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Abstract: Decreasing production and rising prices of cars, especially those with electric drive, lead to
longer use of cars with internal combustion engines. It can be assumed that in the future, more and
more cars powered by such engines with high mileage and therefore high wear will be used. Engine
wear leads to reduced efficiency and increased emissions. This paper analyzes the impact of wear
of the piston-rings—cylinder system components on energy losses associated with gas leakage from
the combustion chamber and friction of the rings against the cylinder liner in a car spark-ignition
engine. A ring pack model was used for the analyses. The input data for the simulation were
gained in measurements made on the engine test stand and measurements of the wear of the engine
components used in the car. The energy losses associated with blow-by in an unworn engine ranged
from 1.5% of the indicated work at high load to almost 5% at low load. In the engine after 300,000
km, these losses increased to 2.5% and 7.5%, respectively. Ring friction losses in an unworn engine
ranged from 1.5% at high load to 9% at low load. The effect of wear on these losses was smaller. They
increased by only 0.1% at high load and 1% at low load.

Keywords: blow-by; friction; wear; energy efficiency; piston; ring; cylinder; IC engine

1. Introduction

The development of the transport sector is associated, on the one hand, with the
growing transport needs of people and goods, and, on the other hand, with changes in
the technologies used in means of transport [1]. Big changes in this sector result from the
significant impact of transport on the natural environment on a local and global scale [2]. It
is estimated that the demand for primary energy in transport is at the level of 20% [3,4],
and the emission of greenhouse gases amounts to 20-30% on a global scale [5,6]. This
amount of emission is mainly a consequence of the use of internal combustion engines
as the primary driver of means of transport [7,8]. The vast majority of energy used in
transport still comes from fossil fuels, although attempts are being made to use alternative
gaseous and liquid fuels from biomass, or various chemical synthesis processes [9-12]. In
addition, many new concepts for fuels and propulsion systems are being developed [13].
At the same time, smart technologies and social trends are emerging that cause changes in
the requirements for the transport process, and the use of traditional and alternative forms
of travel [14-16].

Despite the expected ban on the sale of vehicles powered by an internal combustion
engine in the EU countries in 2035 and the dynamic growth of sold and used electric
vehicles [17], there is a huge number of vehicles powered by internal combustion engines
in use [18]. Their replacement requires the reconstruction of the automotive industry,
changing many supply chains of components used for their production [19]. The scale
of barriers related to this has been highlighted by the COVID-19 pandemic [15,20]. The
introduction of the lockdown caused long-term disturbances in supply chains, especially in
semiconductors, and a large decrease in sales of motor vehicles [21,22]. The availability of
various materials including rare earth elements, which are used in new vehicle technologies,
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is also being analyzed [19,23,24]. Their availability largely limits the possibility of replacing
vehicles with internal combustion engines on a global scale. Changes in the construction of
vehicles to be more and more environmentally friendly and limitations in the availability of
components for their production result in an increase in the prices of all vehicles, including
used ones [14,25].

The limited substitutability of vehicles with internal combustion engines with vehicles
with other types of propulsion forces the need for their longer operation [26,27]. This means
that cars with increasing mileage are used. It can be assumed that after the introduction of
a ban on the sale of cars with internal combustion engines, among others in the EU [16,17],
vehicles with such engines will be used even much longer.

It is estimated that friction consumes about one-fifth of all the energy used in the
world [28]. One-third of all the energy contained in the fuel burned in motor vehicles, and
thus CO, emissions [2], is used to overcome friction in the engine. Almost half of these
losses are related to the cooperation of the piston and rings with the cylinder liner [5].
Therefore, a lot of attention is devoted to improving the design of this system.

