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Piston assembly in the most powerful 2.01 diesel engine — case study of the current
tribological system and innovative concepts for the future

This article is a contribution to the ongoing debate on the scenario of the vehicle powertrains development. The directions of the
internal combustion engines development in search of the possibility of effective economic and ecological indicators improvement have
been indicated. It has been pointed out that this goal can be achieved through the use of nanotechnology in order to exceed the
downsizing barriers resulting from the permissible mechanical loads for conventional materials. The article presents the study of the
construction and materials used in the piston assembly of the most advanced four-cylinder, compression-ignition diesel engine currently
in manufacture. Original concepts of nanotechnology have been proposed to reduce friction losses in major friction components of future
engines with extremely high loads. The main idea is to verify the hypothesis that the sub-micron surface texture of the friction
components obtained in the process of applying anti-wear outer layers can lead to an effective reduction of friction losses under real
engine operating conditions. Computer simulations of the effects of introducing the surface texture in the upper sealing ring on friction
loss confirm this hypothesis by showing friction value being reduced by 3-4% relative to the standard ring profile. In the summary,

further advanced technologies designed to effectively utilize the unique properties of carbon nanotubes have been described.
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1. Introduction

The production of the VW Golf with a diesel engine
started in 1976. It was the first popular car with this type of
engine. This construction was the response to the oil crisis
after 1973. The 1.5 dm® displacement combustion engine
with a swirl chamber was characterized by a limited power
of 37 kW and a maximum torque of only 80 Nm, but it
offered extremely low fuel consumption. In subsequent
years, the engine was improved, increasing the displace-
ment and introducing turbocharging, while other manufac-
turers began mass-producing competing cars with similar
engine designs. A major breakthrough came in 1989 when a
supercharged diesel engine and direct fuel injection system
were successfully introduced into production. Subsequent
generations of the CI engines were characterized by in-
creasing unit power and torque indexes, while consuming
much less fuel than comparable SI motors (Fig. 1).
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Fig. 1. Development of CI engines on the example of VW engines; mean
effective pressure and specific power

CI engines have become an increasingly popular source
of automobile propulsion. In some European countries
more cars with CI engines were purchased than with SI
engines.

At present, the share of CI engines in the market of new
cars sold in Europe is somewhat limited, which is due to the
cost of production of complex exhaust gas aftertreatment
systems. However, such engines are still needed in order to
meet the carbon dioxide reduction target, among other rea-
sons.

1.1. The role of the IC engines in the future

Reciprocating internal combustion engines have been
used in car drives for over a hundred years, but in recent
years there has been a growing tendency to replace them
with electric motors. These types of efforts are politically
motivated or dictated by fashion — ecology and modernity,
but are devoid of rational technical justification. It is also
worth noting that neither the electric nor hybrid vehicles
can be regarded as an invention of modern times.

Road transport is one of the main sources of carbon di-
oxide and toxic air pollutants emissions. Air pollution con-
tinues to be a problem, especially in large cities, demanding
an urgent solution. In this case the elimination of vehicles
with combustion engines from city centers and replacing
them with electric drive buses and taxis is an effective solu-
tion that can be quickly implemented. Such actions make
sense, if they are local in nature, but striving for global
replacement of combustion engines with electric motors as
quickly as possible makes no sense. Well-to-wheel analysis
indicates that as long as electricity is produced mainly in
power plants burning fossil fuels the replacement of auto-
motive internal combustion engines with electric motors
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will not bring a radical improvement in transport ecology.
Currently about 67% of globally generated electricity is
produced in power plants through the burning of fossil
fuels. The development of renewable energy sources does
not even compensate for the power lost due to nuclear pow-
er plants shut offs, as a result the share of energy derived
from fossil fuels does not even decrease [20].

In the case of electric cars the unfavorable ratio of
stored energy to the battery mass remains an unsolved prob-
lem. If coordinated action is planned and initiated the chal-
lenging technical task of dramatically increasing the battery
energy concentration could be realized in the future; as in
the past a clearly defined plan allowed building a vehicle in
a few years that allows man to fly to the moon.

An alternative to the search for solutions to increase the
energy concentration on board the electric vehicles is to
improve the existing internal combustion engines. The
authors believe that when determining further directions of
automotive industry development the first consideration to
take into account is the ratio of the expected benefits to the
cost of a project and not its ambition. In this context, it is
reasonable to strive for improvements to internal combus-
tion engines; where the ecological and economic aspects
play a special role. The environmental performance cannot,
however, be seen as a formal meeting of the current tests
requirements, but to ensure that the actual emission of toxic
compounds is as small as possible in all operating condi-
tions [14—16]. LCA analysis is an important issue [11].

1.2. Future requirements in the piston assembly of CI
engines

At present, the downsizing trend is evident in the design
of passenger car engines [9], Fig. 1. In the author's view,
the downsizing limits will continue to shift in order to
achieve the benefits of improved engine efficiency and
reduced fuel consumption [12]. This is due to increased
thermal and mechanical loads in the piston assembly. The
constantly increasing power of the engines causes the pis-
ton's bottom to be heated to the limits of the aluminum
alloy durability, thus replacing aluminum with steel is con-
sidered [1, 2, 4, 18].

