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Abstract: The literature on the subject and the results of numerous research experiments indicate that
single replacement cycles do not reflect the actual state of oil quality in the context of its degradation.
Monitoring the operational quality of the oil in several successive stages allows for a more accurate
diagnosis of the optimal o0il change time. Therefore, it was decided to investigate the relationship
between two consecutive periods of changing the operating oil in an engine. Comparative tests
of seven buses included in the fleet were carried out. An important division criterion was taken
into account—the operation of city and intercity buses. The HDXRF instrumental chemical analysis
method was used to determine changes in the content of abrasive metals, and additives in engine
oils. Additionally, the oxidation, nitration, sulfonation, and soot content were assessed using infrared
spectroscopy (FTIR) based on the ASTM E2414-10 standard and kinematic viscosity at 40 °C and
100 °C using a Stabinger viscometer according to ASTM D7042. The course of these changes was
analyzed in terms of their dynamics. The comparative study aimed to identify trends and sources
of differences between the tested oils, as well as to demonstrate the number of exceedances of limit
values for the selected parameters.
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1. Introduction

Buses are the most frequently used means of public transport in the European Union.
The European Automobile Manufacturers Association (ACEA) reports [1] that in 2023,
55.7% of all journeys in the EU were made by this type of public transport, which corre-
sponded to serving 32.1 billion passengers annually with city and intercity bus journeys.
Buses are very popular due to their availability, flexibility, and relatively low price. They
can be used in most cities and towns in the EU, and their connection networks are often
dense and adapted to the needs of residents.

The ecological awareness of society is constantly growing, and the pressure to reduce
exhaust emissions is growing [2,3]. In this case, buses are a means of transport with a much
lower environmental impact than passenger cars. However, in 2023, in the entire European
Union, only 1.4% of the bus fleet was electrified, and additionally, 67.3% of all new buses
sold in the EU were powered by diesel fuel. This means that electric buses still constitute
only a fraction of the bus market in the EU.

According to research, there are ways to reduce fuel consumption and exhaust emis-
sions in trucks using conventional technologies. The main purpose of these technologies is
to improve the diesel engine’s efficiency and reduce the vehicle’s power demand during
road transport [4-6]. One way to minimize exhaust emissions is by using exhaust gas
aftertreatment technology. However, these solutions can be harmful to engine oil and
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require work under more challenging conditions and with higher levels of pollution [7-10].
In a study conducted by Macian et al. [11], eight low-viscosity oils were tested on city buses
with different engine technologies, and it was confirmed that using this type of oil resulted
in reducing fuel consumption without significantly increasing engine wear.

Another way to reduce exhaust emissions is to implement fleet management sys-
tems [12-15]. These systems allow, among other things, the monitoring fuel consumption
and exhaust emissions in vehicles. They can be used to identify areas where changes can be
made to reduce negative environmental impacts. One such area is monitoring the condition
of engine o0il [16,17].

Oil degradation is a natural process as a result of which oil loses its functional proper-
ties over time [18-20]. The high temperature during engine operation causes oil oxidation,
which leads to its decomposition [21]. Engine oil is also exposed to high pressures, diluting
the oil and reducing its viscosity. However, impurities generated during operation, such as
metal particles, soot, unburnt fuel, or water, lead to the deterioration of the o0il’s properties,
including its viscosity and lubrication ability [22]. Oil degradation has a negative impact on
the engine, leading to excessive engine wear, increased emissions, and reduced efficiency.
The rate of engine oil degradation is influenced by the vehicle’s operating conditions—
factors such as the dust concentration in the intake air, the ambient temperature, and load
play a significant role. Operating conditions that are especially harsh and can accelerate oil
degradation include driving distances shorter than 8 km, both at low ambient temperatures
and at high ambient temperatures exceeding 35 °C. Driving on dusty roads, covered with
mud, snow, or ice, or driving with a roof rack, or trailer, or in mountainous terrain are also
considered difficult conditions. Additionally, long-term driving with frequent stops and
starts or long periods of engine idling are classified as harsh conditions, which are typical
of city buses’ driving conditions.