Numerous studies have been conducted to determine the impact of various fac-
tors on the operation of the piston-rings—cylinder system, and in particular on the me-
chanical resistance and wear of components [29-31]. The impact of cylinder machining
was studied by, among others, Baby et al. [32], Kang et al. [33], Chen et al. [34], and
Grabon [35]. The influence of the material and coatings was studied by, among others,
Zabala et al. [36], Wroblewski and Rogolski [37], and Tomanik [38]. The influence of oil
properties was studied by, among others, Dubey et al. [39], Gamble et al. [40], Kunt et al. [41],
Golebiowski et al. [42], and Lenauer [43]. The impact of oil aging on cylinder and ring
wear and friction was investigated by Fernandes et al. [44] and Nikolakopoulos et al. [45].
Fang et al. [46] and Rahmani et al. [47] determined friction losses during cold and warm
starts of an engine. Friction losses at low speeds and low loads, which are typical for urban
use and which are currently emphasized in approval tests, were studied by Tomanik et al. [48]
and Tormos et al. [49]. Despite so much research and the introduction of new design
solutions, materials, and processing technologies into production [33,50,51], it is estimated
that there is still a possibility of reducing friction losses by 20% over the next decade and
even by 60% in the long term [48].

In contrast to friction, very little work has been performed on the impact of gas leakage
from the combustion chamber to the crankcase on energy losses. Fenske et al. [52] estimated
that blow-by losses amount to 0.5% of the energy contained in the fuel, while mechanical
losses of the piston group amount to 2.3%, whereas Turnbull et al. [53] stated that gas leak
losses can be up to six times higher than frictional losses. However, there is not enough
evidence for this statement in this article. The effect of blow-by on energy losses was also
analyzed in [54]. There are also very few works devoted to the impact of component wear
on the operation of the piston system [55,56].

This study aimed to determine the impact of the ring pack wear on energy losses
and fuel consumption due to blow-by and ring friction. The problem was undertaken
considering the lack of quantitative data on the impact of the wear of the piston, rings, and
cylinder liner on the engine efficiency in the literature and the large and ever-increasing
number of high-mileage used cars. Apart from the unique results on the effect of wear on
fuel consumption, the novelty of the study is in utilizing the measured in-cylinder pressure
and simulated gas flows in the ring pack to evaluate energy losses related to gas leakage.

2. Object and Methods
2.1. Tested Engine

The research was performed for an inline four-cylinder, naturally aspirated spark-
ignition engine with direct injection, which is used to power middle-class, C and D-segment
passenger cars. Specification of the engine is presented in Table 1. The engine featured an
aluminum alloy cylinder block and an aluminum head with a dual overhead camshaft. The
engine had a typical ring pack composed of an aluminum piston with two compression
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rings and one oil ring: a steel barrel-faced top ring, a Napier-type second ring, and a
three-piece stainless steel oil ring. All the rings had straight ring end gaps. The main
dimensions of the rings are presented in Table 2.

Table 1. Engine specification.

Parameter Value
Displacement 1995 cm?
Nominal diameter of the bore 84 mm
Stroke 90 mm
Compression ratio 12:1
No of valves 4
Max power 105 kW at 6000 rpm
Max torque 190 Nm at 4500 rpm

Table 2. Main dimensions of the piston rings.

Parameter Top Ring Second Ring Oil Ring
Axial height(mm) 1.20 1.5 2.0
Radial thickness(mm) 3.8 3.8 3.8
Nominal ring end gap(mm) 0.20 0.30 0.25

Nominal ring side

0.03 0.03 0.03
clearance(mm)

2.2. Determination of Wear

The wear of the ring-pack was determined using the engine mounted in a D-segment
sedan. After a short use of the engine in the car (about 3000 km), the engine was partially
dismantled and the dimensions of the cylinders, pistons, and rings were measured. After
assembly, the engine continued to be used in the car. After a mileage of approx. 120,000 km,
the engine was partially disassembled again and the same measurements were made.
Average values of differences in measured dimensions at 120,000 km and 3000 km were
assumed as component wear after 120,000 km.

The wear of components for long mileages, i.e., 300,000 km, was assumed by extrapolat-
ing the wear after 120,000 km, i.e., by multiplying the wear for 120,000 km by 2.5.

2.3. Dynamometer Tests

Bench tests were carried out on another example of the same type of engine that was
used to determine wear. The purpose of the tests on the engine stand was to measure
the pressure in the combustion chamber and the blow-by rate. The measured in-cylinder
pressures were used as input data in simulations. The measured blow-by rates were used
to validate the ring pack model.

