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The purpose of this paper is to evaluate the effect of different methods for improving the temperature
gradient of a specified gasoline engine piston. With a robust finite element (FE) based software, 3D
thermal analyses have been carried out for the piston model. Unlike previous studies, the effects of
both fully and locally ceramic layers on the crown top surface were considered. It was found that a
fully ceramic layer provides just 10-15% more thermal protection. The effects of thermal dam and
lubricating oil temperature on crown and skirt surfaces were then separately investigated. Using these

Piston methods, the maximum surface temperature of the piston was greatly improved and the temperature

Finite Element Method
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distribution of piston skirt was effectively controlled.
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1. INTRODUCTION

In modern internal combustion engines (ICEs) with high
compression ratios and considerable operating
temperatures, the heat transfer from the burnt gas to the
exposed components of the engine have been one of the
most critical tasks in engine design process [1]. By
reducing these heat rejections, more thermal energy in
the cylinder can be converted and used to increase
power and efficiency of the engine [2, 3, 4]. On the
other hand, it is noted that for aluminum pistons, the
highest temperature at any point should not exceed 66%
of the alloy melting point [5]. Furthermore, thermal
expansion coefficient of aluminum is 80% higher than
the cylinder bore material made of cast iron. As a result,
there might be some differences between running and
design clearances which leads to great amount of
frictional losses [6]. Therefore, evaluating the
temperature gradient of the piston is very important to
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control  the  thermo-mechanical  stresses  and
deformations within acceptable levels.

At present, there are two main approaches to study
the thermal loading on a piston; experimental analysis
on whole engine or on its specified components, and
numerical simulation [7]. There are some works in
literature focusing on experimental research of the
thermal loading on piston [8-11].

However, the experimental simulations are very
expensive and their results are only applicable for
limited conditions.

Since early 1980s, finite element method (FEM) as a
robust computer simulating tool has been used in many
studies for analysis of temperature distribution and
evaluating the thermo-mechanical behavior of the
engine pistons [12]. Using a 3D FE model, Li [13]
showed that the deformations resulted from thermal
strains play an important part in the reduction of
scuffing and friction.
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The combined effects of thermal and mechanical
loads on an aluminum diesel engine piston were
evaluated by Abbes et al. [14]. Bohac et al. [15] used an
innovative resistance-capacitance model to analyze the
piston heat transfer. In several numerical studies, the
distribution of heat transfer coefficient on external
surfaces was considered as the main stage in thermal
investigation of a piston [6, 16, 17]. For big gradient
field function and the region of stress concentration, the
traditional finite element method might have numerical
oscillation [18]. So, some researchers have used the
wavelet finite element method to avoid numerical
distortion for thermal analysis of internal combustion
engine pistons [19, 20]. Application of ceramic coatings
with high thermal durability and considerable melting
point to the metallic surfaces of the engine components
enhanced the protection of piston crown form
combustion and made it possible to reduce the in-
cylinder heat loss and increase the thermal efficiency of
the engine [21]. Furthermore, low thermal conductivity
of the ceramics can be used to control heat transfer and
lowering temperature of the underlying metal [12].

In this study, the effect of ceramic coating and
thermal dam on reducing the non-uniform heating-up
and non-uniform deformation of an actual gasoline
engine piston was evaluated using a 3D finite element
analysis. The results were then compared with
temperature distribution of a traditional aluminum
piston for demonstrating the benefits of the thermally
optimized piston.

2. MATERIAL AND METHOD

Steady-state thermal analysis was executed to study the
effects of thermal barrier coating and thermal dam on
pistons temperature gradients. As a general
consideration, the basic differential equation of heat
transmission should account for the internal heat
generation source and time variations when evaluating
the temperature field:
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where in this equation, T is temperature, t time, k the
conductivity factor of constructing material, o the mass

density, ¢ the specific heat and ¢ the internal heat

generation rate per unit volume.

For steady-state thermal analysis of the piston, the
temperature has no variation with the time and no
internal heat source has to be taken in the analysis. So,
Equation (1) was reduced to the following form:
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It was noted from theory of differential equations that
the boundary conditions should be determined and
added to the analysis for obtaining the unique solution.

