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ABSTRACT 
 

With the definite-element analysis software, a three-dimensional definite-element analysis has been carried 
out to the gasoline engine piston. Considering the thermal boundary condition, the stress and the 
deformation distribution conditions of the piston under the coupling effect of the thermal load and 
explosion pressure have been calculated, thus providing reference for design improvement. Results show 
that, the main cause of the piston safety, the piston deformation and the great stress is the temperature, so it 
is feasible to further decrease the piston temperature with structure optimization. 
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1. INTRODUCTION  
 

As a kind of thermal power machine, the 
working process of the engine is greatly related to 
heat transfer, as it decides various technical data of 
the engine such as the economical efficiency. And 
the increase of heat will cause the increase of the 
thermal load. As the main heated part of the engine, 
the piston has to bear the complicated mechanical 
load and thermal load subjected to periodical 
change. An analysis to the stress and the 
deformation condition under the mechanical load or 
the thermal load only is far from enough to reflect 
the actual working condition of the piston. A 
reference can only be provided for the piston design 
with factors influencing the thermal load found out, 
taking into overall consideration the piston intensity 
under the coupling effect of the thermal load and 
mechanical load. 

P. O’Hara[1] analyzed heat transfer problems 
exhibiting sharp thermal gradients using the 
classical and generalized finite element methods.V. 
Ucar, A. Ozel[2] investigates a transient thermal 
and structure finite element solution has been 
employed to analyse the level of the thermal 
stresses developed in plasma coating systems 
subjected to thermal loading. Jarruwat Chareonsuk, 
Passakorn Vessakosol[3] proposed a high-order 
control volume finite element method (CVFEM)  to 
explore thermal stress analysis for functionally 
graded materials (FGMs) at steady state with the 
unstructured mesh capability for arbitrary-shaped 
domain. Douglas M. Baker, Dennis N. Assanis[4] 
present a methodology for a coupled 

thermodynamic and heat transfer analysis of diesel 
engine combustion chambers. U.A. Benz,J.J. 
Rencis[5] a dual reciprocity boundary element 
formulation using quadratic elements is presented 
for coupling two-dimensional and axisymmetric 
zones for transient heat transfer applications. Bao-
Lin Wang,Yiu-Wing Mai[6] establishes a solution 
method for the one-dimensional (1D) transient 
temperature and thermal stress fields in non-
homogeneous materials. Elisa Carvajal Trujillo[7] 
proposes a methodology for the estimation of the 
mean temperature of the cylinder inner surface in 
an air-cooled internal combustion engine.Sook-
Ying Ho, Allan Paull[8] describes a relatively 
simple and quick method for implementing 
aerodynamic heating models into a finite element 
code for non-linear transient thermal-structural and 
thermal-structural-vibrational analyses of a Mach 
10 generic HyShot scramjet engine. 

Based on the fundamental of thermal analysis, 
this paper utilizes the definite-element software to 
analyze the stress and deformation condition of the 
piston under the effect of the thermal load and 
mechanical load respectively and compares it to the 
stress and deformation condition under the coupling 
effect of the thermal load and mechanical load. 
Through the analysis, it is concluded that the main 
factor influencing the piston intensity is the 
temperature, thus providing basis for the 
optimization design of the piston. 
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2. FINITE ELEMENT MODEL  
 
2.1 Geometrical Model  

The finite element analysis to the piston is to 
establish the reasonable and accurate finite element 
model first, thus carrying out analysis by marking 
cell grids to obtain the accurate results finally. 
According to the structural symmetry of the piston, 
in order to be convenient for calculation and 
decrease workload, cut the established piston model 
to maintain 1/4 and then import the model to the 
finite element software for the finite element 
analysis to the piston according to the fine interface 
between the modeling software and the finite 
element analysis software. During the importing 
process, some details have been omitted, such as 
the chamfer and the snap ring of the piston pin etc. 
The geometrical model for the piston is as shown in 
Figure 1. 