Indicated pressure was measured in the first cylinder in the function of the crank
angle with a resolution of 0.1 degrees. As a result of the measurement in given condi-
tions, the average of one hundred consecutive cycles recorded under fixed engine oper-
ating conditions was adopted. The blow-by rate was measured with the use of an AVL
442 Blow-by Meter.

The analyses of the performance of the ring pack presented in the literature usually
concern the operating conditions in which the engine reaches maximum power or maxi-
mum torque. However, under such conditions, the engine is rarely running during normal
use in a passenger car.

Observations from the use of the engine in the car revealed that the vast majority of
the time the engine worked at speeds in the range of 1500-2500 rpm. Therefore, it was
decided that dynamometer tests and then simulations would be run at a rotational speed of
2000 rpm and loads corresponding to driving a car at speeds of 50, 70, 100, and 130 km /h.
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Taking this into account, the measurements were made at a constant rotational speed of
2000 rpm and torques of 20, 40, 86, and 168 Nm.

2.4. Model of the Ring-Pack

An integrated model of the ring pack was used in this research. The model couples
the sub-model of the gas flow through the crevices of the piston-rings—cylinder assembly,
the sub-model of the movements of the rings in the ring grooves, and the sub-model of the
oil film between the ring faces and the cylinder liner. The model was developed earlier and
described in detail in [56]. Below is a brief description of particular sub-models.

2.4.1. Model of Gas Flow

It was assumed that the seal consists of several chambers linked by throttling pas-
sages. Chambers correspond to inter-ring and behind-ring spaces and throttling passages
correspond to ring end gaps and clearances between the side surfaces of the rings and
the grooves (Figure 1). It was assumed that the rings, piston, and cylinder are axially
symmetrical, and their dimensions do not change during the engine cycle, except for the
diameter of the rings, which can expand and adjust to the cylinder diameter at a given
height. However, wear and thermal deformations as well as the position of the rings in
the grooves are used in the calculation of the instantaneous volumes of the chambers and
cross-sectional areas of the throttling passages. It was also accepted that the gas flowing
through the seal is a semi-perfect gas, for which internal energy and specific heat are
dependent only on temperature.

| | pU = pind TO
-~
e p=p T, V,
A |¢| Aoy,
i p, T, V,
- 1 A, 51, ;
v p; TV,
& I¢| Ay,
m;‘.s p, Ty V,
. |3 A, s,
VPS I Vs
A,
& M gl Asethsg
vp() = pcc
T6 = ch

Figure 1. A schema of the ring pack and corresponding orifice-volume model; 1—top land,
2 and 4—behind ring spaces, 3—the second land, 5—the third land, 6 and 7—spaces connected
to the crankcase.

The gas pressure in a given chamber is determined by applying the equation of energy
balance, in which the change in internal energy of the gas results from the total enthalpy
flowing in and out of the chamber with a stream of gas; heat exchange between gas in the
chamber and the surrounding surfaces; and the work of volume change:

U = Zhin,imin,i - Zhout,]’mout,j + Q - PV (1)
i j
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the equation of mass balance:
m = Zmin,i - Zmout,j (2)
i i
and the equation of gas state in a differential form:

p m TV
E-242-+. ®)
p m T 'V

The gas flow rate in a given throttling passage is treated as the isentropic flow. The
cases of critical and subcritical flows are considered. The empirical discharge coefficient is
used in calculations:

mi_j =i jAi jvi_jp; . 4)
The heat exchange between the gas in a given chamber and the surrounding surfaces
is calculated using the equation of convective heat transfer:

Q=Y wSi(Ti — Tg) - ®)

The heat exchange coefficient « between the gas in an inter-ring space and the surface
of the cylinder is determined considering the Prandtl number and piston speed. The heat
exchange coefficients between the gas and the surfaces of the rings and between the gas
and the surface of the piston are constant.

The work of volume changes results from the changes in particular chamber volumes
caused by the piston moving along the cylinder liner, the diameter of which is not constant,
and by axial and radial displacements of the rings in the grooves.

