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Abstract

The results of comparative design research in the thermal stress and strain state of the piston in transport diesel engine 2 F 10.5/12 

are given for its rated power operation. The standard piston is made of an aluminium alloy, and the modernized one, of steel. Piston 

thermal profiling and indicator test results were used for identifying the mathematical models and refining the boundary conditions for 

mechanics and heat conduction problems. To ensure reliable heat rejection from the piston, the paper considered the case of oil jet 

cooling. This was taken into account when describing the boundary conditions of the heat conduction problem. The thin-wall steel piston 

with oil jet cooling was shown to function reliably under the study conditions. The temperature in the first compression ring groove does 

not exceed 200 °С, and the radial deformation of the piston crown is less than half of that of an aluminium alloy standard piston.
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1 Introduction
Increasing the boosting level and placing more stringent 
requirements on fuel efficiency and toxicity of exhaust 
fumes in modern transport diesel engines calls for using 
new materials for combustion chamber parts.

Steel is one of the promising materials for making pistons. 
As compared to aluminium alloys, steel has a much smaller 
linear expansion coefficient. This is why the thermo-me-
chanical deformation of the piston, primarily, of its crown 
is significantly smaller. During service, this makes engine 
running reliable with minimal gaps in the piston-cylinder 
pair. This has a positive effect on improving fuel efficiency 
and reducing the toxicity of exhaust fumes. Steel also has a 
major advantage over aluminium alloys as regards strength 
and wear resistance, with a positive effect on the service life 
of such a piston and the engine as a whole.

The drawbacks of steel are low heat transfer coefficient 
(2.5-3 times less than that of aluminium alloys), high den-
sity and challenges involving the production process of 
shaping complex configuration parts.

Hence, research was focused to the following: finding 
ways of developing technologies for manufacturing diesel 
engine steel pistons, and design and experimental evalua-
tion of the piston thermal stress and strain state. Refining 

piston design is a crucial and priority line in the advance-
ment of modern engine building.

2 Review of the literature
Such companies as Mercedes and Caterpillar manufac-
ture thin-wall steel pistons for transport diesel engines 
(Autocar Pro News Desk, 2015; MAHLE Performance, 
2008). For instance, Mercedes manufactures steel pis-
tons for the diesel engine Mercedes-Benz E-class (E350 
BlueTEC), (Autocar Pro News Desk, 2015). Steel pis-
tons help increase the boosting level, fuel efficiency, and 
reduce the toxicity level of exhaust fumes (Autocar Pro 
News Desk, 2015).

Using advanced numerical methods for investigat-
ing the processes of injection, carburation, combustion 
and formation of toxic components in the engine cylin-
der enables investigating the processes inside the die-
sel engine cylinder and work out recommendations 
to improve the engine’s indicators with a high level of 
information content and validity (Cursente et al., 2008; 
Ranjbar et al., 2009; Perini et al., 2017; Dolak and Reitz 
2011; Munnannur et al., 2006; Ra et al., 2006; Genzale et 
al., 2008).
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Many studies are engaged in modeling the ther-
mal stress and strain state of a piston (Abramchuk and 
Avramenko, 2009; Agarwal and Varghese, 2006; Dallwoo 
et al., 2012; Rahmani et al., 2017; Barbieri et al., 2017; 
Zhao et al., 2014; Lu et al., 2017; Schreer et al., 2014; 
Finol and Robinson, 2006). To increase the accuracy and 
information content of modeling results, they recommend 
considering groups of parts to account for joint thermo-
mechanical deformation. These studies suggest consider-
ing the piston jointly with the piston pin when investi-
gating the thermal stress state of a piston. This enables 
describing the piston fastening scheme and modeling its 
operation conditions more adequately (Abramchuk and 
Avramenko, 2009).

The works of authors (Westerfield et al., 2016; Panayi et 
al., 2009; Panayi and Schock, 2006; Yang et al., 2001) inves-
tigate modern methods of optimizing the piston configura-
tion (choosing an efficient skirt profile) to reduce friction 
forces and improve ICE performance. Choosing an efficient 
shape of piston rings also helps in achieving environmen-
tally friendly indicators of an ICE (Stratmann, 2012).

