thermal circuit
resistance model; Thermo-mechanical stress analysis.

1 INTRODUCTION

HE piston in the engine industry is the most important component subjected to high thermal and mechanical
loads. In addition, gas pressure, piston acceleration, and piston skirt side fore can develop thermo-mechanical
stresses superposed on thermal stresses. Therefore, the piston must be designed to withstand thermo-mechanical
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stresses induced by the heat and pressure process [1,2]. The thermo-mechanical stresses and fatigue distribution
enable us to optimize the piston design at lower cost before the first prototype is constructed [1,3,4].

Multiple investigations studied the simulation of thermo-mechanical stresses and fatigue on the piston. Liu et al.,
investigated Failure analysis and design improvements of steel piston for a high-power marine diesel engine. Their
research results showed that the excessive stress amplitude caused by the alternating gas pressure is the root cause of
steel piston failure [1]. Stress and fatigue analysis of engine pistons using a thermo-mechanical model was carried
out by Chen et al. The numerical results showed that the piston bowel is a critical region [2]. Ashouri performed a
fatigue life assessment for an aluminum alloy piston. The numerical results verified that the piston crown center is a
critical area [3]. Ashouri studied the effect of oil gallery on high cycle fatigue life in an engine piston. The results of
the thermo-mechanical analysis suggested that the oil gallery reduces the stress distribution [4]. The wear resistance
mechanism of engine piston skirt coating under cold start conditions was conducted by Xuguang et al. Through the
dynamic simulation of the piston, the contact pressure of the piston skirt coated is reduced by about 40% [5]. Jiana
et al. investigated the wear behavior of graphite coating on the aluminum piston skirt of the engine. The results
revealed that the deposition of graphite coating plays a principal role in decreasing friction and resisting the scuffing
of the cylinder bore [6]. Yao et al. evaluated enhanced high-temperature thermal fatigue properties of aluminum
alloy pistons with Nano thermal barrier coatings. Their study proved that the substrate temperature of the Nano-
coated piston is considerably lower than that of the uncoated piston [7]. A fatigue life study of an engine piston was
performed by Najafi et al. Piston pine and ring grooves are critical regions [8]. Liu et al. used FEA to evaluate the
thermo-mechanical stresses of a diesel engine piston. The results confirmed that the piston pine region is a critical
area [9]. Chen et al. did a numerical simulation on heavy-duty engine piston cooling gallery oil filling ratio.
According to their study, the experimental and simulated results of the oil-filling ratio match [10]. Ashouri evaluated
the thermal barrier coating in fatigue life for an aluminum alloy piston regarding residual stress. The simulation
indicated that the TBC system reduces the stress distribution in the piston by about 2.4 MPa and 8.5 MPa at engine
speeds of 1000 rpm and 5000 rpm, respectively [11]. The effect of the oil gallery on the piston thermo-mechanical
stresses was simulated by Ashouri and Afahari. Their simulation showed that the Von-Mises stress in the modified
piston is reduced by about 13 Mpa [12]. Liu et al. studied the failure analysis of steel pistons for a high-power diesel
engine. The cause of the failure of the piston was the alternating gas pressure [1]. Dagar et al. used several
composites to evaluate the thermo-mechanical stresses of a gasoline engine piston. Al-SiC had the least deformation
among all the materials [13]. Thermodynamic analysis of opposed piston engines was investigated by Moser et al. It
was found that the novel architecture can reduce heat transfer losses by up to 5.2% [14]. Balaji et al. investigated the
effect of side-thrust loads on fatigue analysis in an engine piston. Their study confirmed that the damage in the
piston is within the acceptable limit [15]. Baldissera and Delprete performed thermo-mechanical analysis to
investigate the thermo-mechanical stresses of diesel engine-coated pistons. The thermal analysis pointed out a
decrease of temperature up to 40°C in the upper part of the coated piston [16]. An experimental and simulation study
on aluminum alloy pistons based on thermal barrier coating was conducted by Liu et al. The results indicated that
the maximum temperature of the coated piston is 12.2% lower than that of the aluminum alloy piston under the rated
power [17]. The thermo-mechanical behavior of an aluminum-silicon alloy piston was investigated by Khan et al.
The maximum stress is observed at the upper part of the pinhole of the piston [18]. Tan Studied fatigue life
prediction of thermal barrier coatings for engine pistons. Experimental results suggested that the fatigue life
prediction model can predict the life of the TBCs with the error being less than 15% [19].