2.4.2. Model of the Ring Movements

The axial position of a ring in the groove x; is predicted using the balance of forces
acting on the ring in an axial direction:

d’x
mrﬁ:pr‘i‘Fix"'fo"i'Fs"i‘Fu (6)
In the presented simulations the gas pressure force, inertia force, friction force, oil
squeezing force, and adhesion force were considered (Figure 2).

Figure 2. Forces acting on the ring.

The radial position of a ring in the groove (outer ring diameter) arises from the liner
diameter at a given height and the minimum oil film thickness.
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2.4.3. Model of Oil Film

In the presented simulations it was assumed that the surfaces of the rings and cylinder
are smooth, and asperity contact between them was neglected. Therefore, only hydro-
dynamic lubrication occurs. Pressure distribution in oil film between a ring face and
cylinder liner is derived from the reduced Reynolds equation for the one-directional flow of

viscous liquid:
0 Poi ohy; oh;
Py <hoi13 g;u) = 6Ploi1VpT;ll + 1241 T;ll , (7)

where h,; is lubricant film thickness, v, is the piston velocity, y,; is oil dynamic viscosity,
x is a coordinate along the direction of the cylinder axis and ¢ is time.

Reynolds cavitation conditions [57] were applied as boundary conditions to solve the
equation. According to them, the oil pressure in the divergent part of the gap must not fall
below the saturation pressure, and the oil pressures at the boundaries of the wetted area
are equal to the pressure of the gas in the surrounding spaces (Figure 2).

The model considers starved lubrication, which means that the space between the ring
and bore may be fully or only partially filled with oil. The wetted area is determined taking
into account the balance of oil volume in the gap between the ring and liner.

The hydrodynamic force was calculated by integration of the hydrodynamic
pressure distribution:

Xxb
Fy = 7t(Dc¢ — 2h) / Poir (x)dx . ©)
Xxa

The hydrodynamic friction force was calculated from the equation:

Xxb

Fpx = e(De = 2) [ (h(zx) Pai_ ’;l"("%’”>dx. )

Xxa

2.5. Simulations

First, simulations of the ring pack operation were carried out for the input data
corresponding to the operation of the unworn engine at the rotational speed of 2000 rpm
and loads of 20, 40, 86, and 168 Nm.

The measured indicated pressure and geometrical dimensions determined based
on engine specification and measurements were used as input data for the simulations.
Thermal deformations of the piston group components were determined using the finite
element method and added to dimensions determined for cold elements.

The model was calibrated by comparing the calculated blow-by rates with the mea-
sured ones. The calculated blow-by rate was obtained by integrating the instantaneous
flow rates through the oil ring end gap and the clearance between this ring and the upper
side of its groove achieved in simulations.

Then, a series of calculations were carried out for the engine after 120,000 km and
300,000 km. The input data for these mileages differed from the data for the unworn engine
only in the dimensions of the cylinder liner and piston rings, as the wear of these elements
was taken into account.

2.6. Evaluation of Enerqy Losses Due to Blow-by and Ring Friction

The effect of gas leakage on energy losses was assessed in the way presented in [54].
This method consists in determining the pressure that would be in the combustion chamber
if there were no blow-by. This corrected pressure is a sum of measured in-cylinder pressure
and the increase of pressure related to the mass of gas flowing out or flowing into the
combustion chamber from the inter-ring space. The increase of pressure is determined from
the gas state equation for each calculation step:
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Ap = R—VTAm (10)

and the increase in mass Am is calculated taking into account the flow rates simulated with
the use of the ring pack model. Then, the indicated mean effective pressures and indicated
work for the in-cylinder pressure measured and corrected for gas leaks were determined.
The energy loss resulting from the blow-by is the difference between the indicated work for
the corrected and measured in-cylinder pressures.

The energy losses related to the friction of the rings against the cylinder were the sum
of the friction work in the individual computational steps of the simulation for the entire
engine cycle. The friction forces of individual rings were calculated with the use of the ring
pack model (Equation (9)).

