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ABSTRACT

Using PERMAS software, the temperature and
thermal-mechanical coupled stress of a piston under
calibration conditions were calculated using the finite
element model for the piston skirt profile, the piston
combustion chamber and the inner cooling oil path.
The fatigue life of the piston was analyzed, and the
changes in the piston ring groove and the outer
diameter of the piston were measured. The results
show that the high temperature region of the piston is
mainly distributed at the top of the piston and that the
maximum temperature is approximately 301 °C,
which is within the allowable range of the piston
material; the average surface temperature of the first
ring groove is 194 °C, which is lower than the
lubricating oil coking temperature. When the piston is
coupled to a heat engine, the piston is tilted toward
the main thrust surface, and the main thrust surface is
larger, approximately 44 N / mm2. The maximum
stress value of the piston pin seat surface is mainly
distributed in the back pin hole, and the stress values
are within the allowable range. The lowest fatigue life
of the piston occurs at the bottom part of the
combustion chamber and the combustion chamber
roar mouth, which have theoretical fatigue lives of
6.9 and 7.7, respectively. After 800 hours of thermal
shock testing, the piston ring groove, pin hole, piston
ring groove bottom diameter and the piston show
little change in dimension. All of these piston
elements meet the fatigue life requirements.
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INTRODUCTION

Pistons are one of the most important
components of diesel engines, along with the
connecting rods, crankshaft and other connecting
mechanisms. The reciprocating motion of the piston
produces rotary motion output ™3, During this
process in the diesel engine, the piston is subjected to
periodic mechanical loads, such as inertial forces,
lateral pressures and friction forces generated by the
high-speed reciprocating motion . On the other hand,
because of the high temperature and high pressure gas
produced during the combustion process, the surface
temperature varies among the different parts of the
piston. As the temperature gradient increases, the
temperature distribution becomes uneven, leading to
increased thermal stresses and thermal deformation of
the piston. With increasingly stringent emission
regulations, continuous improvement of the diesel
engine working pressures is needed. With the upgrade
from the country III to the country IV emissions
standard, the maximum cylinder outbreak pressure
increased by approximately 13%, and the rate of the
rapid combustion cylinder pressure increased to 0.6 ~
0.8 MPa / °© CA %8 Due to excessive thermal
stress and thermal deformation of the piston from
large unequal heating, piston surface cracking,
perforations and other failures could occur [,
Comprehensive diesel piston calculations are
necessary to improve the reliability of the piston and
to extend the life of the piston. The PERMAS
software was used to optimize the piston and
combustion chamber, with its internal cooling oil
channel, by calculating the temperature fields of the
piston, the piston skirt profile and the pin hole profile
under optimized conditions. The fatigue life of the
piston was analyzed, and the piston was subjected to
a thermal shock test for 800 hours. The fatigue life of
the piston was measured by thermal shock testing,
and the fatigue life of the piston was analyzed.
Measurements of the piston ring groove, pin hole,
piston ring groove bottom diameter and piston
dimensions and their profile changes were obtained.



ESTABLISHING THE PISTON FINITE
ELEMENT MODEL

Modeling and meshing

In view of the increased pressure inside the
cylinder and the increased temperatures of the gases
at the top of the piston, the shape and position of the
cold oil path in the piston were optimized. The head
and the combustion chamber cooling became more
effective after these improvements. As shown in Fig.
1, the solid line represents the combustion chamber
with the inner cooling channel before improvement,
and the dotted line represents the optimized
combustion chamber with the internal cooling oil
channel. The position of the optimized internal
cooling channel was improved when the distribution
channel was added. In addition, the optimization
further improved the cooling of the piston combustion
chamber at the bottom of the piston and the head.

Fig 1. Piston cooling oil passage before and after
optimization schematic
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(a) Overall view (b) Sectional view
Fig 2. Piston grid

Setting the boundary conditions

Pistons operating within a diesel engine must
withstand the forces of gas combustion pressures
generated by the reciprocating motion of the piston,
the inertial forces generated by the piston and the
cylinder liner friction forces. The cylinder sleeve and
piston skirt also generate pressures due to the
interaction of the side pressurel*> 131, The explosion
pressures, applied forces and piston deformations are
highest in a diesel engine under calibration conditions.
Therefore, it is key to study the mechanical strength
of the pistons with these conditions under mechanical
loads.