Based on the published literature, it is reasonable to
estimate the inside ambient temperature as the average
temperature values during an engine cycle [22]. For the
considered case study, the average temperature and
convection coefficient on the top of piston crown were

estimated to be 650°c and ggo_*_, respectively [6].

mK

The convection coefficient on the lateral surfaces of
w

i i ifi 280
piston rings were specified as ey

with average

temperature of 300 °C . The inner surface of rings were
assumed to be adiabatic [13]. It was noted that in some
part of an engine cycle, the ring pack was in contact
with the upper surface of ring gap. During the remaining
cycle duration, it was in contact with the lower surface
of the ring gap. The inner surface of ring gap was
assumed to be adiabatic [4]. However, in this study the
rings were considered to be in contact with both
surfaces of ring gaps. Convective heat transfer
coefficient for the regions between the rings grooves

were considered to be 200% with 160 °C average
m

temperature [7]. When the clearance between piston and
cylinder were high, formation of cavitation in
lubricating oil film was inevitable. As a result, the heat
transfer conditions in this region were badly affected.
Neglecting the effect of piston motion in the oil film
thickness, it was assumed that the rings and skirt were
fully engulfed in oil and there were no cavitation. The
piston skirt and pin temperatures were taken to be

120 °C with average convection coefficient of 400%.
m

The conductive heat transfer of oil film was neglected.
Boundary conditions for oil-cooled regions of the

pistons were 95 °C and 1500%, respectively [23].
m

Thermal barrier coatings (TBCs) were commonly
applied to substrates to thermally insulate them so as to
allow for higher operating temperature. The bond coat
layer, as an inter-metallic alloy, should also be used
between the TBC and the metal substrate for providing
the adhesion of the TBC layer to the substrate and
reducing the internal stresses arisen from thermal shock.
It is noted that the coefficient of thermal expansion of
the bond coat should be between that of the TBC and
the metal substrate [24].

From technical viewpoint, the bond and ceramic
layers would be coated on the piston crown surface by
using plasma spray coating technique [2]. Thermally
sprayed ceramic material has layered structures with a
defect density resulting from successive impact of a
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multitude of fully or semi-molten particles. The most
important problem with the coated system is the thermal
stresses which occur during operation because of the
considerable mismatch between the thermal expansions
coefficients of the metal substrate and the ceramic
coating. The zirconia-based ceramic coatings were used
as thermal barrier coatings owing to their low
conductivity and their relatively high coefficients of
thermal expansion, which reduced the detrimental
interfacial stresses. It should be noted that thicker layers
may be vulnerable to the thermal shocks and stresses.
So, the thickness of the ceramic top coating should not
exceed 1.6 mm [25]. In this work, the thickness of the
ceramic top coating has been changed from 0.2 mm to
0.8 mm with a 0.2 mm increment. Material properties of
the MgZrOs, NiCrAl and piston material made of AISi
alloy are listed in Table 1. The piston considered as the
object of study was taken from the gasoline engine
assembled in car Peugeot 405 which is widespread in
Iran transport industry. The characteristics of the engine
under study are summarized in Table 2. It is made of
standardized aluminum alloy in which essential
chemical components are as follows: Si (11.5-13%), Cu
(0.8-1.5%), Mg (0.8-1.3%), Ni and Fe less than 0.2%,
and balance Al [26]. However, in the performed
numerical analysis AISi alloy was taken as the basis
material in the simulation. Figure 1 shows the solid
model of the piston under study. This model was
generated by SolidWorks. A commercial finite element
package COSMOS, which has the capability of 3D heat
transfer equation, was used for the thermal analysis. As
can be seen, great attention was paid for modelling the
details of piston geometry. The finite element mesh of
the piston model is shown in Figure 1c. 176702 nodes
and 860841 tetrahedral elements were used to guarantee
the accuracy and acceptability of the results.

The investigations were first performed for
traditional and ceramic-coated pistons. In the present
study, the ceramic layer was deposited on the top
surface of the piston by two different ways: 1) Complete
coating of the top surface of the piston. 2) Coating the
bowl lip areas on the crown top surface. For each case,
the piston was coated with a ceramic layer of MgZrO;
over a bond coat layer of NiCrAl. Original fully and
locally coated pistons are given in Figures 2a and 2b.
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Figure 1. The model used in FE analysis: a) Image of the
traditional piston, b) Piston solid model generated by
SolidWorks and c) Finite element model of the piston.

