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The content of this article presents research on used and fresh engine oils. The aim of the experiment is to
preliminarily develop a method for assessing the condition of engine oil subjected to service. A four-ball tester
was used to compare the lubricating properties of the engine oil as one component of the tribosystem under
laboratory conditions. The method used to determine the mashing load consisted of subjecting the kinematic
node to a linearly increasing load with a build-up rate of 409 N-s™* under operating conditions of approximately
20°C and a spindle speed of 500 rpm. The presented article is a continuation of the consideration of the lubricat-
ing properties of engine oils subjected to operation. The tests carried out made it possible to observe that fresh
oils are characterised by their ability to carry higher loads in relation to oils subjected to service. This is
evidenced by the obtained values of scuffing loads, which have a higher value for fresh oils (The average
percentage increase in scuffing load for fresh oils was 62.23%). Comparing the friction torque characteristics
with each other, it can be seen that the values of maximum friction torque are also higher for the fresh oils
group. The modelling process made it possible to characterise changes in the tribological properties of the
lubricating oil being used. In the future, the described model will be extended to include further input parame-
ters (viscosity, contaminant content, fractional composition, etc.), which will allow a multi-parametric assess-
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1. Introduction

The primary function of oil in an internal combustion
engine is to protect it from wear and to slow down the de-
pletion of its operating potential. As is well known, ma-
chines are subject to wear and tear in the process of use.
This process also applies to lubricants, which are an inte-
gral part of tribosystems.

Most often, lubricating oil changes in an internal combus-
tion engine take place when the kilometers or time resourse
is exhausted [10]. Modern cars are also equipped with sys-
tems that generate messages about the need to change engine
oil based on algorithms analysing driving style or signals
from oil quality sensors measuring selected oil parameters or
contaminant concentrations. As recent research [17] shows,
the strategies used in the lube oil change process are insuffi-
cient (low precision). This can lead to a situation where en-
gine oil degradation is so high that the oil fails to perform its
key feature, resulting in reduced engine life. This is not al-
ways unambiguous, as other studies [8] show that engine oil
still retains its properties despite having exhausted its entire
service life. The work [7] considering used engine oils also
allows us to conclude that the vehicle mileage commonly
accepted as an indicator of lubricating oil change intervals is
not an unambiguously reliable criterion. Due to these dis-
crepancies, there is a need to develop a universal method for
assessing the condition of engine oil to determine its ability
to protect engine components.

Effective engine wear protection occurs when a perma-
nent lubricating oil film is formed between tribological
pairs. This phenomenon should occur for a wide tempera-
ture range - both after the engine has warmed up and short-
ly after starting at low operating environment temperatures.
Engine starting at low temperatures results in increased
lubricant consumption [14]. High temperatures also con-

tribute to engine oil degradation [12]. In the temperature
aspect, engine oil plays another important function, it dissi-
pates heat. In addition to the wide range of operating tem-
peratures at which the oil must function, a wide range of
loads is also indicated in the literature. These varying oper-
ating conditions of the oil including engine start-up, idling,
varying load depending on the driving mode [16] should
not adversely affect the protection of the tribological nodes
and the wear intensity of the friction surfaces. Another
factor related to the different temperature conditions in the
engine is the formation of high and low temperature sludge.
This is due to the accumulation of oxidation products,
which are not neutralised by the limited amount of additives
improving the lubricating properties of the engine oil. The
accelerated oxidation process can be influenced by over-
heating of the lube oil, which leads to the formation of
sludge plugs that block the flow of oil and thus the distribu-
tion of oil in the engine compartment, which contributes to
the aforementioned reduction in heat dissipation [20]. An-
other important function of engine oil is corrosion protec-
tion [13]. Its intensity is inhibited by adding inhibitors to
the oil. The anti-wear additives in the oil help to prevent
abrasive or adhesive wear, but also corrosion wear.