 
 Figure 1:  Geometrical Model For The Piston  
 

2.2 Physical Properties of the Material 
 

Table 1: Parameters Of The Piston Material  
Parameters Values of the parameters 

Piston material Aluminum alloy 

 Poisson ratio  0.32 

Elastic modulus of the piston  70GPa  

Material density  2700 3/ mkg  

Conductivity factor  160 )/( 2 Kmw ⋅  

Coefficient of thermal expansion  Km /1021 6−×  

 
2.3 Mesh Generation  

During the mesh generation for the piston model, 
based on experiences and with several trials, the 
eight-node hexahedron cell SOLID70 is selected in 
this paper. Figure 2 shows the final finite element 
model after mesh generation for the piston. 

 
Figure 2:  Mesh Generation For The Piston  

3. THERMAL LOAD ANALYSIS TO THE 
PISTON 
 
3.1 Fundamental of Thermal Analysis 

The stable thermal load means that the 
temperature field of the piston remains unchanged 
during the working process of the piston and that 
the heat flowing from the gas to through the piston 
top equals that discharged from the ring zone, the 
skirt and the cooling chamber of the piston etc. The 
heat of the gas and the piston top mostly come from 
heat convection of the gas and the piston top, the 
heat transfer within the piston abides by Fourier 
Law and no heat can occur within the piston itself, 
so the thermal analysis to the piston is a stable 
thermal analysis to the problem without any 
internal heat source. 

 Fourier Law is the basis for the heat conduction 
theory, and the vector expression for the Fourier 
Law is: 

gradTkq ×−=                      (1) 

Where,q—heat flux, which is a the vector in 
2/ mw ; 

            k—the heat conduction coefficient of the 
material treated as  the constant, in )/( Kmw ⋅ ; 

            gradT — the temperature gradient, also 

a vector, in mC /° . 
 Where, the negative sign means that the 

direction of q is always opposite to that of gradT . 

In the mathematical field theory, it is very 
convenient for Equation (1) to utilizes vector 
expressions for the gradient and divergence to 
deduce the differential equation for heat conduction 
and the component expressions are: 
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 where, :n—the exterior normal direction vector 
of the object at any boundary. 

From Equation (2) we can get that when the 

direction of the gradient component 
x

T

∂
∂  is opposite 

to x-axial and 
x

T

∂
∂  is negative, qx is positive, 

indicating that  qx  is in the same direction with x-

axial; or else, when 
x

T

∂
∂  is in the same direction with 

x-axial, qx is negative indicating that the heat flow 
is in the opposite direction to x-axial. 

Based on the fundamental of heat transfer and 
abiding by the law of conservation of energy, we 
can get that the differential equation for solid heat 
conduction is as follows:  
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Where, α —the heat conduction coefficient, 

ρ
α

c

k= , in sm /2  ;  

c— the specific heat at constant pressure of the 
material, treated as a constant in CkgJ °⋅/ ;  

ω — the internal heat source intensity of the 

material, in 3/ mW . 
If the solid is in the adiabatic condition: 
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The the temperature rise of the solid in this 
condition is called the adiabatic temperature rise, 
written as θ , and from Equation (3) we can get:  

ct ρ
ωθ =

∂
∂

                          (4) 

With Equation (4), the heat conduction equation 
can be expressed as:  

0
2

2

2

2

2

2

=
∂
∂−

∂
∂+









∂
∂+

∂
∂+

∂
∂

t

T

tz

T

y

T

x

T θα        (5) 

If no change occurs to the temperature in z 

direction, which means that z
T

∂
∂

, the temperature 

field is a plane problem and the heat conduction 
equation can be simplified as:  
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After long-term heat exchange, the temperature 
will no longer change with the time, thus getting:  
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This kind of temperature field which does not 
change with the time is the stable temperature field. 

With Equation (6), the heat conduction equation 
can be simplified as:  

0
2

2

2

2

2

2

=
∂
∂+

∂
∂+

∂
∂

z

T

y

T

x

T                   (7) 

The heat conduction equation establishes the 
relationship of the temperature with the time and 
space, but there are indefinite solutions for the heat 
conduction equation; in order to determine the 
unique solution for the differential equation of the 
solid, the boundary condition and the initial 
condition must considered when understanding the 
actual temperature distribution with the solid. In the 
general description, we collectively call the 
boundary condition and the initial condition as the 
definite condition and simultaneously solve the 
differential equation for heat conduction, thus 
obtaining the temperature distribution within the 
solid. 