3. Results and Discussion
3.1. Indicated Pressure and Wear

The results presented in this section were used as input data in simulation studies.
The indicated pressure measured at the engine speed of 2000 rpm and four loads are shown
in Figure 3. In the range of very small (20 Nm), small (40 Nm), and medium (85 Nm) loads,
the increase in engine torque increases the maximum pressure in the combustion chamber,
and the shapes of pressure curves are similar. However, at a very high load (168 Nm), the
shape is slightly different. The maximum value of the pressure is lower and is reached later
than at a load of 85 Nm. At this very high load, close to maximum, the engine was already
working on a stoichiometric mixture, while this occurred at three smaller loads on a lean
one. Based on these pressure curves, indicated mean effective pressures and indicated
works were calculated and used in further analyses (see Section 3.4).

6
—20 Nm
5 —40 Nm
85 Nm
= 4 —168 Nm
o
=3
()
5 3
wn
(2]
g
ol
1
0
0 90 180 270 360 450 540 630 720

Crank angle [deg]

Figure 3. Indicated pressure for different engine loads.

Figure 4 shows the results of measurements of the cylinder liner wear, and Figure 5
shows the wear of the rings after 120,000 km. The greatest wear of the liner occurred in
the area of the top dead center of the rings. The wear in this area was more than double
that at the mid-stroke of the rings. Such wear profile is in line with expectations. In the
vicinity of the top dead center of the rings, the conditions of hydrodynamic lubrication are
the worst due to the low, and even zero at TDC, ring speed, and the lowest oil viscosity. In
addition, in this area, the pressure of the ring on the liner is the highest due to the greatest
pressure behind the ring, and the wear resistance of the sleeve is the lowest due to the
highest temperature. The wear also increases around the bottom dead center of the rings.
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However, here the temperature and pressure are much lower and the viscosity of the oil is
higher, hence the increase in wear is much smaller.

18
16 -e-120,000 km
14 -e-300,000 km
z 12
= 10
5 o
=
6
4
2
0
0 20 40 60 80 100 120 140

Distance from the head [mm]

Figure 4. Wear of the cylinder liner.

25
m 120,000 km = 300,000 km = 120,000 km m 300,000 km
20
g 15
©
()
= 10
I I 5 I I
I 0
Top ring Second ring Qil ring Top ring Second ring
(a) (b)

Figure 5. Wear of the rings: (a) increase in the ring end gaps; (b) changes in the ring heights.

Considering the wear of the ring faces, it was the smallest in the case of the top ring,
bigger for the second ring, and the biggest for the oil ring (Figure 5a). The wear of the
side surfaces of the first and second compression rings was similar (Figure 5b). The wear
obtained in the measurements made after 120,000 km of the car’s mileage is similar to the
wear obtained for automotive diesel engines after the 1000 h life tests [58,59]. The wear for
the mileage of 300,000 km presented in Figures 4 and 5 was obtained by multiplying the
wear for 120,000 km by 2.5.

3.2. Blow-by Rate

The in-cylinder pressures presented in Figure 3 were used as input data and simula-
tions for an unworn engine were carried out. The calculated blow-by rates were compared
with the actual ones (Figure 6). Both measured and simulated blow-by rates increase with
increasing load; however, the actual blow-by increases slightly less than that obtained in
the simulations. Despite this, the differences between the simulations and measurements
did not exceed 15%, which was considered a satisfactory agreement of the results. It should
be emphasized that although the model was not validated in terms of wear for the tested
engine, it was previously verified using other engines [58,60].
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Engine load [Nm]
Figure 6. Simulated and measured blow-by rate.
Taking into account the wear presented in Figures 4 and 5, simulations were carried

out for medium (120,000 km) and high (300,000 km) wear of the ring pack components.
The impact of wear on the blow-by rate is shown in Figure 7.

35
-2-20 Nm -e-40 Nm 85 Nm --168 Nm
30
<
£ 25
[s2]
S
S, 20
(0]
©
> 15
2
=
2 10 ////
m
5
0
0 50,000 100,000 150,000 200,000 250,000 300,000
Mileage [km]

Figure 7. Effect of wear on blow-by rate at different engine loads.