The degradation of engine oil is contributed to by phe-
nomena such as oxidation and the depletion of additives
responsible for improving lubricating properties [2]. This
results in the need for more frequent oil changes to effec-
tively protect the engine from wear. Another reason for this
phenomenon is the contaminants that accumulate during the
operation process. One of them is carbon black [11], which,
by deteriorating tribological properties, causes an intensifi-
cation of wear of the tribosystem understood as engine and
lubricant. Work [5] shows that, with the process of opera-
tion, carbonaceous contaminants accumulate in the annular
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grooves of the engine, resulting in oil degradation. The
effect of increased soot content in engine oil is to increase
viscosity and also to form an abrasive substance that dam-
ages mating surfaces [19]. The formation of soot agglomer-
ates can lead to the closing of oil distribution channels in
the engine and the local occurrence of dry friction, resulting
in increased wear. A second type of engine oil contamina-
tion involving metallic elements that are solid contaminants
in the engine oil can pose analogous threats to the system.

Monitoring the condition of engine oil can bring bene-
fits not only in terms of protecting mechanical systems, but
also in environmental terms. This relationship exists for
both the production and disposal of engine oils [9]. The
possibility of extending the service life of lube oil that con-
tinues to perform its protective function has a direct impact
on reducing chemical waste.

Failure to detect a defect during engine operation can lead
to damage, the consequence of which may be an increased
intake of engine oil, which is burned in the engine compart-
ment causing the vehicle to fail to meet emission standards
[4]. While this is insignificant in the case of a motor vehicle
engine, in the case of large marine engines, the negative
environmental impact is already significant and is associated
with high operating costs for such a vessel.

One of the most popular lubricant testing stations is the
tribotester. The test results from this tribotester make it
possible to assess the quality of the engine oil under test. As
the work [6] shows, if the wear trace obtained during a test
run is small, it can be inferred that the lubricant has good
anti-wear properties. Extending this inference, it can be
concluded that the engine oil has not yet degraded and
continues to protect the kinematic node. The validity of
using this apparatus when considering lubricant quality is
confirmed by work [1]. The high reproducibility of the
testing performed with the four-ball tester ensures that the
results obtained are precise.

Due to the multitude of parameters affecting the lubri-
cating oil wear process, it is necessary to use statistical
methods to show the relationships between the various
parameters. Such an approach was presented in the work
[3]. Its results confirmed the great potential of the applica-
tion of statistical analysis in the consideration of engine
oils, as well as the importance of modelling in cognitive
processes in this area.

The present work is a continuation of the study [15] of
motor vehicle oils. The study of the oil's physicochemical,
rheological, and tribological properties has been supple-
mented with results obtained using a four-ball tester. An
analysis of the available literature indicates that the systems
used to assess engine oil degradation status are inaccurate
and may have a negative impact on the environment and the
operating process of an internal combustion engine. The
aim of this study is to develop a method for assessing en-
gine oil consumption. The method is based on a model
using artificial intelligence algorithms (Mamdani model).
The model adopted is scalable (it can be easily extended to
include further parameters affecting the oil consumption
rate). The coefficients in the model were determined on the
basis of test results using a four-ball apparatus. The model
created must be considered as a base, which will be extended
based on the results of tests to be performed in the future.

2. Methodology

2.1. Object of study

Eleven engine oils obtained from passenger vehicles
used in urban and extra-urban traffic were experimentally
tested. The oils had five different viscosity grades (OW30,
5W20, 5W30, 5W40, 10W40). Both fresh and used lubri-
cating oils were tested. The mileage range for the used oils
was 5002 to 15,000 km. The oils were used in both com-
pression-ignition (2 units) and spark-ignition (9 units) en-
gines. In two cases the spark ignition engines were powered
by LPG. The vehicles from which the lubricating oils came
had mileages between 15,000 and 3,622,211 km. The en-
gines lubricated by the oils had displacements in the range
of 1 to 2.5 dm® and had power outputs of 57 to 120 kW.
Detailed data on the oils tested and the vehicles in which
they were used are presented in Table 1. A passive experi-
ment was adopted during the research (users of the vehicles
from which the used oil originated decided on the course of
the exploitation process and the mileage at which the used
oil was replaced with fresh oil).