An integrated approach to improving the economic 
and environmental indicators of a diesel engine by using 
new materials for making combustion chamber parts, new 
methods of organizing the motoring cycle and improv-
ing the diesel engine control system is a promising line 
of research.

3 Research goal and tasks
The objective of research was conducting a comparative 
design estimate of the thermal stress and strain state of 
transport diesel engine pistons made of aluminium alloy 
AL25 and steel 40CrNi.

The research comprised the following tasks:
• reviewing the literature on the use of modern mate-

rials for making a diesel engine piston, and the 
techniques of modeling the thermal stress state of 
a piston;

• conducting motor tests in investigating the thermal 
state of a piston made of aluminium alloy AL25 used 
in diesel engine 2 F 10.5/12 under rated power condi-
tions (piston thermal profiling) and record the indi-
cator diagrams (indicator tests);

• developing a set of boundary conditions for mechan-
ics and heat conductance problems to model the ther-
mal stress state of a piston;

• developing a unique design of a thin-wall steel piston 
for diesel engine 2 F 10.5/12;

• using the finite-element method, conduct a compar-
ative design estimate of the thermal stress state of 
pistons made of aluminium alloy AL25 and steel 
40CrNi; and

• assessing the prospects of using thin-wall steel pis-
tons in transport diesel engines, and draw conclu-
sions and make recommendations.

3.1 Basics engine parameter 
The basic research stages and results are as follows. The 
object of research is the thermal stress and strain state of 
a piston in diesel engine 2 F 10.5/12. An aluminium alloy 
standard piston has a mass of 735 g.

The brief specifications of the engine are given in 
Table 1.

3.2 Experimental investigation
The engine has a semi-spherical combustion chamber in 
the piston displaced relative to the cylinder axis. The cool-
ing system is an air one. The cylinder is made of cast iron, 
and the cylinder head is made of an aluminium alloy.

Motor tests were conducted on a test bench at the A.M. 
Pidhirnyi Institute for Mechanical Engineering Problems 
NAS of Ukraine.

Fig. 1 shows the drawing for modifying the aluminium 
alloy AL25 piston to install thermocouples.

Table 1 Diesel technical characteristics

Parameter Value

S/D ratio, mm 120/105

Compression degree 16.5

Rated power, kW 18.4

Maximum torque, nM 102

Rotational speed corresponding to 
maximum power, min-1 1,800

Fig. 1 Drawing for modifying the aluminium alloy AL25 piston to 
install thermocouples: 1-3 – thermocouples.



198|Abramchuk and Avramenko
Period. Polytech. Transp. Eng., 48(2), pp. 196–202, 2020 

Piston thermal profiling was conducted using chro-
mel-alumel thermocouples with a junction bead diameter 
of 0.7 mm. Threaded inserts were used to install the ther-
mocouples in the piston body (Fig. 2). The signals from 
thermocouples were fed via a continuous current pick-
off, a signal amplifier and an analog-to-digital converter 
(model Е14-140) to a computer.

Indicator tests were conducted using a small-size strain 
gauge pressure transducer installed in the cylinder head. 
The transducer was linked to the engine combustion 
chamber via the indicator channel. Dedicated software 
by the Power Graph company was used for recording the 
signals from the thermocouples and pressure transducer.

Motor test results were used to build a set of bound-
ary conditions (BC) for mechanics and heat conductance 
problems to model the piston thermal stress state. The set 
of BC of the third kind was built using the results of pis-
ton thermal profiling, indicator tests and method to calcu-
late the average total heat transfer coefficient in the diesel 
engine combustion chamber (Finol and Robinson, 2006).

Next, with account of the studies by Mercedes and 
Caterpillar (Autocar Pro News Desk, 2015; MAHLE 
Performance, 2008), a unique design of a thin-wall steel 
piston for diesel engine 2 F 10.5/12 was developed. The 
thickness of the piston walls (especially the skirt) was 
chosen with account of its manufacturability, for instance, 
the volume forging method, and constraints imposed on 
piston strength and mass. Follow-up research will con-
sider the contact problem (piston, piston pin, the small 
end and cylinder sleeve) to choose an efficient profile of 
the steel piston side surface by using advanced optimiza-
tion methods (Westerfield et al., 2016; Panayi et al., 2009; 
Panayi and Schock, 2006; Yang et al., 2001).