In the literature, there are a lot of numerical and experimental evaluations on thermo-mechanical stress analysis
and fatigue in the piston. In the current study, thermo-mechanical stress analysis of the engine piston XU7JP/L3 is
studied using the thermal circuit resistance model. The thermal resistance circuit model is an appropriate method to
simulate the thermal systems' static and dynamic behavior. While this model has been used widely in various
thermal systems, this pattern has been recently prevalent in internal combustion engines. The thermal resistance
circuit model is an accurate and simple method to evaluate the temperature in different piston sections [1,20]. The
boundary conditions of piston thermal loads were obtained using the thermal circuit resistance model and GT-
POWER and MATLAB software products.For this purpose, SolidWorks software was initially used to model the
piston. Then, ANSYS Workbench software was used to determine the temperature and stress distribution of the
piston. It should be noted that using temperature-dependent properties of materials would increase the accuracy of
FEA results. Therefore, the effect of temperature-dependent properties for pistons is also considered in this work.
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2 METHODOLOGY

2.1 The finite element model and material properties

FEA makes accurate and reliable assessment of thermo-mechanical stresses and fatigue life results in the engines
parts. Finite element analysis allows engineers to find piston weakness at the primary step or to detect the root
reason of piston failures [1,9,20]. The piston analyzed in this article is shown in Figure 1. The model consists of
39989 elements (Tet10) for improving the accuracy and acceptability of the obtained results The characteristics of

the engine under study are listed in Table 1. Material properties of the engine pistons made of AlSi alloy are listed in
Table 2.

Fig. 1
(a) piston used in FEA analysis and (b) finite element model of piston.

Table 1
Performance parameters of the engine [24]
Parameter Value
Cylinder diameter (mm) 83
Crankshaft radius (mm) 40.7
Engine volume (cc) 1761
Compression ratio 9.3
Peak power (kW) 70.8@6000rpm
Peak torque (N-m) 153.4@2500rpm
No. of valve 8
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Table 2
Material properties of the engine piston [25]

Parameter Value

Young’s modulus@20°C (GPa)

Young’s modulus@150°C (GPa 76
Young’s modulus@250°C (GPa) 72
Poisson's ratio (-) 0.3
Density (kg/m”®) 4680
Conductivity@20°C (W/mK) 155
Conductivity @150°C (W/mK) 156
Conductivity @250°C (W/mK) 159
Thermal expansion@?20°C(1/C1C) 19.6%10°
Thermal expansion@150°C(1/C1C) 20.6%10°
Thermal expansion@?250°C(1/C1C) 21.4*10°

2.2 The boundary conditions using thermal resistance circuit model

The thermal resistance concept has extended applications in heat transferring. The similarities between thermal
and electrical resistances facilitate and shorten many heat transfer problems [1,20]. The correct thermal boundary
condition can guarantee accurate FEA results. Piston thermal boundary conditions are as follows [3,4,9,23]:

1- Combustion side condition

2- The ring land and skirt condition
3-Underside condition

4-Piston pin condition

In this study, the following equation proposed by Woschni is used to predict instantaneous heat transfer
coefficient as following equation [24]:
hg:3.26P0'8U0'8b'0‘2Tg'0'55 )
Where h, is the heat transfer coefficient, P and T, are the cylinder pressure and temperature respectively, U the mean
piston speed and b is the bore.