Monitoring the condition of engine oil, understood as a type of preventive mainte-
nance, allows fleet managers to make appropriate decisions before a failure occurs based
on the data obtained, their detailed analysis using computer tools, and the detection of
change trends [23-26]. Laboratory methods allow for obtaining detailed information on the
physico-chemical properties of lubricating oil. Service companies use them to identify en-
gine problems and to determine the optimal oil change interval, while research laboratories
identify the impact of oil on engine wear and exhaust emissions [27]. A physical analysis
allows the determination of properties such as the viscosity, total acid number (TAN), total
base number (TBN), flash point, and freezing point [28,29]. A chemical analysis allows you
to determine the chemical composition of engine oil. This allows for the identification of
impurities in the oil, such as metal particles, fuel or water content, as well as the manner of
wear of additives as a result of specific engine operating conditions.

The presented work examines the hypothesis of whether oil degradation in buses
operated in urban traffic is higher than in non-urban operation. The justification for
differentiating operating conditions into engine o0il degradation in this case are factors such
as: frequent stops and starts, which cause higher operating temperatures of the engine and
oil, as well as the higher traffic intensity in the city, which consequently translates into a
longer engine operating time at idle speed. In addition, air pollution in cities is higher,
which causes it to enter the oil and accelerate the degradation rate.

Therefore, this article presents a comparative analysis of the engine oils from seven
buses included in the vehicle fleet. The aim of the article was to investigate the relationship
between two consecutive engine oil change intervals in real operating conditions. The
assessment concerned the selected physicochemical properties of the lubricating oil, such
as its viscosity at 40 °C and 100 °C, viscosity index, oxidation, nitro-oxidation, sulfonation,
and its content of impurities in the form of soot and abrasive metals. The comparative
study aimed to identify trends and sources of differences between the tested oils.

Analyzing used engine oil from actual buses allows for a more realistic assessment
of the oil’s performance over time. That is why the presented study’s novelty lies in its
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focus on real-world conditions and its aim to optimize engine oil change intervals for buses
based on practical use data from two consecutive o0il change intervals.

2. Materials and Methods
2.1. Materials

The field test performed included seven diesel-powered buses in real driving con-
ditions. The vehicles were used in urban and intercity conditions. Samples for testing
were taken during regular oil change intervals ranging about 30,000 km. Such an interval
represents the mileage recommended by the vehicle manufacturer. All buses were lubri-
cated with the same, fully synthetic SAE 10W40 oil, the parameters and specifications are
presented in Table 1.

Table 1. Properties of the new engine oil used in this research.

New Oil Properties Value
SAE viscosity classification 10W40
Oil specifications ACEA E7, E9
API CK-4
Kinematic viscosity at 40 °C [mm?/s] 94
Kinematic viscosity at 100 °C [mm?2/s] 14.9
Physicochemical properties
Viscosity index 165
Total base number (TBN) 9.5
Calcium (Ca) [mg/kg] 1047
Phosphor (P) [mg/kg] 971
Elemental composition
Sulfur (S) [mg/kg] 3011
Zinc (Zn) [mg/kg] 1194

Detailed data on the mileage of individual engine oils are presented in Table 2. This
research used 14 samples of used engine oils to determine the changes in physicochemical
properties and the degree of engine wear (indirect assessment through engine oil analysis)
during two replacement cycles, which were dictated by different operating conditions. In
several cases, this interval was both extended (by a maximum of approximately 6000 km)
and shortened (in one bus by approximately 12,000 km). Additionally, the last two columns
of the table provide information on the amount of oil refills made during a specific oil
interval and the number of days before the oil change, indicating when the refills were
actually made.

Table 2. Characteristics of the obtained engine oil samples.

Sample Information Section Oil Refills Section

Mileage Number of

Operating Bus Mileage Since Last Amount of Days before

No. Sample Code = Bus Model Conditions [km] 0il Change Oil Refilled Oil Sample

[L] .
[km] Collecion

1 PD489IA SOR E6 Low intercity 30,000 30,000 0 -
2 PD489IA_2 SOR E6 Low intercity 60,000 30,000 3 4
3 PD310IA SOR E6 intercity 28,524 28,524 5 16
4 PD310IA_2 SOR E6 intercity 62,000 33,476 7 44
5 PD496HG Solaris E6 city 213,000 30,000 7 33
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Table 2. Cont.