The general view of the standard and thin-wall steel 
pistons for diesel engine 2 F 10.5/12 is shown in Fig. 3.

3.3 Numerical simulation
The height of the thin-wall steel piston is 110 mm, the 
skirt height was reduced, and the number of oil control 
rings was reduced from 2 to 1. The piston wall thickness 
near the skirt was reduced from 6 to 2.5 mm; the thick-
ness of the combustion chamber wall in the piston was 
reduced on the average from 7 to 3 mm; the thickness 
of the wall for the piston pin bore was reduced from 6 
to 2.5 mm. These measures made it possible to develop 
a design of a thin-wall steel piston with a mass of 735 g, 
identical to that of a standard aluminium alloy piston.

The finite element method was used for a comparative 
design estimate of the thermal stress state of pistons made 
of aluminium alloy AL25 and steel 40CrNi. Fig. 4 shows 
the scheme of assignment of BC of the third kind. Table 2 
shows the boundary condition values for the standard and 
thin-wall steel pistons.

With account of the recommendations of studies 
(Abramchuk and Avramenko, 2009), 19 zones were iden-
tified on the heat exchange surface of the piston where the 
BC were assigned for the heat transfer problem. The pis-
ton fastening scheme was chosen with account of stud-
ies (Abramchuk and Avramenko, 2009). When describing 
the mechanics problem, the load was taken to be the max-
imum cylinder combustion pressure Pz = 7.84 MPa reg-
istered during the motor experiment at a rated power of 
Ne = 18.4 kW and n =1,800 min-1. 

In the paper presented, the load diagram was consid-
ered for the static piston position in the TDC. Since it was 
possible to make the steel piston mass equal to that of a 
standard aluminium alloy one, the inertia forces thrust 
for aluminium alloy and steel pistons was virtually iden-
tical. To increase numerical simulation accuracy with 

Fig. 2 Installing thermocouples in the piston (continuous current pick-
off): 1-3 – thermocouples

Fig. 3 Design of the standard and thin-wall steel pistons: (а) standard 
aluminium alloy AL25 piston; (b) thin-wall steel 40CrNi piston

(a) (b)
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account of acceleration loads in follow-up research, the 
joint thermo-mechanical strain of a group of parts (piston, 
piston pin, the small end and the cylinder sleeve) will be 
considered.

Table 3 summarizes the thermophysical properties of 
aluminium alloy AL25 and steel 40CrNi.

The temperature field of the standard and thin-wall 
steel pistons is shown in Fig. 5.

The maximum standard piston temperature reaches 
322 °С in the zone of the combustion chamber edge in 
the piston (Fig. 5(а)). In the zone of the groove for the first 
compression ring, the piston temperature does not exceed 
220 °С. The temperature over the piston skirt height drops 
from 180 °С to 135 °С.

The thin-wall steel piston shows a temperature increase 
to 367 °С in the zone of the combustion chamber edge in 
the piston (Fig. 5(b)), which is non-critical for steel 40CrNi. 
The temperature rise is due to lower thermal conductivity 
of steel. In the zone of the groove for the first compression 
ring, the piston temperature does not exceed 205 °С. The 
temperature over the piston skirt height drops from 180 to 
95 °С. This is due to improved heat rejection from the pis-
ton by oil jet cooling of its inner surface.