Another important factor is meeting the requirements
for toxic gas emissions. In order to reduce the emission of
nitrogen oxides in CI engines, exhaust gas recirculation
(EGR) and injection delay in high engine load conditions
are common (Fig. 2). However, this action inevitably leads
to delays in the combustion process, high cylinder pressure
occurs when the piston is already far from the TDC in the
stroke. The normal pressure of the piston pushing on the
cylinder walls increases considerably as a result. Attention
is increasingly paid to new materials capable of reducing
friction in mixed lubricating regime, and to prevent seizure
of the piston in the cylinder [4-7].

In this article, the authors wish to pay particular atten-
tion to the tribological benefits of applying texture on the
surface of the piston assembly elements. In this context, the
results of the work presented in [10, 21] are promising.
Surface textures can be obtained as a side effect of applying
standard top layers with proven beneficial tribological
properties, such as chromium and magnesium phosphate.
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Fig. 2. Injection timing of the CI engine as a function of the engine load;
engine type: Volkswagen AXD [12]

2. Piston design for the 2.0l Diesel engine with the
highest specific power

All the research results presented in this article are only
for the elements of the twin turbocharged 2.01 TDI BiTurbo
engine from Volkswagen. With an output of 176 kW at
4,000 rpm and 500 Nm of torque from 1,750 to 2,500 rpm,
it has a specific power of 88 kW/l. This means the new
Volkswagen engine achieves the highest specific power of
all four-cylinder series-production diesel engines. A com-
pact charging assembly with two turbochargers enabling
charge absolute pressures of up to 0.38 MPa is a character-
istic aspect of this engine. A further major innovation with
respect to extremely efficient combustion is the common-
rail injection system with piezoelectric injectors for injec-
tion pressures of 250 MPa. The crankcase, crankshaft,
conrods and pistons have been reinforced for the combus-
tion pressure of 20 MPa. The general outline of the engine
design was discussed by the manufacturer in [8], Figure 3
shows the cross section of the engine piston.

Fig. 3. Cross section of the VW TDI engine piston, with a displacement of
approximately 2 dm3 and a maximum power of 176 kW, the picture
obtained in a computer tomography

3. Piston assembly friction components — materials
and surfaces

3.1. The piston

The crankcase of the engine is cast in GJL-250. Alumi-
num pistons were used in the engine (Fig. 4), on which
bowl-rim remelting further increases hardness in the areas
subject to highest loads [8]. As with the weaker versions of
the engines, piston pins with a DLC layer are used in con-
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junction with bronze sleeves embedded in the piston. There
is a standard oil cooler in the piston and an insert around
the upper ring (cf. Fig. 3). The lateral surfaces of the piston
are covered with anti-friction lacquer, as in most modern
engines. Topography of the lacquer surface is shown in
Figure 5 as SEM images recorded with secondary electrons
(SE) and back scattered electrons (BSE). The EDS analysis
of this surface is shown in Fig. 6. Particularly the BSE
image indicates that the lacquer has a composite structure
with embedded particles ranging in size from a few to sev-
eral micrometers.
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Fig. 8. EDS layer analysis on the upper sealing ring slide surface

3.3. The second piston ring

The second piston ring is shaped as a taper-faced Napier
ring. The sliding surface of the ring is doped with zinc
phosphate, forming characteristic structures exhibiting a
certain degree of axial symmetry. Results of the tests using
the electron microscope are shown in Figures 9 and 10.
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Fig. 5. Antifriction lacquer layer on the piston lateral surface in SEM
image recorded by secondary electrons (left) and back scattered electrons
(right); The sample was taken from a new piston that was washed with
acetone in an ultrasonic bath
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3.4. The third piston ring

The third piston ring is a double-beveled ring with spi-
ral-type expander.

The SEM imaging results of the scraper ring are shown
in Figures 11 and 12, same as previously. As in all other
cases, new ring samples were used, that have never been
installed in an engine; these samples were washed in ace-
tone and sonicated.
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Fig. 11. The images of the third piston ring recorded with the SEM micro-
scope; a cross-section view and a closeup on the sliding surface
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Fig. 12. EDS analysis of sliding surface of the third piston ring

4. Texturized surface — friction estimated
by computer simulation

In order to investigate the use of the rings sliding sur-
face textures for friction reduction in the main friction
components of the piston engine, numerical simulations

were performed using the MAHLE-VTL (Virtual Tribology
Laboratory) program.

The principle of operation of the program uses a one-
dimensional model of two friction surfaces, which allows to
evaluate phenomena related to friction losses and oil film
parameters. The program performs numerical calculations
based on the classic Reynolds equation as well as the
Greeenwood and Tripp equation. The mathematical model
has been implemented in a program that enables numerical
simulations. The simulation results include, among other
things, the following parameters as a function of the crank-
shaft angle: minimum oil film thickness, friction coefficient
and hydrodynamic pressure between the ring and the cylin-
der wall. Despite the constraints of a one-dimensional mod-
el, the program can be used as a virtual tool for analyzing
the effects of changing ring profiles that affect mixed fric-
tion conditions [19].