Sample Information Section Oil Refills Section

Mileage Number of

Operating Bus Mileage Since Last A.m oul?t of Days before

No. Sample Code = Bus Model Conditions [km] Oil Change Oil Refilled Oil Sample

[km] L] Collecion
6 PD496HG_2 Solaris E6 city 242,000 29,000 3 28
7 PD724HF Solaris E6 city 185,000 26,000 4 118
8 PD724HF_2 Solaris E6 city 220,740 35,740 3 43
9 PD587HG Solaris E6 city 220,900 31,900 7 12
10 PD587HG_2 Solaris E6 city 248,000 27,100 3 40
11 PD654GN Solaris E6 city 295,000 34,000 5 3

12 PD654GN_2 Solaris E6 city 354,577 30,777 7 19
13 PD382GY Solaris E6 city 252,200 18,275 3 66
14 PD382GY_2 Solaris E6 city 285,000 35,000 10 18

2.2. Vehicle Characteristics

Figure 1 presents the bus models participating in this research. The subjects of this
study were seven buses, including two SOR buses, operated in intercity conditions, and five
Solaris buses, operated in typical urban conditions. The reference points in the presented
study were the operating conditions of the vehicles belonging to the vehicle fleet in order to
check the factors influencing the engine oil degradation process. Table 3 shows the engine
specifications for each bus.

(@ (b)

Figure 1. Buses: SOR CN 10,5 (a) and Solaris Urbino 10,5 (b).

The FPT N67 and Cummins B6.7 power units are 6-cylinder in-line diesel engines.
Both engines meet the EURO VI exhaust emission standard, and the exhaust system is
equipped with a DPF and SCR (Selective Catalytic Reduction) filter. The weight of the
FPT N67 engine is 530 kg, and the Cummins B6.7 weighs 522 kg. The dimensions of the
engines are 1100 x 782 x 924 mm, resp. 1097 x 788 x 921 mm. Photos of both engines are
presented in Figure 2.

Table 3. Engine specifications of the research objects.

Vehicle Brand SOR Solaris Solaris
Type CN 10,5 Urbino 10,5 Urbino 10,5
Type of bus Intercity City City
Registration numbers gggfgiﬁ 11;]1%373%1%1% ggig?:lg’ PD654GN
Year of production 2022 2020 2018
Engine manufacturer FPT INDUSTRIAL CUMMINS ENGINE CUMMINS ENGINE
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Table 3. Cont.

Vehicle Brand SOR Solaris Solaris
Engine model N67 B6.7 B6.7
Displacement 6728 6700 6700
Engine power/rpm 184 kW /2500 rpm 182 kW /2100 rpm 204 kW /2100 rpm
Maximum torque/rpm torque 950 Nm /1400 rpm 1000 Nm /1000 rpm 1100 Nm /1000 rpm
Emission class 595/2009*2018/932D 595/2009*2018/932D 595/2009*627/2014C
(EURO VI) (EURO VI) (EURO VI)
Transmision/degrees Automatic/6 Automatic/4 Automatic/4
Tank capacity 255 L 310L 310L
Oil pan capacity 15L 28 L 28 L

(a) (b)
Figure 2. Engine N67 (a) and B6.7 (b).

2.3. Operating Conditions

As the authors have already pointed out, the vehicle operating conditions also influ-
ence the rate of engine oil degradation. The suburban bus lines had to overcome significant
hills during operation—the PD489IA bus covered 345 m of elevation in the overall line
distance of 15.2 km, and the PD310IA bus covered 473 m of elevation in the overall line
distance of 22 km. The remaining buses were operated in typical urban conditions, where
there were no significant elevation differences.

2.4. Methods

The analysis of the direction and intensity of the changes in the kinematic viscosity
parameters at 40 °C and 100 °C of the tested samples was performed using an SVM
Stabinger model 3001 viscometer (Anton Paar GmbH, Graz, Austria) according to the
ASTM D7042 standard.

The FTIR method was used to determine the degree of oxidation, nitration, sulfonation,
and the soot content using a Thermo Nicolett IS5 apparatus (Thermo Fisher Scientific,
Waltham, MA, USA) based on the ASTM 2412 standard. A number of parameters of the
fresh and used engine oils were examined by comparing their FTIR spectra. The levels of
individual bands for used oils were determined not directly from their spectra, but from
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difference spectra, i.e., spectra resulting from a mathematical operation: the spectrum of
used oil minus the spectrum of fresh oil.

The content of trace elements in engine oils was analyzed using a multi-element
analyzer HD Maxine (XOS, East Greenbush, NY, USA). The analyzer uses high-resolution X-
ray fluorescence (HDXRF) to determine the trace elements in liquid samples in hydrocarbon
matrices. To take measurements, the device was first calibrated. Then, the oil sample was
mixed and heated to 40 °C before being loaded into a measuring cup using prolene foil.
Using an automatic pipette, 1 mL of oil was placed in a measuring cup. The test was carried
out in triplicate, and the results were presented as an average.