Blow-by rates increase almost linearly with the increase in wear, and these increases are
practically independent of the load—at a mileage of 300,000 km, they are from
56% to 60% higher than at a mileage of 3000 km. Such regular changes suggest that
there are no significant qualitative changes in the operation of the ring pack caused by wear
in the analyzed wear range. In order to confirm this, changes in instantaneous values of
quantities determining the performance of the ring pack, such as pressures in the inter-
and behind-ring spaces and flow rates through the channels connecting them, forces acting
on the rings, and their positions in the grooves were analyzed. Exemplary results of such
comparisons are presented in the next section.

3.3. Instantaneous Values of Parameters Associated with the Work of the Ring Pack

Figures 8-11 show the pressure in the inter-ring spaces, the flow rate through the ring
end gaps, the axial position of the rings in the grooves, and the friction force of the rings
against the cylinder as a function of the crankshaft angle for an unworn and worn engine
after a mileage of 300,000 km at the smallest and biggest tested loads.
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Figure 8. Pressure in the inter-ring spaces for different wear and loads: (a) engine load 20 Nm;
(b) engine load 168 Nm.
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Figure 9. Mass flow rates in the ring end gaps for different wear and loads: (a) engine load 20 Nm;
(b) engine load 168 Nm.
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Figure 10. Axial displacements of the rings in the grooves for different wear and loads: (a) engine

load 20 Nm; (b) engine load 168 Nm.
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Figure 11. Friction forces between the rings and cylinder liner for different wear and loads: (a) engine

load 20 Nm; (b) engine load 168 Nm.
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Both the maximum pressures in the inter-ring space p3 (Figure 8) and the flow rates in
the end gaps of the compression rings (Figure 9) are higher for the worn engine, which is in
line with expectations and results from the increased clearances in the ring pack. However,
the shapes of the curves are similar. Additionally, the axial displacements of the rings are
similar for the unworn and worn engine. The qualitative difference between the unworn
and worn engine occurred at the highest analyzed engine load of 168 Nm. The difference
consisted of the additional displacement of the top ring in the middle of the exhaust stroke
in the worn engine (Figure 10b). In the unworn engine, the top ring moves axially in the
groove only once, and in the worn engine twice during one engine cycle. This additional
movement of the ring from the top to the bottom of the groove is caused by the equalization
of the pressures above and below the ring and the drop of the resultant pressure force
almost to zero. Since the inertia force is very small at this point, the ring moves downwards
due to the friction force. The return movement is due to the inertial force, which increases
as the ring approaches TDC.

Significant differences between the worn and unworn engine occurred in the axial
displacements of the oil ring in the first half of the working stroke (Figure 10). In a worn
engine, the oil ring moves in the groove many times, which does not occur in an un-
worn engine. These additional displacements cause pressure fluctuations above this ring
ps (Figure 8) and abrupt changes in the flow rate through the end gap of this ring
m3 (Figure 9). It should be emphasized, however, that the effect of the oil ring on the
sealing effect of the ring pack is very small and these additional displacements practically
do not affect the blow-by rate and the energy losses associated with the blow-by.

The viscous friction forces acting on individual rings for a worn and unworn engine
are shown in Figure 11. It should be noted that the friction force of the oil ring is much
bigger than the friction forces of the compression rings. That is because, among others, the
oil ring consists of two rails, which in fact are two rings. The frictional forces of the rings
are slightly greater for a worn engine than for an unworn one. Quantitatively, this will be
discussed in detail in the next section.

3.4. Effect of Wear on Energy Losses

Absolute values of energy losses due to blow-by during one engine cycle for all
analyzed loads and engine wear are presented in Figure 12a. In the range of small and
medium loads, these losses increase with increasing engine load. However, at a very high
load (168 Nm), the losses are smaller than at a medium load (85 Nm), even though the
blow-by rate at 168 Nm is larger than at 85 Nm. This is because most gas flows from the
combustion chamber to the inter-ring spaces at slightly different angles of the crankshaft.
As a consequence, the work of volume change pdV, which depends on the instantaneous
flow rate during the cycle, is smaller for 168 Nm despite the higher total flow.