TABLE 1. Material properties of piston, ring and ceramic

Material Thermal conductivity, Thermal expansion, Density, Specific heat, Poisson’s Young’s Modulus
[W/m °C] 1078 [1/°C] [kg/m?] [J/kg°C] ratio , [GPa]
AlSi 155 21 2700 960 0.3 90
Steel 79 12.2 7870 500 0.3 200
NiCrAl 16.1 12 7870 764 0.27 90
MgZrOs 0.8 8 5600 650 0.2 46
QOil ring 33 12 7200 0.29 142
Compression ring 52 10 7300 0.3 125
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3. RESULTS AND DISCUSSIONS

For traditional uncoated piston, the gradient of the
temperature was shown in Figure 3. As expected, the
high temperatures were observed at the crown region.
The maximum temperature was found to be at the lip
of crown bowl on the piston top surface. In radial
direction, the temperature increases from the crown
center towards the bowl lips and the edge of the crown
surface. The results show that the temperature on the
crown region varies between the two the extreme

values of 303 and 250°¢, while the skirt temperature

did not exceed 200°c.Under the same boundary
conditions, the temperature distributions of fully coated
piston are shown in Figures 4a to 4d. The thicknesses
of ceramic coating layer were 0.2, 0.4, 0.6 and 0.8 mm,
respectively. The bond layer had unique thickness of
0.15 mm for all the cases. All the temperature gradients
obtained were the same, but the temperatures were
different. It was observed that the values of maximum
temperature on the coating surface of the crown pistons

were 4379, 4837, 5328 and 570.1°c, respectively.
Because of low thermal conductivity, the temperatures
at top surface of coated piston were found to be much
higher than those obtained for the traditional piston.

Figure 5 shows the distribution of temperature on
top surface of ceramic layer exposed to exploded
gases. The maximum temperatures of the piston’s
crown top surface were observed for 0.8 mm coating
thickness. It was noted that these temperatures were far
below the melting point of the ceramic [27].

TABLE 2. Specification of the engine under study

Bore 9.2¢cm
Stroke 8.9cm
Compression ratio 8.7
Connecting rod 13.61cm
Intake Valve Opening (IVO) 34’ bTDC
Intake Valve Closing (IVC) 74" aBDC
Electronic Variable Orifice (EVO) 36" bBDC
IP 0.83 bar
IT 297 K

A 11

RPM 3500
Ignition time 55 bTDC

NiCrAl

AlSi and Steel

fr— (@)

(b)

Figure 2. Thermal barrier coating thicknesses over the piston
crown: (a) fully coated piston, (b) locally coated piston.
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Figure 3. Temperature gradient of traditional piston obtained
from thermal analysis
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Figure 4. The effect of ceramic layer thickness on
temperature distribution for a piston with fully coated top
surface; the considered thicknesses are: a) 0.2 mm, b) 0.4
mm, ¢) 0.6 mm and d) 0.8 mm, respectively.

For a locally coated piston, the bowl lip areas were
covered with two bonding and ceramic layers. Four
different thicknesses of 0.2 , 0.4 , 0.6 and 0.8 mm were
considered for the ceramic layer. Again, the bond layer
had unique thickness of 0.15 mm for all cases. The
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temperature distributions of locally coated piston are
shown in Figures 6a to 6d. It can be observed that
moderate temperature gradients exist for pistons with
thicker ceramic layers.

For both fully and locally coated pistons, variations
in maximum and minimum values of piston
temperature gradient with coating thickness are shown
in Figures 7 and 8, respectively. It can be seen that the
fully and locally ceramic layers have roughly same
effects on maximum induced temperature on top
surface of the piston. The results show that maximum
temperature of the coating surface increases with
increased coating thickness.
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Figure 5. The effect of coating thickness on temperature
distribution of ceramic layer
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Figure 6. The effect of ceramic layer thickness on
temperature distribution of a locally coated piston; the
considered thicknesses are: a) 0.2 mm, b) 0.4 mm, ¢) 0.6 mm
and d) 0.8 mm, respectively.