 
3.2 Thermal Stress Analysis to the Piston 

The temperature field analysis to the piston is as 
shown in Figure 3 and Figure 4. Through the 
analysis, we can get that the temperature field 
distribution is basically reasonable. Then carry out 
a thermal stress analysis according to the 
temperature field of the piston. In the thermal stress 
analysis, it is necessary to convert thermal units 
within ANSYS to structural units and thermal units 
of solid 70 to structural units of solid45. After 
conversion, the thermal stress analysis can be 
carried out . 

During the thermal stress analysis, it is necessary 
to make sure that no rigid body displacement will 
occur to the model. So it is necessary to carry out 
constraint to the piston in every direction, and the 
constraint applied cannot bring in additional 
mechanical load. The applied temperature load 
during the thermal stress analysis is the temperature 
load when the result for the temperature field 
automatically converts to nodes. 

Because the mode is 1/4 model, it is necessary to 
apply the symmetry constraint to sections XZ and 
YZ, constrain the displacement in Z direction and 
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considering the actual condition, apply constraint in 
Z direction within the piston pin boss. With the 
application of the aforesaid loads, carry out the 
thermal stress analysis to the 1/4 model of the 
piston with the definite-element software, thus 
obtaining the thermal stress distribution nephogram 
of the model, as shown in Figure 4. 

 

 
Figure 3:  Temperature Field At The External Surface Of 

The Piston 

 

 
Figure 4:  Temperature Field Within The Piston 

                       

 
Figure 5:  Thermal Stress Nephogram At  The 
External Surface Of The Piston In The Direction Of Z-

Axial 
 

 
Figure 6:  Thermal Stress Nephogram Within The Piston 

In The Direction Of Z-Axial 
     
The stress distribution nephogram of the piston 

in the direction of A-axial is as shown in Figures 5 
and 6. Seen from the figure, the maximum stress for 
the piston is 139MPa and the part with rapid change 
of the stress occurs within the oil hole. The reason 
for this phenomenon is that the oil hole chamfer is 
omitted in the import procedure of the model, thus 
causing the stress concentration. The allowable 
stress of the piston is greater than the maximum 
stress applied to the piston in the direction of Z-
axial. Besides, in actual condition, the existence of 
the rounded corner will further decrease the stress 
value, thus mitigating the stress, so that the overall 
stress distribution of the piston is reasonable.  
 
3.3 Thermal Deformation Analysis to the Piston  

Thermal deformation of the piston occurring in 
the temperature load is as shown in Figure 6. 
 

 
 Figure 7:  Thermal Deformation Of The Piston 

 
Seen from Figure 7, the maximum deformation 

occurs at the edge of the piston top which is free 
from constraint, with the value of 0.166mm. Seen 
from the figure, the deformation from the piston top 
surface to the skirt and from the interior of the 
piston to the exterior is decreased gradually. This is 
in consistency to the temperature field of the piston, 
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indicating that different expansion deformation will 
occur to the same material in different 
temperatures. 
 

4. THERMAL LOAD AND MECHANICAL 
LOAD COUPLING ANALYSIS TO THE 
PISTON 

 
4.1 Mechanical load analysis to the piston 

In the gas pressure which is subjected to periodic 
change, the mechanical load to the piston is really 
great, during the working process it can cause great 
impact to the entire combustion engine and the 
generated stress and deformation will influence the 
fatigue life and reliability of the piston. The 
mechanical load to the piston during the working 
process includes: the working medium pressure 
within the cylinder, the piston inertia force, the 
bearing reaction force of the interior surface of the 
pin boss hole and the lateral pressure of the skirt. At 
the maximum explosion pressure within the 
cylinder, the pressure to the piston is maximum and 
the force to and the deformation of the piston is 
maximum, so it is of great importance to analyze 
the piston intensity at this moment. 
 