2.2. Tribological tests

Tribological tests were carried out using a four-ball test-
er. The tests carried out consisted of subjecting the kine-
matic node to an increasing load for 18 s. The load was

Table 1. Data on operating conditions of used oil samples [15]

Engine oil Vehicle

#sample Producent Viscosity Oil mileage | Type of fuel to power | Engine capacity | Nominal motor Car mileage at oil
number class SAE [km] the engine [dm?] power [kW] drain [km]

1 Fanfaro 5W30 12,650 Gasoline + LPG 14 63 362,211

2 Mobil 5W30 14,141 Gasoline 1.6 85 91,635

3 Shell 5W30 5481 Gasoline 1.2 57 110,007

4 Total 5W40 7734 Gasoline 1.6 120 60,631

5 Fanfaro 5W30 11,452 Gasoline + LPG 1.6 63 157,473

6 Selenia 5W30 14,998 Diesel 1.6 77 101,021

7 Shell 5W30 5002 Gasoline 1.0 57 52,333

8 Mobil 10W40 6500 Gasoline 1.6 72 330,041

9 Fanfaro 5W30 5159 Diesel 2.5 88 196,427

10 Total 5W20 5126 Gasoline 15 110 112,927

11 Volkswagen 0W30 15,000 Gasoline 1.0 95 15,000
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built up in the range 0-7200 N, with a load build-up rate of
409 N-s™* throughout the run. The spindle speed was 500
rpm. The initial temperature of the test lubricant was in the
range of 20-25°C. During the tests, the friction torque, the
temperature in the grip of the kinematic node and the load
applied to the friction node were measured. The measure-
ments were sampled at a frequency of 50 Hz. The tests
were performed in accordance with the requirements of
PN-76/C-04147. Three tests runs were performed for each
lubricating oil during the experiment. The result character-
ising each lube oil was derived from the average of the
three attempt. They were subjected to an assessment as to
whether there was a result with a gross error in a given set
of results (Q-Dixon test).

3. Results

3.1. Results of tribological tests

Based on the experimental results, a graph of friction
torque in the load domain (Fig. 1) was drawn up for each
engine oil tested. Oils were designated by numbers preced-
ed by the "#" sign. Numbers 1 to 11 were assigned to oils
that had been used in the engines, while numbers 12 to 19
were assigned to corresponding fresh lubricating oils (the
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smaller number of fresh oils is due to the use of the same
oils in more than 1 engine).

In the load range from 0 to about 1300 N for all engine
oils tested, the course of the mashing torque showed almost
the same increase. Changes can be observed in the range
1300-2800 N. In this range, a dynamic increase in frictional
torque was recorded for all samples, but at a load of about
1790 N (red line), 2 groups of oils for which the dynamics
of change differed were distinguished. In the first group,
a dynamic increase in frictional torque was observed earli-
er, and these were oils in service, while the second group,
for which a sharp increase in rubbing torque occurred later,
were fresh oils. To detail this phenomenon, the scuffing
load values for in-service and fresh lube oils were read
from Fig. 1 and the relative differences between them were
determined (Table 2 and Fig. 2). In addition, it was ob-
served that, for fresh oils, the maximum values of the fric-
tional torque were higher than for in-service oils and the
load range in which the dynamic increase and decrease in
frictional torque occurred was narrower than for the runs
obtained for in-service oils.

Figure 2 shows the scuffing load values for used and
fresh engine oils.
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Fig. 1. Friction torque waveform in the load domain of a kinematic node
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Fig. 2. Measured scuffing load values: green — fresh engine oils, red — used engine oil
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Table 2. Scuffing load of engine oils

Group Engine oil Scuffing load Relati\_/e increase in
[N] scuffing load [%]

1 — used #1 5W30 1467 5704
2 —fresh #13 5W30 2317 )

1 — used #2 5W30 1329 34.99
2 —fresh #16 5W30 1794 )

1 — used #3 5W30 1431 45.98
2 —fresh #12 5W30 2089 )
1—used #4 5W40 1323

2 —fresh #18 5W40 2718 105.44
1 —used #5 5W30 1407 64.68
2 —fresh #13 5W30 2317 )

1 —used #6 5W30 1426 67.39
2 —fresh #19 5W30 2387 )

1 —used #7 5W30 1360 53.60
2 —fresh #12 5W30 2089 )

1 —used #8 10W40 1544 74.29
2 —fresh #15 10W40 2691 )

1 — used #9 5W30 1641 41.19
2 —fresh #13 5W30 2317 )
1—used #10 5W20 1493 62.09
2 —fresh #14 5W20 2420 )
1—used #11 OW30 1434 76.92
2 —fresh #17 OW30 2537 )

It was observed that all of the scuffing loads for fresh
oils were greater than those for in-service oils. In the case
of fresh oils, the values were greater from 34.99% to as
high as 105.44%. The average percentage increase in mash-
ing load was 62.23%, and the median was 62.09%.