The mean cylinder gas temperature is computed using a cycle simulation to predict instantaneous gas temperature
and then integrated according to [24]:

_ 1 4n

Tg:4n—h_ ghgde (2)
g 0

- 1 4n

b= [h,do 3)
0

The piston crown thermal boundary condition was calculated in GT- POWER software and applied to the piston
crown. The thermal resistance circuit method is applied to model the heat transfer in the piston ring land and skirt [1,
20]. The resistances are calculated as follows according to Figure 2.
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Fig. 2
Thermal resistance circuit model for heat transfer from the (a) skirt and (b) rings.
The resistances are [20]:
In(2)
1
R=——_ 1 ring resistance 4
l 2'T[Hlkring g ( )
In( =)
,= _ 5 oil film resistance (5)
2nH,k
In(**)
,= 5 block resistance 6)
2mH ;K o0
1 . .
R,=—— water-jacket resistance 7
hwatcrAs

Where ry, 1, 13 and r, are inner radius of ring, outer radius of ring, bore radius and inner radius of water-jacket,
respectively. H;, H, and Hj are the widths of the heat transfer paths, respectively and As is the effective area in
contact with the coolant. The heat transfer coefficient in the first ring is obtained by calculating each of the
mentioned resistances using the equation below [20]:

1

hyy=——"" 8
eff R A ()

total © *eff

Where h; effective convective heat transfer coefficient on the piston, A is the piston surface in contact with
the ring and R, is the sum of the thermal resistance values. Notably, the other rings are modeled by repeating the
same procedure. The underside areas of pistons are cooled through oil jet. This area can be divided into two
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sections. The heat transfer coefficients of the top and bottom of this section are obtained using equations 9 and 10,
respectively [25]:

N

h_,=900(——)** 9

vl (4600) ©)
N

=240(——)*¥ 10

uc2 (4600) ( )

Where h, is the crown underside convective heat transfer coefficient, h , is the skirt underside convective

uc2
heat transfer coefficient and N is the engine speed. The piston has no contact with the cylinder in the area between
the piston crown and the cylinder. Heat is transferred by the gas inside the cylinder, which is of conduction type,
expressed as follows [20]:

Tpiston— Twall
k T :h(Tpiston- Twall ) ( 1 1 )

Where o6 is the crevice clearance, h is the convective heat transfer coefficient, k is the conduction heat transfer
coefficient and T, , is the wall temperature.

wall

2.3 The boundary conditions of mechanical loads

The piston does the reciprocating motion in the engine which can produce the inertia force. This force is given
by equation [26]:
Fj:-ijOJZ(l-F}LCOSZ(Z) (12)
The acceleration is given as [26]:
a=Rw’(coso+Acos2a) (13)
Where R represents the radius of crank, w is the rotating speed of engine, and 4 is the ratio of crank radius to the
length of connecting rod. Since the piston skirt is in contact with the cylinder wall, it withstands a side thrust force
[26]:
FC:(FgaS+Fj )tanB ( 1 4)
Where F. is the side thrust force, F,,; is the gas pressure and f is the angular displacement of connecting rod.

2.4 Analysis procedure

Thermo-mechanical analysis for piston is as follows:
1- Piston modeling using SolidWorks software
2- Determining the boundary conditions in thermal analysis using the thermal resistance circuit model
3- Determining the boundary conditions in mechanical analysis
4- Thermal analysis of the piston using ANSYS software
5- Mechanical analysis of the piston using ANSY'S software

3 RESULTS AND DISCUSSION

Due to the heat exchange between the piston and gas, heat transfer coefficients for the piston top surface and gas
temperature must be defined. For this purpose, GT-POWER software is applied to establish a one-dimensional
simulation model to simulate the engine combustion process. Figures 3 and 4 demonstrate the cylinder's internal gas
temperature and internal gas pressure versus crank angle, respectively. Then the instant heat transfer coefficient h,
and instant temperature T, of gas in one working cycle are obtained as shown in Figure 5. As may be noted from
Figures 3 and 4, the maximum temperature and pressure are exerted slightly after the combustion initiation.
According to these Figures, the curves slopes drops immediately after spark. The mechanical forces on the piston
consist of gas pressure, inertial force, and side thrust force. Figure 6 shows that all forces were applied to piston.
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Piston crown convection heat transfer coefficient versus crank angle calculated by MATLAB.
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Fig. 6
Diagram of piston forces calculated by MATLAB.