Thermal boundary conditions

Accurate thermal boundary conditions of the
piston are important for simulating the temperature
field with the finite element model. The maximum
thermal load condition was defined for the calibration
case, using the third type of thermal boundary
conditions provided previously***¢l, The measured
piston temperature of the diesel engine was taken as
the heat load input condition, as shown in Table 1.

) o ) Table 1. Piston temperature results
The piston finite element model includes the
connecting rod, piston, piston-pin and cylinder liner. The first The third The fifth
In the three-dimensional model of the piston group,  no Position cylinder — cylinder —cylinder
considering that the piston pin bias is not fully temperature  tmperature  temperatur
symmetrical, using Pro-E software was used for the ©) ©) e (O
piston skirt profile, pin hole profile, piston 1 Coézstuesrtor 260 248 244
optimization of the combustion chamber and internal Open
cooling 0|I._ By modeling the piston gf the card spring 2 combustion 310 288 280
slot, the oil return hole was simplified. The piston chamber
model used HyperMesh software. As shown in Fig. 2, The bottom of
the piston, ring and connecting rod adopted the 3 combustion 217 211 226
second-order tetrahedral mesh. The piston pin and chamber
cylinder liner adopted the first-order reduction N
hexahedral mesh. The number of piston nodes was 4 The first ring 238 234 233
801575, and the number of units was 509476. The front end
of the pin hole 188 165 178
g Iherearend 188 189 180

of the pin hole

Among the piston temperatures, the maximum
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piston temperature (310 C) was located in the
combustion chamber mouth, and the lowest
temperature zone was located in the front pin hole
(165 °C). The temperature field distribution of the
piston was reasonable and satisfied the requirements
of the finite element boundary conditions. The
temperature field distribution was calculated for the
oil chamber of the upright ring, the oil hole in the two
pin, from the cooling nozzle high-speed injection into
the oil chamber and then the oil hole, and for the
piston reciprocating motion from the oil hole after the
return oil. In this process, the bottom shell had good
heat transfer properties. Using empirical data from
the test tube, the following empirical formula was
used for the internal cooling cavity calculation:

Nu, = 0.495Re °%" D% pr%

(D
Ny, =22

/4 2
D=2

b (3)
Re, :—D

b (4

In the formula, Nut is the Nusselt criterion
number, Ret is the Reynolds number of the
lubricating oil flow, Prt is the Prandtl number, a is
the heat transfer coefficient, D is the equivalent
diameter of the cooling oil chamber, y is the
lubricating oil thermal conductivity, B is the average
height of the cooling oil chamber, u is the lubricating
oil speed and vt is the lubricating oil kinematic
Viscosity. and table 2 was the data of engineering
materials.

Table 2. Data of engineering materials
No Material properties Parameter
1 density (kg/dm?®) 2.7
2 Elastic modulus (N/mm?) 84000
3 Poisson ratio (p) 0.32
Thermal expansion coefficient o
4 (1K) 19.2x10
Piston ring elastic modulus
5 (N/mm2) 110000
Piston pin elastic modulus
6 (N/mm2) 207000

Piston mechanical load

The mechanical load on the piston mainly
comes from the gas pressure, inertial forces and
lateral forces. Fig. 3 shows the in-cylinder burst
pressure and lateral pressure changes that the piston is
able to withstand with the crank angle relationship.
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The gas pressure on the top surface of the piston was
treated as a uniform load, wherein the top surface of
the piston, the upper and lower side surfaces of the
first ring groove and the piston fire are loaded
according to the maximum burst pressure. The first
ring and the second groove had the largest burst
pressure (20% of the load). When the load was
ignored, the uniform pressure was not applied on the
second ring groove, taking into account the gas
pressure. Piston loads when applying side pressures
in the piston and cylinder liner contact surface are not
evenly distributed, and the space between the piston
skirt incurred the maximum lateral pressure. The
piston lateral pressure was approximated for the
piston circumference, the piston and the cylinder liner.
Using the law of the internal force distribution and
the law of cosines, the pressure curve of the oil film
in the direction of the force and the direction of the
piston axis and side pressure formed a parabolic
secondary distribution[*],
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Fig 3. In-cylinder combustion pressure and lateral
pressure curve
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TEST EQUIPMENT AND PROGRAMS

The diesel thermal shock equipment is
composed of a multi-stage circulating pump, heat
exchanger, cold water tank, hot water tank, and a hot
and cold shock control unit. The thermal shock test
process of a diesel engine can be tested using this
setup. To determine the optimum cold and hot cycle
times, a cylinder head calibration test was performed
prior to the thermal shock test.