After statistical processing of the results obtained, an
equation describing the average relationship between oil
mileage and scuffing load was determined:

F = -0.07128-Pg + 2222.65752 [N] 1)

where P — oil mileage [km].

A green line was also plotted in Fig. 1, visualising
a friction torque level of 10 Nm, above which the machine
drive was switched off for safety reasons. Three of the
samples tested exceeded this threshold. All of the oils test-
ed, for which the friction torque of 10 Nm was exceeded,
belonged to the group of fresh oils. It should also be noted
that, during the experiment, in some cases there was a phe-
nomenon of welding of the top ball placed in the machine
spindle with the balls placed in the chuck. This phenome-
non was noted in the case of three oils: #13 5W30 (in two
of the three trials), #16 5W30 (in two of the three trials) and
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#18 5W40 (in one of the three trials). These data are the
same as the samples that passed the machine's safety
threshold.

It is not only the scuffing forces that change with oil
mileage. Another parameter for which a similar relationship
was noted is wear diameters. These were determined during
ball apparatus tests in accordance with ASTM D 4172-94
and are described in [15]. The values of the wear diameters
are shown in Fig. 3. In this case, an increase in wear diame-
ter with increasing oil mileage was observed in all tests.

After statistical treatment of the data shown in Fig. 3, an
equation describing the average relationship between oil
mileage and wear diameter was determined:

D = 0.03250253-P + 597.67580742 [um] (2)
where Pg — oil mileage [km].

4. Model for estimating oil consumption

As part of the work, a model was built to estimate oil
consumption rates. When building the model, it was as-
sumed that it must be scalable (the possibility of adding
further input parameters on the basis of which the degree of
wear will be determined). For this reason, it was decided to
use the Mamdani model, which belongs to the group of
models from the area of artificial intelligence (fuzzy logic).
To build the model, data obtained during the experimental
research described in Chapter 3 were used.

The input variables in the model were:
scuffing force F [N]

— wear diameter D [pm]

oil mileage Po [km]

and output variables:

— wear rate Z [%].

In the first stage of model construction, linguistic varia-
bles were adopted for which their spaces (membership
functions) were determined. Next, the coefficients in the
membership functions were determined based on equations
1 and 2, assuming that the oil mileage according to the
service life should be 15,000 km (readings of significant
values from equations 1 and 2 for mileage: 3.75, 7.5, 11.25
and 15,000 km). To obtain the fuzzy consequences, the
limiting equations of the coordinate of the ordinate axis
were determined and the rule aggregation equation was
determined. The results of this work are presented in Tables
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Fig. 3. Measured values of the wear diameter [14]: green — fresh oil, red —used oil
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Calculations were made using the model, the results of
which are shown in Fig. 4. The calculations were made for
data obtained during experimental tests (engine oil runs,
scuffing forces and wear diameters). Oil wear rates were
determined in 3 variants (by condition, by remaining oil
life, mixed model).

Analysing the calculation results shown in Fig. 4, it was
found that the oil consumption rate determined from the
model by condition indicates greater oil degradation for
mileages up to about 11,000 km compared to the value of
this parameter determined from the model by resurfacing.
The relationship takes on an inverse relationship once this
mileage is exceeded. This is due to the fact that the deter-
mined values of engine oil degradation by condition were
based on tribological parameters. The values of these pa-
rameters are strongly influenced by the oil's rheological
properties (viscosity), which change during operation. The
lubricating oil's viscosity changes in the process of use.
After an oil change, viscosity initially decreases and reach-
es a minimum after a few thousand kilometres. The viscosi-
ty then starts to increase to reach a value close to or greater
than the viscosity of fresh engine oil after the resurface is
exhausted. For a description of this phenomenon, see [18].
Oils with higher viscosity are more resistant to oil film
rupture, which has a positive effect on the wear process in
highly loaded tribological pairs.