3.1 Thermal analysis

Thermal stresses in the pistons are the dominant stresses, leading to fatigue in the pistons. As a result, thermal
loading is the most significant one in the thermo-mechanical analysis of pistons. It is also necessary to evaluate the
piston temperature field to detect the thermal stresses and fatigue life within the permitted limit. Thus, the first step
of thermo-mechanical analysis is the thermal analysis that evaluates the piston temperature field [1,3,4,14]. The
resulting temperature distribution on the piston is given in Figure. 7. As exhibited in Figure 7, the maximum
temperature occurs in the center of the piston crown due to the heat exchange of that area with hot combustion
gases. The temperature distribution reduces from the piston surface to its skirt. The skirt, therefore, tolerates the
minimum temperature. The obtained result corresponds with [3,4,18] research.

206.95 Max
. 199.91
193.27
— l86.63
—{ 180
— 17336
I L6672
160,08
— 153.44
—{ 14681
— 140,17

133.53
126,89
120.26
113.62 Min

Fig. 7
The temperature distribution in the piston.
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3.2 Mechanical analysis

Thermo-mechanical stresses are applied to the piston due to engine temperature fluctuations. Thus, detailed
analysis of thermo-mechanical stresses is essential. The mechanical forces on the piston consist of gas pressure,
inertial force, and side thrust force [1,2,8,9]. Import the simulated results of the thermal analysis and impose the
mechanical loads. Then FEA calculation is performed and the results are investigated. The mechanical analysis is
performed in three sections of thermal, mechanical, and thermal-mechanical stresses investigation, and the results
are presented in Figures 8, 9, and 10.

41.215 Max
l 38,278
35,341
— 32,403
— 29.468
I 26.531
— 23.594
u 20,657
17721
I 14.784
— 1L347

89101
59733 :
3.0365
0.099655 Min
Fig. 8

The Von-Mises stress distribution in the piston under thermal loads.
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72T
67.135
6L56

55,954
50,408
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39,257
33.682
28,106
22531
16,955
1138

5.8041
0.22855 Min

Fig. 9
The Von-Mises stress distribution in the piston under mechanical loads.
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14646 5
|| 68.45
|| 62.255
|| 56059
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18.884
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£.4923
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Fig. 10

The Von-Mises stress distribution in the piston under thermal and mechanical loads.
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The thermal stress results show that the piston ring groove and the regions below the piston crown are critical
areas. The oil ring groove tolerates higher thermal stresses than the compression ring groove. The thermal stress is
insignificant in the piston pin area. The upper regions of the piston pin and piston ring groove tolerate high
mechanical stress, and the maximum mechanical stress occurs in the upper area of the piston pin. The lower area of
the piston crown, which tolerates high thermal stress, tolerates insignificant mechanical stress. The stress
distribution of the combined thermal and mechanical stresses is similar to mechanical stress distribution. Therefore,
the prominent stress applied to the piston is rooted in the mechanical stresses. This result corresponds with the study
conducted by Liu et al. Thus, the upper area of the piston pin is the most critical area of the piston in which the
maximum stress occurs. At the combustion moment, the upper areas of the piston pin and piston are in touch with
each other. Due to the considerable force of combustion than other forces, it can be expected that the highest stress
occurs in the upper area of the piston pin. The maximum thermal, mechanical, and thermomechanical stresses are
41.215, 78.286, and 87.038 MPa, respectively.