The thermal shock test cycle time was
determined by installing the temperature sensor in the
cylinder head valve nose bridge area. Then, the
calibrated cylinder head was installed on the diesel
engine to calibrate the thermal shock test cycle time
and to obtain the metal temperature of the cylinder
head. According to the results of the cylinder head
calibration, the thermal shock test cycle time was 360
s, including cycles of 195 s, 135 s and 30 s. For the
thermal cycle conditions, the diesel engine running at
the calibration speed required 100 C water. For
the low temperature cold cycle at low idle speed



conditions, the water temperature was 30 C. A
thermal shock test was carried out for 8,000 cycles
for a total of 800 hours.

Automatic bleed valve

R

1= = {:/l

Hot water tank

heat exchanger

Cold water tank Eiater

Bypass valve &

>

Water circulating pump Three-way valve

Fig 4. Thermal shock device schematic

RESULTS ANALYSIS AND
DISCUSSION

Piston temperature field

When calculating the temperature field of the
piston, it is necessary to give a reasonable heat
transfer boundary condition, which is the key
condition for the finite element calculation. The finite
element software was used to calculate the
temperature field of the piston for comparison with
the actual temperature measured at each point. In Fig.
5, the left side of the figure is the measured value, and
the right side is the calculated value. The measured
temperature agreed well with the calculated value; the
maximum temperature deviation was approximately 4
‘C, and had good regularity, which shows that the
heat transfer boundary condition was reasonable and
that the model was accurate
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Fig 5. Comparison of piston temperature field

calculation and measured values

184/183

As shown in Fig. 5, the piston circumference
temperature distribution was more uniform than the
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cylinder piston temperature distribution in the axial
direction. The high temperature distribution at the top
of the piston was approximately 301 ‘C, which was
lower than the aluminum alloy piston heat
temperature (360 ‘C). The piston head radius

compressdqheyeased as the surface temperature gradually

~rdecreased. The average surface temperature of the

| Expansiorf tstiking groove of the piston was 194 °C, which is
— - lower than the lubricating oil coking temperature (230

C). Hence, the average surface temperature
prevented coking of the lubricating oil at high

Diesel B};%rm ature. Since most of the heat transferred by the

gas to| the piston mainly relied on the piston ring and
the internal cooling oil chamber, the temperature
along the axial direction from the piston top to the
piston skirt gradually decreased. The internal cooling
oil temperature was 220 ‘C, and the upper
temperature of the pin hole was 183°C.
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Fig 6. After a 20% increase in the amount of fuel
injection piston surface temperature

Studies have shown that excessive fuel
injection caused by the wear of the injector can lead
to piston cracking. Based on the piston temperature
measurement results, the temperature distribution of
the piston surface was calculated when the injection
guantity was increased by 20%, as shown in Fig. 6.
The surface temperature distribution of the piston was
almost the same with and without increasing the
injection quantity. The maximum temperature of the
piston surface was approximately 348 °C. The
average surface temperature of the first ring groove of
the piston was 214 °C. The temperature of the
internal cooling oil channel and rear pin and that of
the upper side of the hole were 242 C and 205
C,respectively. This indicates that the surface
temperature of the piston was improved within the
permissible range of the piston material when
subjected to the heat load, which meets the design
requirements. Thus, the piston can work normally
when excessive oil is injected.

Coupled thermal-mechanical stress on the piston
Based on the heat load and mechanical load,
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the highest combustion pressure was applied to obtain
the stress and deformation of the piston under the
coupled load of the heat engine 1821, The piston
temperature field was increased with 20% as the
thermal boundary input, taking into account the
inertial force, the cylinder gas pressure and the
maximum lateral pressure. The stress distribution of
the piston under the heat engine load is shown in Fig.
7. Under the highest combustion pressure, the piston
was tilted toward the main thrust surface, and the
main thrust surface of the piston was strong. The
average stress was approximately 44 N / mm?, which
was within the allowable range. The maximum stress
value of the surface of the piston pin seat surface was
mainly distributed on the upper side of the rear pin
hole and was approximately 98 N / mm?, which was
mainly due to the full constraints of the lower end of
the connecting rod caused by the piston pin. The
piston pin contact stress value was higher than the
actual engine operating state value, but the stress
values were within the allowable range for the
materials used and were in line with the design
requirements.