600

580

C)

560

540

fully coated piston
locally coated piston

520

500

Maximum Temperature (*

440 L L 1 L L L L 1 L L L L 1 )
0.5 1 1.5

Coating Thickness (mm)
Figure 7. Variation of maximum temperature of piston top
surface with the thickness of fully and locally ceramic layers.
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Figure 8. Variation of minimum temperature of piston skirt
region with the thickness of fully and locally ceramic layers.

However, the rate of increase in temperature was
considerably decreased for thicker coating layers.
Using appropriate thickness for fully ceramic coating
could cause more decrease in minimum temperature of
piston skirt region. For both cases, the fully ceramic
coating had better thermal protecting performance for
the piston. It was noted that the strength of the material
decreases with increasing temperature [28]. So, the
service life of the piston would be improved by
lowering the temperature of the aluminum substrate
surface. The temperature distribution of substrate
aluminum surface of piston is plotted in Figures 9 and
10. Different thickness of fully and locally coating
layers were considered in the study. For various
thicknesses of coating layer, temperature distributions
on the piston crown were found to be similar, but with
different values. It could be noted that for coated
pistons the temperature of aluminum substrate surface
were significantly lower than that of the uncoated
piston surface, thanks to the low coefficient of thermal
conductivity of the ceramic coating. However,
compared with the local coating, fully ceramic coating
layer on the piston top surface provided more
temperature reduction and more positive contribution
to the strength of the piston material.
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Figure 9. Temperature distribution on diameter of piston
substrate surface for different thicknesses of fully ceramic
coating layer.
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Figure 10. Temperature distribution on diameter of piston
substrate surface for different thicknesses of locally ceramic
coating layer.

(b)
Figure 11. The front view of the model used in the FE
analyses: a) traditional piston, and b) the piston with two
horizontal thermal dams

The piston skirt had a direct sliding motion inside
the cylinder. So, controlling the temperatures and
thermal strains on this region could greatly reduce the
friction and related mechanical losses. One of the most
common ways for reducing the thermal effects in
piston skirt was thermal dam [29]. Schematic view of a
traditional aluminum piston with two horizontal gaps is
shown in Figure 11b. For both traditional piston and
the piston with thermal dam, the temperature gradients
are illustrated in Figures 12a and b.

It can be observed that the thermal dam had a
considerable effect on reducing the temperature on the
skirt region. However, due to less amount of
transferred heat, the crown region would have higher
temperature compared to the traditional piston.

For better comparison, variation of temperature
along the skirt distance is plotted in Figure 13. For both
cases, the temperature was lowest at the bottom of the
skirt. However, the skirt temperature of a piston with
two horizontal heat dams was roughly uniform and
much lower than the skirt temperature of the traditional
piston.
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Figure 12. The effect of heat dam on piston temperature
gradient: a) for traditional piston b) for piston with two
horizontal heat dam
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Figure 13. The effect of heat dam on temperature variation
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4. CONCLUSION

In this work, an elaborated 3D thermal study was
conducted for a specified gasoline engine piston. It is
found that the crown top surface and the first circular
groove had the highest temperatures after calculating
the temperature gradient of traditional piston. As an
optimization scheme, the top surface of piston crown
was coated with ceramic layer. The effect of the
thickness of the ceramic layer and fully or locally
coating of top crown surface on improving the
maximum temperature of the piston were evaluated. It
was noted that for fully and locally coated pistons, the
temperature of aluminum surface substrate surface
were significantly lower than that of uncoated piston.
According to the results, thicker coating layers readily
provide an increase in temperature on the ceramic top
surface and decrease in metal surface temperature.
However, fully ceramic coating layer provided 10-15%
more thermal protection for the same thickness of
ceramic layer. To improve the temperature of piston
skirt, two horizontal heat dams were considered for the
piston. The results show that the skirt temperature of
the piston equipped with heat dam was roughly
uniform and much less than that of the traditional
piston. By taking these measures, less amount of
thermal energy was absorbed by the engine parts which
led to higher thermal efficiency and longer service life
of the engine. Increased temperature of hot parts was a
major cause for shortening the engine service life and
waste of energy. By controlling the temperature of the
piston, as a main component exposed to the high
temperature of exploded gases, higher thermal
efficiency and more suitable working conditions could
be provided for the internal combustion (IC) engine.
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