Despite demonstrating the maximum temperature in the thermal analysis, the center of the piston crown is not a
critical point. This part tolerates lower stress than the upper area of the gudgeon pin and piston ring grooves, which
are the critical areas in the piston, so it has no considerable importance. The first ring in the ring grooves is mainly
responsible for sealing the cylinder and piston, and it's vitally important since it tolerates higher stress due to its
higher pressure and temperature. The piston wall is also subjected to high stresses due to its abrasion with the
cylinder wall. However, it is not as important as the critical points mentioned above. According to the Tresca
criterion, also known as the maximum shear stress criterion, failure occurs when the maximum shear stress exceeds
half of the ultimate failure limit of the material [18]. The Tresca stress distribution in the piston is shown in Figure
11. This Figure indicates that the maximum stress value is 50.029Mpa and the position is at the upper region of
piston pin. So, this region is a critical area. On the other hand, the results of the stress distribution in the Tresca
criterion confirm the results simulated by the Von-Mises criterion.

50.029 Max
l 45.467

42,905 A
L 39,343
| 35.781
L | 32.218
L | 23.657
L 25.095
L 71533
L 17071
L 14.408

10,847

7.2846

37226

0.16059 Min
Fig. 11

The Tresca stress distribution in the piston.

Figure 12 shows the normal stress in the center of the piston crown. The produced stress is compressive due to
combustion pressure applied on the piston crown. The maximum compressive stress that the piston crown tolerates
occurs at the combustion moment. The Von-Mises stress for the critical node located in the upper area of the piston
pin is shown in Figure 13. As can be seen, the highest stress is related to the combustion moment.
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Fig. 12
The normal stress in the center of the piston crown.
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Fig. 13
The Von-Mises stress in the critical node of the piston.

As shown in Figure 14, the maximum thermo-mechanical deformation is 0.12311 mm, which occurs
perpendicular to the center line of the piston pinhole at the lower end of the piston skirt. This result corresponds with
the study conducted by Liu et al. It can be explained by the easy deformation of the end of the piston skirt in this
area. However, this deformation would not be significant along the piston pin axis due to the mechanical boundary

conditions applied to the piston pin.
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Fig. 14
The thermo-mechanical deformation in the piston.

The safety factor distribution is shown in Figure 15. It can be seen that the minimum safety factor is 1.1061.
According to the thermodynamic analysis results, the upper area of the piston pin tolerates the highest stress and is a
critical area. Therefore, as expected, the lowest safety factor occurred in this area. Considering that the safety factor
is greater than one, there is no possibility of failure of the piston.

15 Max
14.545
14.091
4 13.636
— 13.182
— 12.727

12,273
% 11818
11364

— 10.909
— 10.455

1.1061 Min
0

Fig. 15
The safety factor distribution in the piston.

Figure 16 displays the thermo-mechanical analysis results of the piston based on the element number. Increasing
the element number would not significantly change the temperature. Since the increment of the element number to
39989 does not significantly alter the stress value, it can be regarded as the best element number.
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3.3 Verification of FEA results

As observed in Figures 8-11, two areas of the piston are serious: upper region of piston pin and compression
grooves. Different engine pistons where cracks initiated in those areas will be presented subsequently. Thermo-
mechanical stress analyses on the piston proved the same serious areas. Two damaged pistons in the upper region of
piston pin and compression grooves is shown in Figure 17. Comparison of damaged pistons with Figures 8-11
proves that the thermo-mechanical stress analysis results have a very good agreement with the real damaged pistons.

Crack initation

» Fatigue striations b)

Fig. 17
A damaged engine piston (a) in the upper portion of the piston pin and (b) on piston compression grooves [27].

4 CONCLUSION

The study aimed to investigate the thermo-mechanical stresses using a thermal resistance circuit model in a
gasoline engine piston. The thermal resistance circuit model is an accurate and simple method to evaluate the
temperature in different piston sections [1,20]. The thermal analysis results proved that the piston crown center
withstands the maximum temperature. The Obtained FEA results showed that the stress has the most critical values
at the upper portion of the piston pin and piston compression grooves. The results of the Von-Mises and Tresca
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criteria showed that the upper region of the piston pin and ring grooves are critical regions. Accordingly, the
minimum safety factor was 1.1016, which occurs in the upper area of the piston pin. The results of the stress
analysis were compared with the real damaged piston samples and indicated that the identified critical areas matched
well with areas of failure in the real samples.
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