Changes in the dispersing properties of used oils were assessed based on the blotter
spot test. A few drops of a representative oil sample were applied to a piece of chromato-
graphic paper (ion exchange paper—model SG81) and, after drying, the appearance of the
stain was observed. The obtained result was then read twice—after 1 h and after 24 h.

3. Results and Discussion
3.1. Rheological Properties

Figures 3 and 4 present the results of the percentage changes in relation to the fresh oil
for the kinematic viscosity at 40 °C and 100 °C of all tested oils.
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Figure 3. Percentage changes in the kinematic viscosity at 40 °C of the tested oil samples.
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Figure 4. Percentage changes in the kinematic viscosity at 100 °C of the tested oil samples.

Looking at Figure 3, showing the percentage changes in the kinematic viscosity at
40 °C, it is worth noting that all intercity buses exceeded the critical percentage change in
viscosity of £15% of the value for fresh oil. Moreover, it was observed that all oils used
in urban and interurban conditions, except for one case (PD724HF), recorded viscosity
decreases. The increase in viscosity in this case of the bus number PD724HF was associated
with obtaining the highest values for the degree of oxidation of all the tested oils. In
the group of vehicles operated in intercity conditions, the average percentage change for
viscosity at 40 °C decreased by 18.1%, and for city buses by 8.6%. In the group of city buses,
large differences were observed—one critical value for the PD654GN bus (the highest
overall mileage of 354,777 km), four warning values and five acceptable values. However,
looking at the relationship between intervals in individual city buses, an upward trend was
observed in the second operating cycle. In the case of the sample marked PD382GY_2, an
8.8% smaller decrease than in the case of the first tested interval was recorded. In this case,
the authors believe that the reason for this state of affairs is the increase in the number of
fresh oil refills during operation by 7 L between the examined periods (3 L were refilled
in the first cycle, and 10 L in the second). The average percentage change in viscosity in
the tested vehicles operated in urban conditions that exceeded the assumed interval of
30,000 km was —9.6% (an average of 6.4 L of oil refills). On the other hand, the average
percentage change in vehicles that finished their oil interval before reaching 30,000 km was
—7.7% (an average 4 L of oil refills).

Moving on to the percentage changes in viscosity at 100 °C, which are presented
in Figure 4, also in this case, all intercity buses exceeded the assumed limit value of the
parameter (£15%), and the decreases amounted to an average of 16.8%, while for the
group of city buses, no exceedances were recorded at the borderline value, and the average
decrease in the group was 9.4%. In this case, it is difficult to say clearly whether the reason
for this state of affairs is the design of the engine in SOR buses or the issue of intercity
driving conditions, which may come as a surprise when compared to urban conditions,
which are generally considered to be more difficult for the oil to work within. In city buses
that exceeded the interval assumed by the manufacturer (30,000 km), an average percentage
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change of —10.3% was recorded in relation to fresh oil, which is a warning value (+£10%).
However, in the case of buses with an interval of less than 30,000 km, the percentage change
for this parameter was —8.52%, which is an acceptable condition.

Figure 5 presents the rheological parameters of oils from the perspective of changes at
individual replacement intervals in order to detect potential trends in changes. Looking at
the viscosity index, the largest increase of 9.4% between the first and second interval was
observed for the PD489IA bus. In the case of the viscosity parameter at 40 °C, in most cases,
decreases are observed, on average by 5.9% in relation to the first replacement intervals. In
one case (PD382GY), a 9.2% increase in viscosity was recorded. Observing the trends in
viscosity changes at 100 °C, an increase in this parameter is visible in the group of intercity
buses, by an average of 4.2%. However, in city buses there is a visible downward trend
between the first and second oil interval, by an average of 3.6%. Similarly to the viscosity
at 40 °C, there was also a 3.3% increase in viscosity for the PD382GY bus.

15.0%
m Viscosity 40°C  m Viscosity 100°C  m Viscosity Index

~ 10.0%
s 9.4%
-§ 5.0% — ‘ 3.1% N
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z v " (E7 2 "
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& -5.0% 6 =
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“ -10.0% X

-15.0%

intercity city

Figure 5. Changes in viscosity between oil intervals.