5. Conclusion

The tribological tests carried out allow us to conclude
that there is a significant difference between fresh and in-
service oils. The friction torque waveforms as a function of
load for fresh oils are more dynamic in a narrower load
range than in the case of used oils. Significantly lower
scuffing loads occurred in the group of in-service oils com-
pared to fresh oils, indicating that fresh oils have the ability
to carry higher loads and protect the mating components
more effectively. As the results show, the opposite is true
for maximum friction torque. It is the used lube oils sub-
jected to the same load that show a lower friction torque
value than fresh oils. For all the engine oils tested, a de-
crease in scuffing load and an increase in wear diameters
were observed during operation. These phenomena were
used in the construction of a model to estimate the degree
of wear. The developed model uses artificial intelligence
algorithms (fuzzy logic) and can be extended with new

input parameters, which will allow it to increase its accura-
cy of inference after adding further parameters that will be
identified in the course of future research. The presented
results from the modelling process show that it is possible
to determine the degree of engine oil wear based on its
condition and remaining life. Thus, by comparing the calcu-
lation results, it is possible to show the differences in the
dynamics of oil consumption changes according to the two
strategies. In addition, the changing differences in the de-
gree of engine oil wear according to the different strategies
showed that the tribological parameters determined during
oil testing do not have a linear characteristic associated with
the run and are related to the rheological parameters of the
oil, which include viscosity. This parameter has a non-
linear characteristic during the operating process. In the
first stage, it decreases, and after reaching a minimum,
which occurs after a few thousand kilometres of mileage, it
then begins to increase mainly due to the accumulation of
wear products and contaminants in the engine oil.

The reduction in lubricating oil viscosity results in
a lower oil film life and thus protection of the mating com-
ponents against wear. The advantage of the represented
approach is that the presented model can be successively
extended with further criteria for the assessment of lubri-
cants so that a comprehensive evaluation can be carried out.
As a result of the modelling, it was found that oil consump-
tion assessed by mileage in the range from 0 to about 50%
of the assumed distance, which was 15,000 km, was higher
than the consumption determined by condition. In the sec-
ond mileage interval (above 50%), consumption according
to condition was lower than consumption according to
mileage. This demonstrates the non-linear behaviour of
wear by condition. It has a degressive course. In the initial
phase, lubricating oil wear has a large increase because
there is a decrease in viscosity caused by changes in the
fractional composition of the lubricating oil. After this
period, the tribological properties stabilise and the oil wear
process decelerates. Therefore, the modelling process made
it possible to characterise the changes in the tribological
properties of the lubricating oil being worn. In the future,
the described model will be extended with further input
parameters (viscosity, contaminant content, fractional com-
position, etc.), which will allow a multi-parametric evalua-
tion of lubricating oil wear.
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Fig. 4. Results of oil consumption calculation from the model in 3 variants (by condition, by remaining oil life, mixed model)
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Table 3. Structure of the oil consumption estimation model (output variables)