Energy losses caused by blow-by increase almost linearly with wear and these in-
creases for all engine loads are quite similar and range from 56% at 40 Nm to 66% at
168 Nm (Figure 12a). Therefore, these increases are close to the previously discussed
increases in blow-by (56-60%).

The shares of energy losses due to blow-by in indicated work, which is fairly pro-
portional to the torque, strongly depend on the engine load (Figure 12b). For an unworn
engine, these shares range from 1.4% at a very high load to 4.8% at a very low load. What is
more, these shares increase significantly with wear and for the engine of 300,000 km, they
range from 2.3% to 7.5%, respectively. Thus, the lower the load, the greater the share of
blow-by related losses and the faster the increase in this share due to engine wear.

Energy losses caused by the friction of the rings against the cylinder were calculated
on the basis of the simulated friction forces of particular rings (Figure 11). Figure 13a
shows the losses for the ring pack during one engine cycle for all analyzed loads and wear.
These losses decrease as the engine load increases. At a very high load, they are approx.
10% smaller than at a very low load. This is due to the higher temperature of the cylinder
liner, and thus the lower viscosity of the oil, at higher loads. The share of energy lost due to



Energies 2022, 15, 9570 13 of 16

ring friction in the indicated work strongly depends on the engine load and ranges from
1.5% at a very high load to 9% at a very low load (Figure 13b). These shares only slightly
increase with engine wear—from 0.1% at a very high load to 1% at a very low load.
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Figure 12. The energy lost by cycle due to blow-by at different engine loads and wear: (a) absolute
values; (b) values related to indicated work.
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Figure 13. The energy lost by cycle due to ring pack friction at different engine loads and wear:
(a) absolute values; (b) values related to indicated work.

Assuming that changes in the analyzed losses do not affect the thermal efficiency of the
engine, which is generally accepted considering that these changes are small compared to
the fuel energy [48], the percentage changes in energy losses presented above will directly
translate into percentage changes in fuel consumption. This means that wear of the ring
pack components corresponding to 300,000 km of car mileage will result in an increase in
fuel consumption from 1% at very high to almost 4% at very low load. Increased blow-by
accounts for most of this increase, while the increase due to ring friction is much smaller. It
should be noted that car engines operate in the low to medium load range most of the time.
It should also be noted that the wear of engine components at a mileage of 300,000 km
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was predicted on the bases of wear measured after 120,000 km assuming its further
linear progression.

4. Conclusions

The impact of wear of the piston-rings—cylinder system of a gasoline car engine on
energy losses caused by blow-by and friction of the rings against the cylinder was evaluated
in the presented work. A ring pack model consisting of integrated sub-models of gas flow,
ring dynamics, and oil film was used for this evaluation. The main input data for the
simulation, i.e., indicated pressures and wear, came from measurements. The wear was
measured after a mileage of 120,000 km, whereas the wear for the mileage of 300,000 km
was obtained by linear extrapolation of the wear at 120,000 km. Simulations were carried
out for a constant engine speed of 2000 rpm and various loads. These conditions were
selected taking into account typical engine operating conditions during normal car usage.

Relative, i.e., related to indicated work, energy losses resulting from blow-by in the
unworn engine ranged from 1.4% at a very high load to 4.8% at a very low load. The shares
of losses related to the friction of the rings ranged from 1.5% to 9%, respectively. In the
engine after 300,000 km, blow-by losses ranged from 2.3% at a very high load to 7.5% at a
very low load, while friction losses ranged from 1.6% to 10%, respectively.

Summarizing, the research shows that:

1.  The energy losses due to blow-by are comparable to those due to friction of the rings,
especially at low and medium engine loads;

2. Engine wear significantly affects the blow-by related energy losses, but has little effect
on friction losses;

3. After a mileage of 300,000 km, the total share of both blow-by and friction losses in
indicated work is higher than in the unworn engine from 1% at a high load to 4% at a
low load. This will translate into the same increase in fuel consumption.

The scope of future work will include verification of the predicted wear at 300,000 km
by measuring the actual one in the engine after such mileage, and verification of the model
by comparing the simulated blow-by with the actual one measured in the engine of such
high mileage.
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