Table 3 Thermophysical properties of aluminium alloy AL25  
and steel 40CrNi

Material - AL25

t, °C 100 200 280 350

α ∙ 106, °C−1 20.2 22.7 24 25

E, GPa 74.3 68.2 59 49

υ 0.3

λ, (W/m∙K) 138 140 145 149

ρ, kg/m3 2.8

Ср, (kJ/kg) 0.896

Material - 40CrNi

t, °C 100 200 300 400

α ∙ 106, °C−1 11.8 12.3 13.4 14.4

E, GPa 200

υ 0.3

λ, (W/m∙K) 44 43 41 39

ρ, kg/m3 7.8 7.77 7.74 7.7

Ср, (kJ/kg) 0.5 0.51 0.56 0.63

Table 2 BC values

№ Zone

AL25 40CrNi

BC values BC values

а, Wt/(m2 °С) t, °C а, Wt/(m2 °С) t, °C

1 320 950 300 945

2 350 950 350 950

3 400 950 400 950

4 450 950 450 950

5 450 950 460 950

6 400 960 400 950

7 330 950 330 980

8 290 800 290 800

9 260 800 260 810

10 270 550 250 580

11 200 500 200 500

12 200 450 200 450

13 16000 220 16000 220

14 200 250 200 250

15 11000 190 11000 190

16 6000 175 6000 170

17 3000 140 3200 150

18 500 120 500 120

19 500 90 1600* 95*

* - oil cooling

Fig. 4 Assignment of BC of the third kind

(b)(a)

Fig. 5 Temperature field of the standard (a) and thin-wall (b) pistons
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Fig. 6 shows the temperature and thermal elastic stress 
profiles for a standard piston in the meridional section per-
pendicular to the piston pin axis.

The temperature field over the piston height and radius is 
very irregular. The temperature in the zone of the combus-
tion chamber edge in the piston reaches 320 °С (Fig. 6(а)); 
in the zone of the piston edge it reaches 270 °С; in the zone 
of the first groove for the oil control ring it reaches 180 °С, 
and in the piston skirt zone it reaches 150 °С. The data 
in the rectangles are the piston thermal profiling results. 
As the results show (Fig. 6(a)), good agreement of design 
and experimental data was achieved. This is indicative of 
the proper statement and solution of the heat conductance 
problem.

The temperature difference over the piston radius and 
height (Fig. 6(a)) yields stresses and strain with an adverse 
effect on the conditions of its operation and engine service 
life. Stress intensity, as a composite indicator, was cho-
sen as a criterion for estimating the level of piston ther-
mal elastic stress. The maximum design stress was 60 
MPa in the zone of the combustion chamber in the piston 
(Fig. 6(b)). In the zone of the piston crown, the stress was 
roughly 30 MPa, and that in the skirt zone was 5-15 MPa.

Fig. 7 shows the temperature and thermal elastic stress 
profiles for a thin-wall steel piston in the meridional sec-
tion perpendicular to the piston pin axis.

In a thin-wall steel piston, the temperature difference 
over the piston height is smaller than that for a standard 
aluminium alloy piston (Fig. 7(а)). This is due to improved 
heat rejection from the piston by oil jet cooling of its inner 
surface.

The stress in a thin-wall steel piston was 75 MPa in the 
zone of the combustion chamber in the piston (Fig. 7(b)), 
which is non-critical for steel 40CrNi.

The results of estimating the deformed state of a piston 
– ovalisation of the piston crown under the effect of a ther-
momechanical load are shown in Fig. 8.

For a standard piston, the maximum radial deforma-
tion of the piston crown reaches 0.45 mm in the plane per-
pendicular to the piston pin axis (Fig. 8(а)). This is due to 
smaller piston stiffness in this plane. An irregular circum-
ferential deformation of the piston crown (ovalisation) is 
also evident. This is due to displacement of the combus-
tion chamber in the piston and different piston stiffness in 
the planes along the piston pin axis and perpendicular to it.

For a thin-wall steel piston, the maximum radial defor-
mation of the piston crown reaches 0.21 mm in the plane 
perpendicular to the piston pin axis (Fig. 8(b)). The 

smaller radial deformation of the thin-wall steel piston 
crown is due to bigger stiffness of the piston in the vertical 
direction and over the radius, and to a much smaller linear 
expansion coefficient of steel 40CrNi as compared to that 
of aluminium alloy AL25 (Table 3).

During service, bigger stiffness of the thin-wall steel 
piston in the vertical direction and over the radius will 
allow for a significantly smaller gap in the piston-cylinder 
and piston-piston rings pairs. This will reduce gas leak-
age to the engine crankcase, improve lubrication condi-
tions, reduce friction losses, and have a positive effect on 

Fig. 7 Temperature (а), °С and thermal elastic stress (b), MPa profiles 
for a thin-wall steel piston in the meridional section perpendicular to 

the piston pin axis

(b)(a)

Fig. 6 Temperature (a), °С and thermal elastic stress (b), MPa profiles 
for a standard piston in the meridional section perpendicular to the 

piston pin axis

(b)(a)
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