Input .
VEITERIE Scuffing load F
Linguistic . . . . .
variables High scuffing load pq(F) Medium scuffing load ps(F) Low scuffing load pm(F)
1(F) m(F) H(F
1 1 14
Affiliation
functions
0 0 0
Fs Fi FIN] F,,. F. F. FIN B B FIN]
0o F<F, ( 0oF<F,VF>F, 1o F<F
ol L FsFAF<F | E=F L pspAr<E B F<FAF>F
Ld Ld Ld
Equations Fq—F, =raftt=Td { F, - F, =pat=ra F, - F, =rant=rh
16 F>Fy | Fo—F 0o F>F,
| o F>F,AF<F,
Fc - Fa
Coefficients
in the F.=1688 N, F, = 1420 N, Fc = 1955 N, F4 = 2222 N
equations
Input .
i Wear diameter D
Linguistic . . . .
variables Small diameter wear pm(D) Medium diameter wear py(D) Large diameter wear pq(D)
u(D) (D) (D)
14 1 1
Affiliation
functions
0 0 y 0 - :
D, D D [um] D, D, D, Dilum] D, D, D [um]
1eD<D, 0 D<Dy,VvD>D, 0o D<D,
Da-D D-Dp D-D,
Equations D.Dr, o&D<D,AD=Dy DarDy <D>=D,AD<D, Dacp: oD=D,AD <Dy
0 D>D, ﬁHD>Da/\DSDC 1< D> Dy
Coefficients
in the D, =841 pm, Dy =719 um, D = 963 pm, Dg= 1085 pm
equations
Input .
VETEBIE Oil mileage Po
Linguistic S T . L
variables Low engine oil mileage pm(P) Average engine oil mileage ps(P) High engine oil mileage pq(P)
w,(P) w(P) u4(P)
1 1 1
Affiliation
functions
0 0 h 0 4 ;
P P Tiam] P, P, Pc Plkm] Pe P, P [km]
1-P 0eP<PVP>P 0o P<P,
oPsh (P—& P—P,
) a ©oP>=PAP<P, ©P>=P,AP <P
Equations 0o P>P, P,— P, Py—P,
P,—P 1eP>P,
L oP>P,AP<P,
l:)c - Pa
Coefficients
in the P. = 7500 km, P, = 3750 km, P, = 11250 km, P4 = 15000 km
equations
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Table 4. Structure of the engine oil consumption estimation model (output variables)

Output
variable Degree of wear Z
Linguistic . . . .
variables Fresh oil py(2) Average oil consumption ps(Z) Used oil p,(2)
1(2) n(2) w(2)
1 1 1
Affiliation . . Hom
functions =
0 0 0
Z Z [%] Z Z Z Z [%)] Z 2,2 %]
1-7 00 Z<ZyVI>1Z, 06Z<Z,
LI, 7-7, 7-1,
. a ©L2Iy AL, ©Z>7,
Equations 067Z>7Z, Zo—1y Py =P,
L=l L gs7Az<1
Ld
Zc — Za a — ~c
Coefficients in Z. = 50%, Zy = 25%, Z. = 75%, Zg = 100%
the equations
Limitin
equation 1a(F) - b (D) s(F) - (D) fun (F) - 1 (D)
q Hsmax = f Hsmax = f Hzmax = f
(by state)
Limiting
equation
(ZTCCOI’diﬂg Msmax = Hm(P) Hsmax = Hs(P) Hzmax = Ha(P)
to resource)
Limiting Hemax 1o (F) - (D) Homax w(F) - (D) Hm (F) - pa (D)
. . z . Z m
eqqatlon = max {dim: Hm (P) } = max {é: ps(P) } Hzmax = Max {f! Ha(P) }
(mixed) 2 2
Rule 2t Zi - max[p]
="
aggregation j=1 max[p]

Nomenclature

D  wear diameter Z mileage wear rate calculated with oil mileage
F  scuffing load Z state wear rate calculated with tribological tests results
Po oil mileage p  linguistic variables
Z  wear rate
Bibliography
[1] Al-Quraan TMA, Alfags F, Haddad J, Vojtov V, Voitov A, [5] Diaby M, Sablier M, Le Negrate A, El Fassi M, Bocquet J.
Kravtsov A et al. A methodological approach to assessing Understanding carbonaceous deposit formation resulting
the tribological properties of lubricants using a four-ball tri- from engine oil degradation. Carbon. 2009;47(2):355-366.
bometer. Lubricants. 2023;11(11):457. https://doi.org/10.1016/j.carbon.2008.10.014
https://doi.org/10.3390/lubricants11110457 [6] Farhanah AN, Bahak MZ. Engine oil wear resistance. Jurnal
[2] Al Sheikh Omar A, Motamen Salehi F, Farooq U, Morina A, Tribologi. 2015;4:10-20.
Neville A. Chemical and physical assessment of engine oils  [7] Golgbiowski W, Zajac G, Sejkorova M, Wolak A. Assess-
degradation and additive depletion by soot. Tribol Int. 2021; ment of oil change intervals in urban buses based on the se-
160:107054. https://doi.org/10.1016/j.triboint.2021.107054 lected physicochemical properties of used engine oils. Com-
[3] Bastiampillai N. Statistical analysis and modelling of engine bustion Engines. 2024;196(1):15-23.
oil degradation. Master’s Thesis Master of Science in Engi- https://doi.org/10.19206/CE-169807
neering Physics. Spring 2023. [8] Kozak M. A comparison of thermogravimetric characteris-
[4] Chmielewski Z. Cylinder liner wear as a function of selected tics of fresh and used engine oils. Combustion Engines.
physicochemical indicators of engine oil. Combustion En- 2019;178(3):289-292.
gines. 2021;187(4):60-64. https://doi.org/10.19206/CE-2019-350
https://doi.org/10.19206/CE-141878
48 COMBUSTION ENGINES, 2024;197(2)