3.2. Impurities

Changes in soot content measured with an infrared spectrometer were read in two
places on the spectrum. The absorption bands responsible for confirming this type of
contamination are ~2000 cm~! and ~3980 cm ™. The slope of the curve between two points
in the tested oils is presented in Figure 6.
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Figure 6. FTIR spectrum—soot content in oil.
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The results of the soot content in individual oils are presented in Figure 7. It was
observed that the highest values came from buses operated in intercity conditions. The
measured average soot content (reading in ~2000 cm ! plus reading ~3980 cm ! divided
by 2) was 43% higher in intercity buses and amounted to 0.313 [abs/0.1 mm], while in city
buses it was 0.179 [abs/0.1 mm]. However, looking at the relationship between the two
oil change intervals in individual vehicles, it was observed that the soot content gradually
increased with the increase in the overall mileage of the vehicle. The highest change in
the vehicle used in intercity conditions was observed for PD310IA, where the difference
between the first and second interval was 36%. In the case of the city buses, the highest
change was 40% for the PD724HF bus and 25% for the vehicle marked PD382GY. In the re-
maining cases, changes between intervals oscillated on average around 0.008 [abs/0.1 mm)].
Looking through the prism of exceeding the mileage recommended by the manufacturer
(30,000 km), in the case of city buses, the average soot value in the tested vehicles was
0.219 [abs/0.1 mm], while in the case of maintaining the recommended mileage, this value
was 36% lower and the average value was 0.139 [abs/0.1 mm].

—040 (321 0339 0-361
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=, 0.184
% 0.20 0. 126
) 0. 074 0 051
= 0.10
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Sl v%"’\w & %@\w o q@*@/ & ’ & &S QG’ Q”)‘Q, o
R R > ] AV & g 3 S
] 0 O S & S
intercity Sample code city

Figure 7. Soot content in the tested oil samples (reading in ~2000 cm ™! + reading in ~3980 cm~1)/2).

Table 4, below, presents images of all the oil stains made by placing one drop on
a chromatography paper. The drawing shows the appearance of the stains in two time
periods, after one hour and after 24 h.

Table 5 compares the results of the blotter spot test with the results obtained from
the FTIR spectrometer regarding the soot content. The blotter spot test confirmed the
results obtained from the FTIR test. The blackest spots, indicating high soot content, were
also visible in the case of intercity buses. However, in the case of the 310IA vehicle, the
first interval shows that the oil stain is slightly lighter. On the other hand, in city buses,
despite the higher overall mileage of the vehicles, oil stains significantly indicate the
better preservation of the oil’s dispersing properties. The paper test showed that the best
dispersing properties were retained by the PD496HG bus oil, which was also confirmed by
the lowest soot content in the FTIR test.
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Table 4. Blotter spot tests of oil samples.

Exploitation Conditions Intercity City
Bus no. PDA489IA PD496HG PD587HG PD382GY
Interval I I I I I I I I
One drop
(after 1 h)
One drop .
(after 24 h)
Bus no. PD310IA PD724HF PD654GN
Interval I II I II I II
One drop
(after 1 h)
One drop
(after 24 h)
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Table 5. Characteristics of changes in dispersing properties in intercity and city buses.

Exploitation Conditions Intercity City
Bus no. PD489IA ** PD496HG *
Overal mileage [km] 30,000 60,000 213,000 242,000

Mileage since last oil change

30,000 30,000 30,000 29,000
[km]

Blotter spot test (single drop

after 24 h)
Bus no. PD310IA ** PD382GY */**
Overal mileage [km] 28,524 60,000 252,200 285,000
Mileage S‘“C[irlr?ft oil change 28,524 30,000 18,275 * 35,000 **

Blotter spot test (single drop
after 24 h)

* Examples of good engine oil properties after a specific mileage of exploitation; ** Examples of bad engine oil
properties after a specific mileage of exploitation.

It was difficult to determine the impact of oil refills on the decrease of soot con-
tent in individual vehicles due to the procedure made during operation. Four vehicles
with similar overall mileages were observed, including two city vehicles with an approx-
imately 250,000 km mileage. PD496HG_2 required 3 L of refill and had a soot content
of 0.091 [abs/0.1 mm)], while the vehicle PD382GY_2 needed 10 L of refill and had a
soot content of 0.148 [abs/0.1 mm]. Two intercity vehicles with a mileage of 30,000 km
were also observed. The first vehicle, PD489IA, had no refills and had a soot content of
0.246 [abs/0.1 mm]. The second vehicle, PD310IA, required 5 L of refills and had a soot
content of 0.232 [abs/0.1 mm)].