[N/mm?]

100
k=
72

.57
43
2
=15

[D

Fig 7. Pistons mean stress

Piston fatigue life analysis

The thermal fatigue of the piston materials was
analyzed, which included thermal strain cycles. The
thermal strain needs to be considered given the high
gas temperatures in the cylinders and the changing
temperature effects. Diesel engines frequently have
multiple start-stop operations. When these thermal
strains are large, they can cause serious damage to
the piston. Piston damage is attributed to high cycle
fatigue (HCF), low cycle fatigue (LCF), and
thermo-mechanical fatigue (TMF). During the
simulation analysis, the load spectrums of the piston
were accumulated, as shown in Fig. 8. The piston
test run-time, cumulative damage ratio, piston life
evaluation index and piston fatigue life analysis are
shown.
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Fig 8. Piston Life Calculation

Fig. 9 shows the calculated fatigue life for
various parts of the piston. The lowest fatigue life of
the piston occurred at the bottom of the combustion
chamber and the combustion chamber roar mouth.
The theoretical fatigue life values of these parts were
6.9 and 7.7, respectively. Although the piston throat
and the bottom of the combustion chamber were the
weakest parts of the piston, their fatigue lives were
greater than 2.5, which meets the needs of diesel
engines.

10 e cycles
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Fig 9. Various parts of the piston fatigue life
prediction

To further analyze the fatigue life of the piston
after optimization, the piston was analyzed with 800
hours of thermal shock testing, and the piston did
show cracking, perforation or other failures. The
piston cavity did not overheat. The thermal shock
test measured the piston ring groove, pin hole, piston
ring groove bottom diameter, and piston outer
diameter, as shown in Table 3. The maximum wear
of the first ring groove width was 0.006 mm. The
first ring groove bottom diameter was not worn. The
maximum wear of the second ring groove width was
0.008 mm. The maximum wear of the second ring
groove bottom diameter was 0.01 mm. The
maximum wear of the oil ring groove was 0.002 mm.
The maximum wear of the oil ring groove bottom
diameter was 0.005 mm. The maximum outer
diameter of the piston was not worn. The maximum
wear of the piston pin hole was 0.013 mm. The



oval-shaped lines of the cylindrical piston were
normal. The results show that the optimized piston
had better fatigue resistance and better reliability.

Table 3. The abrasion of piston measurement results

Measuring position Maximum wear/mm

The first ring groove width 0.006
Root diameter of the first ring 0

The second gas ring width 0.008

Root diameter of the second rings 0.010

Oil ring groove width 0.002

Oil ring groove bottom diameter 0.005
Piston outer diameter 0

Piston pin hole 0.013

CONCLUSIONS
(1) The temperature distribution in the

circumference of the piston was relatively uniform.
The piston temperature distribution in the axial
direction of the cylinder was quite different, and the
high temperature region was located at the top of the
piston.  The  maximum  temperature  was
approximately 301 °C; this is within the permissible
range for the piston material. The average surface
temperature was 194 °C, which was lower than the
lubricating oil coking temperature of 230 °C. Thus,
this temperature will avoid the high oil temperatures
produced by the coking phenomenon. Therefore, the
fuel injection can be increased by 20%, and the piston
surface temperature meets the design requirements.

(2) When the piston was exposed to the engine
heat, the piston was inclined toward the main thrust
surface, and the force was approximately 44 N / mm?2,
The area with the maximum stress was mainly
distributed on the upper side of the piston pin, which
was approximately 98 N / mm?2. Both of these stress
values are within the allowable range.

(3) The fatigue life of the piston was lowest at
the bottom of the piston chamber and the combustion
chamber, which had theoretical fatigue lives of 6.9
and 7.7, respectively. The fatigue life of the weakest
piston components was more than 2.5, which meets
the requirements for diesel engines. After 800 hours
of thermal shock testing, the pistons showed no
cracking. The piston and the piston cavity did not
show any other defects due to overheating. The piston
ring groove, pin hole, piston ring groove bottom
diameter, and the piston showed little changes in their
outer diameter dimensions. The cylindrical and
elliptical piston lines also showed little changes. Thus,
all the piston elements meet the fatigue life
requirements.
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