Modelling lubricating oil wear using fuzzy logic

(9]

[10]

[11]

[12]

[13]

[14]

Daria Skonieczna, MEng. — Faculty of Technical
Sciences, University of Warmia and Mazury in
Olsztyn, Poland.

e-mail: daria.skonieczna@student.uwm.edu.pl

Landowski B, Baran M. Analysis of selected results of engine
oil tests. 18th International Conference Diagnostics of Ma-
chines and Vehicles. 2019;302,01010.
https://doi.org/10.1051/matecconf/201930201010

Moczarski J. Signaling devices resource in organization of
exploitation process (in Polish). Technika Transportu
Szynowego. 2015;12:2021-2025.

Motamen Salehi F, Morina A, Neville A. The effect of soot
and diesel contamination on wear and friction of engine oil
pump. Tribol Int. 2017;115:285-296.
https://doi.org/10.1016/j.triboint.2017.05.041

Nagy AL, Knaup J, Zsoldos I. Investigation of used engine
oil lubricating performance through oil analysis and friction
and wear measurements. Acta Technica Jourinensis. 2019;
12(3):237-251.
https://doi.org/10.14513/actatechjaur.v12.n3.495

Nazare MI, Paleu V, Bhaumik S, lanus G, Olaru DN. Perfor-
mances of automotive lubricants — tests on four ball machine.
I0P Conf Ser Mater Sci Eng. 2018;444:022013.
https://doi.org/10.1088/1757-899X/444/2/022013

Sejkorova M, Hurtova I, Jilek P, Novak M, Voltr O. Study of
the effect of physicochemical degradation and contamination
of motor oils on their lubricity. Coatings. 2021;11(1):60.
https://doi.org/10.3390/coatings11010060

[15]

[16]

[17]

[18]

[19]

[20]

Skonieczna D, Vrublevskyi O, Szczyglak P. Evaluation of
the antiwear properties of timely changed engine oils. Com-
bustion Engines. 2023;195(4):116-122.
https://doi.org/10.19206/CE-169137

Smolito M. Measurement of oxidation resistance of oil
mixtures obtained from regeneration of used oil with naph-
thenic oils (in Polish). Nafta-Gaz. 2020;6:408-418.
https://doi.org/10.18668/NG.2020.06.06

Stepien Z. Premature degradation of lubricating oil during the
service life of the positive-ignition engine. Tribology Online.
2021;16:31-37. https://doi.org/10.2474/trol.16.31

Szczyglak P, Napiorkowski J, Sobiecki M. Zmiany lepkosci
kinematycznej olejow silnikowych w toku eksploatacji.
Logistyka. 2015;4:5983-5990.

Zajac G, Gotgbiowski W, Szczepanik M, Wolak A, Sejko-
rova M. Analysis of changes in soot content in engine oils
under operating conditions. Lubricants. 2023;11(2):89.
https://doi.org/10.3390/lubricants11020089

Ziotkowska M. Influence of the soot on the gelation process
of the engine oil (in Polish). Nafta-Gaz. 2019;3:178-184.
https://doi.org/10.18668/NG.2019.03.06

Piotr Szczyglak, DSc., DEng. — Faculty of Technical
Sciences, University of Warmia and Mazury in
Olsztyn, Poland.

e-mail: szczypio@uwm.edu.pl

Magdalena Lemecha, DSc., DEng. — Faculty of
Technical Sciences, University of Warmia and
Mazury in Olsztyn, Poland.

e-mail: magdalena.lemecha@uwm.edu.pl

COMBUSTION ENGINES, 2024;197(2)

49