Figure 8 presents the FTIR interferogram showing the bands between ~3100-3550 cm !
responsible for the detection of contaminants in oil.
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Figure 8. FTIR spectrum—the amount of impurities in the tested oils.
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It was observed that PD724HF’s oil had the largest surface area, followed by that
of PD310IA, PD4891A, PD724HF_2, PD654GN_2, and PD382GY_2. Also, in this case, it
corresponded highly with the blotter spot test, where oils such as those from PD724HF,
PD724HF_2, and PD382GY_2 fared particularly poorly. It is worth noting that the oil change
time in the case of PD724HF was 4000 km shorter than recommended by the manufacturer.
The view of the discussed oil spots is presented in Table 6.

Table 6. Examples of the most contaminated oils in the blotter spot test.

Sample PD724HF PD724HF_2 PD382GY_2
Overal mileage [km] 185,000 220,740 285,000

Mileage since last oil

change [km] 26,000 35,740 35,000

Blotter spot test (three
drops after 24 h)

3.3. Elemental Analysis

The conducted elemental analysis confirmed the high content of metallic pulp in the
oil samples with the highest levels of soot. The highest levels of metals originating from
engine wear, such as iron (Fe) and copper (Cu), were recorded for intercity buses. The
average iron content in intercity buses was 94 ppm and was 52% higher than in buses
operating in the city (the average in the group was 45 ppm). Copper in the engine is used,
among others, in rings and bushings, while iron, as the main structural element in the
engine, is used in cylinder liners, the crankshaft, rolling bearings and valves [30]. When
comparing two intervals in both intercity buses, a high content of iron and copper was
observed in their first intervals from a new status, which in this case indicated the process
of the running-in of these engine components. In the next interval, there was a significant
decrease (by 80%) in the content of this element, although it was still at a high level when
compared to other buses that were operated in urban conditions (the average in the group
of city buses was 0.9 ppm). In the remaining cases of city buses, it was difficult to capture
the trend and direction due to the large differences between individual intervals. However,
in terms of exceeding the manufacturer’s recommended oil mileage, it was observed that
in the group of city buses, the average iron content was 50 ppm. Thus, the iron content
was 22% higher than that in the cases of vehicles in which the o0il was changed before the
assumed interval (average in the group 39 ppm). Table 7 presents the concentrations of the
abrasive metals and additives in the tested oils.
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Table 7. Concentrations of abrasive metals and additives in the tested oils.
Sample Data Abrasive Metals Additives
Operating Overal Mileage  Mileage on Oil Cu [ppm] Fe [ppm] P [ppm] Zn [ppm] Ca [ppm] S [ppm]
Condition Sample Code [km] (km] X + SD X+ SD X+ SD X 4 SD X 4 SD X + SD
PD489IA 30,000 30,000 170 4+ 0.58 114 £+ 0.58 844 + 12.12 1164 + 0.58 1062 + 6.43 2414 + 10.15
Intercity PD489IA_2 60,000 30,000 33.2+0.21 76.73 £ 0.80 896 £ 6.11 1206 £ 2.08 1114 £ 3.79 2574 +£12.10
PD310IA 28,524 28,524 155.67 + 0.58 95.08 £ 0.24 840 + 18.25 1158 + 3.06 1026 + 4.93 2352 £9.50
PD310IA_2 62,000 33,476 32.24 +0.24 92.26 +0.23 879 +5.77 1215 + 2.65 1112 +1.53 2450 + 25.24
PD496HG 213,000 30,000 1.2 +0.09 41.18 £ 0.56 908 + 26.03 1202 £+ 1.53 1104 + 4.58 2663 + 18.93
PD496HG_2 242,000 29,000 1.16 £ 0.06 39.85 £ 0.24 919 + 23.12 1226 + 0.58 1115 4+ 3.00 2659 £ 6.11
PD724HF 185,000 26,000 0.88 4+ 0.06 41.16 £ 0.32 841 + 31.90 1125 + 1.53 1004 + 6.66 2481 + 19.40
PD724HF_2 220,740 35,740 0.94 £ 0.05 51.3 +0.33 834 £13.75 1116 £1.73 978 £1.15 2360 £+ 4.04
City PD587HG 220,900 31,900 1.62 £ 0.01 47.16 £ 0.38 924 + 24.01 1231 + 2.65 1116 + 3.79 2707 £ 18.33
PD587HG_2 248,000 27,100 1.33 £ 0.06 43.02 +£0.32 870 +4.73 1211 +1.53 1027 +4.16 2454 + 5.69
PD654GN 295,000 34,000 0.67 £ 0.03 58.12 £0.11 862 £ 10.02 1147 £ 0.58 1032 £ 3.61 2558 £+ 18.52
PD654GN_2 354,777 30,777 0.63 = 0.11 51.67 £ 3.60 824 + 12.06 1132 +1.53 1014 + 25.71 2540 £ 17.01
PD382GY 252,200 18,275 0.61 £+ 0.03 28.4 +0.29 936 + 5.86 1187 + 0.58 1117 + 12.49 2781 + 18.45
PD382GY_2 285,000 35,000 0.88 £ 0.05 43.63 £ 0.08 871 +17.62 1164 + 0.58 1027 + 8.74 2486 + 7.55