 
Figure 8:  Displacement Nephogram Of The Piston 

 

 
Figure 9:  Mechanical Stress Nephogram  Within 

The Piston In The Direction Of Z- Axial 
 

Known from Figure 8, the deformation at the 
center of the piston top is maximum，decreasing 
gradually from the interior to the exterior, because 
the maximum explosion pressure of the mechanical 
load acts on the piston top with the maximum 
deformation of 0.0342mm and the head style of the 
piston after being deformed will not cause the 
piston interfered within the cylinder, thus 
preventing from affecting the normal operation of 
the engine. Thus the deformation of the piston is 
minimum with the maximum explosion pressure, so 
that the piston will not get damaged. From Figure 9, 
the stress concentration parts of the piston are 
distributed within the piston pin boss and the point 
where the pin boss contacts the inner cylinder, with 
the maximum stress in the forward direction is 
16.6MPa. The stress concentration occurs because 
displacement constraint is applied to this part, thus 
the stress is changed sharply and in the meantime, 
no rounded corner treatment is carried out during 
the import procedure of the model; in the actual 
condition, the stress within the piston structure will 
be smaller, thus the piston is safe.  
 
4.2 Thermo-Mechanical Coupling Analysis To 

The Piston 
During operation, the piston will be affected not 

only by the high-pressure gas pressure, the inertia 
force caused by high-speed reciprocating motions, 
the lateral pressure, friction forces and effects of 
other mechanical loads, but also by the effect of the 
thermal load caused by high-temperature gases. 
Although the thermal load and mechanical load are 
two kinds of different loads acting on the piston, 
they will both affect the reliability and endurance of 
the operation of the piston. Deformation occurs to 
the piston under the effect of the thermal load and 
the piston deformation will affect the transfer of 
heat, the thermal stress and the mechanical stress, 
so it is necessary to integrate the dual function of 
the thermal stress and the mechanical stress of the 
piston to carry out coupling analysis and solve so as 
to better reflect the stress field distribution and 
deformation condition of the piston in the operation 
condition. 
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Figure 10:  Thermo-Mechanical Coupling Stress 

Nephogram Of The Piston 
 

 
Figure 11:  Thermo-Mechanical Coupling Displacement 
Nephogram Of The Piston In The Direction Of Z-Axial 
 
From figure 10, we can get the thermo-

mechanical coupling condition of the piston and 
that the stress concentration occurs at the piston pin 
boss and the ribbed plate, with the maximum value 
in the forward direction of 62.2MPa, which is 
250MPa smaller than the allowable stress of the 
piston, so the piston is safe. But with the combined 
effect of the thermal load and mechanical load, the 
thermal load plays the main role. 

From Figure 10, we can get that with the 
combined effect of thermo-mechanical coupling, 
the maximum deformation of the piston occurs at 
the piston top with the maximum value of 
0.132mm. In comparison with the displacement 
deformation of the piston with the individual effect 
of the mechanical load and thermal load, with the 
combine effect of the temperature and mechanical 
load, the maximum deformation is mainly caused 
by deformation due to thermal expansion, and the 
temperature plays the main role. The deformation at 
this time is rather small, causing no damage to the 
piston. 

5. CONCLUSION 

 
With the thermal stress and the mechanical stress 

analysis to the piston, we can get the stress 

distribution and the deformation condition for each 
part of the piston. The maximum thermal stress of 
the piston is 139MPa and the maximum mechanical 
stress is 16.6MPa. The maximum deformation 
under the effect of the thermal stress is 0.166mm 
and the maximum deformation under the effect of 
the mechanical stress is 0.0324mm. With the 
thermo-mechanical coupling analysis, we can get 
that the maximum of the stress to the piston is 
62.2MPa, the maximum deformation is 0.132mm, 
and the stress and deformation are both within the 
allowable range, so the piston is safe. The 
deformation and the stress of the piston are mainly 
determined by the temperature, so it is necessary to 
decrease the piston temperature through structure 
improvement, e.g. by using the combined piston 
with small heat conduction coefficient and large 
heat conduction coefficient of the skirt and inner 
cylinder. 
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