Simulations were made for the spherical serial piston
ring profile, then for an experimental surfaces with micro-
grooves providing favorable tribological properties. The
inspiration for defining the shape of the microgrooves was
the shape of the surface observed on the Volkswagen TDI
engine piston ring, Fig. 13. (See also Fig. 11). Profiles
adopted in the simulation program are shown in the Fig. 14.
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Fig. 13. Surface structure on the engine piston sealing ring of the
Volkswagen TDI engine used as an inspiration for profiles adopted in
numerical simulations; image recorded with SEM microscope,

Simulations were carried out for the characteristic di-
mensions and VW TDI engine top sealing ring operating
conditions. The engine was discussed earlier in this article.
To understand the effects of surface texture of the ring, the
simulations were carried out for two characteristic engine
operating points:

— engine idle,
— high load: (cylinder pressure 25 MPa, rotational speed

2000 rpm).

In Figures 15 and 16 the simulation results of the ring
with microgrooves showed the greatest reduction in friction
with respect to the serial ring.

The highest oil film capacity was obtained in the variant
with the smallest microgroove width, i.e. the highest groove
density (variant 2).
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Fig. 14. Shape of sliding surface of rings adopted in the simulation program; standard ring profiles (top left — variant 1), and subsequent versions of pro-
files with microgrooves used in the simulations (top right — variant 2, bottom left — variant 3, bottom right — variant 4)
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Fig. 15. Simulation results — selected engine idling parameters; serial profile ring (left), ring with added texture (right)

The existence of microgrooves results in a hydrodynam-
ic load due to cavitation that occurs around the divergent
portion of each groove. The formation of hydrodynamic
pressure even in flat areas between each microgroove is
particularly interesting. This effect is due to the non-zero
pressure observed on each side of the groove, whereby the
intermediate flat areas behave like linear pressure distribu-
tion bearings.

Applying textures on all experimental piston ring vari-
ants gave a higher hydrodynamic capacity of the oil film

than the standard profile while reducing friction by about 3-
4%. It is particularly important that these effects can be
observed at high engine loads. The results show the need
for further, extended research of the hydrodynamic effects
obtained for more complex shapes of textured surfaces. In
this case, however, it is necessary to use a calculation pro-
gram equipped with additional functions, taking into ac-
count the effect of two dimensional flow, the effect of iner-
tia and the effect of surface roughness on the lubricating oil
flow.
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Fig. 16. Simulation results — selected maximum engine load parameters; serial profile ring (left), ring with added texture (right)

5. Summary and conclusions

1.

The objective technical analysis validates the expecta-
tion that piston-type internal combustion engines will
play a dominant role as a source of propulsion for cars.
At the same time, potential for improving the environ-

a characteristic feature or even as a side effect of the
applied technology of applying top layers. The authors
propose a reverse approach assuming that the texture on
the piston assembly friction surfaces can contribute to
the reduction of engine friction losses.

| verf ¢ sub . ¢ 4. The preliminary simulations of the piston assembly
men.ta performance ot su sequent generations o com- friction conditions have confirmed the validity of the
‘pustlon. engines 1s 1nd1c:ated. The use of new m.aterl.als, accepted hypothesis. It has been shown that by replac-
m partlcular nanomaterlals anq nanotechnologies, I_S a ing the smooth surface of the piston ring with a defined
particularly attractive area of improvements. Reducing texture surface, a reduction in friction loss of 3-4% can
the negative impact of car engines on the environment be achieved
candbehgc}llue\{eddby Sfll,llﬂmg, the downsizing !1m1ts -5 The conducted computer simulations can be considered
wards fugher foads, while using new co'nstructlon mate- as an introduction to a broader program of finding opti-
rials with properties superior to conventional materials. mal surface configurations
2. For the futl'lre. engines, ,lt 15 part1c.ularly mportant 0 ¢ The yse of hierarchical nanostructures, described in [17,
shape the friction layers in order to increase the thermal 22], can be extended to the conceptual design of the mi-
and mechanical lqads. The coating layers on the. friction crotexture. In previous investigations, the authors have
surfacgs (.)f the p1s.t0n a.ssembly. shoul.d .effectl\./ely re- shown that the addition of carbon nanotubes dispersed
duce friction, especially in the mixed friction regime. in oil reduces friction losses [13]. In the context of ear-
3. The research allowed for a visualization of the different lier results, it may also be interesting to look for a syn-
microstructures present on the piston assembly.frlctl.on ergistic texture effect on the nanoparticle oil lubricated
components surfaces of the four-cylinder CI engine with sliding surfaces
the highest power output among the mass-produced en-
gines. The formation of such structures can be treated as
Nomenclature
DLC  diamond-like-carbon LCA  life cycle assessment
EDS  electron dispersive spectroscopy SEM  scanning electron microscope
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