X—arithmetic average, SD—Standard deviation
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Figure 9 shows the percentage changes in additives for the tested intervals of indi-
vidual vehicles. Calcium is used as a detergent in oils to neutralize acids and keep the
engine clean. The largest decrease in calcium content in the oil between the first and second
intervals was observed in the PD382GY city bus. For intercity buses, all the elements
responsible for oil additives increased between the first two intervals from the new status.
This can be explained by the use of oil refills and the low operational mileage of the tested
vehicles. Zinc and phosphorus are multifunctional additives used for anti-wear, anti-seize,
anti-friction, anti-corrosion, and antioxidant properties. The largest decreases between
intervals in these elements were also observed in the PD382GY city bus. Moreover, this
bus showed the highest increase in iron content between the two intervals. The PD496HG
and PD724HF vehicles had the most stable changes. Sulfur, on the other hand, is found in
mineral oils as a component of oil bases. Due to this, it is present in almost all oils, but in
varying amounts. Along with phosphorus, sulfur is a component of most additives that
increase wear and corrosion resistance. It is often combined with calcium and zinc. Once
again, the largest decreases between intervals in the sulfur content were observed in the
PD382GY city bus.

10%

5% 6%
5% 5%
4% 19:9061%
0% -

0%-1% 3%
5%

HP ®mZn mCa =S

0
o o

-8.7% -8.8%
£=10% e
— -12%

-5%

-10%

changeshbetween oil intervals [%)]

-15%
PD489IA PD310IA PD496HG PD724HF PD587HG PD654GN PD382GY

intercity city

Figure 9. Changes in additives between oil intervals.

3.4. Engine Oil Degradation Processes

In the further part of the analysis of the oils, they were assessed regarding the degree
of oxidation, nitro-oxidation, and sulfonation, and their values are presented in Table 8.

Figure 10 shows an image of the spectra in the area responsible for nitro-oxidation
(wavenumber ~1630 cm~!) and oxidation (wavenumber ~1720 cm~!). The average con-
tent of this parameter for the group of city buses was 0.107 [abs/0.1 mm], while look-
ing through the prism of the recommended mileage by the vehicle manufacturer, buses
that exceeded the assumed interval were characterized by a nitro-oxidation degree of
0.140 [abs/0.1 mm] which was 47% higher than in the cases of buses that followed the
recommendations. Moreover, the lowest level (0.047 [abs/0.1 mm]) was recorded by the
oil from the vehicle marked PD496HG_2 with an oil mileage of 29,000 km, while the sec-
ond best result was 0.049 [abs/0.1 mm] for the PD382GY vehicle with a low oil mileage
compared to the rest of the samples (18,275 km). Moreover, it was also observed that oil
samples from intercity buses with the highest amount of soot did not show any problems
with nitro-oxidation (the average in this group was 0.016 [abs/0.1 mm]. The highest level
(0.237 [abs/0.1 mm]) was observed for the second oil interval in vehicles marked PD724HF
and PD382GY. This is another signal of a strong correlation with the results obtained in the
blotter spot test, presented in Table 6. These two oils showed a significant problem in the
areas of nitro-oxidation. The third worst result turned out to be the oil from the first interval
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of the vehicle described above, i.e., PD724HF, while the problem with nitro-oxidation was
not proven for the first interval of the PD382GY vehicle. When combining this issue with
the number of oil refills made during operation, the assessment of the situation becomes
more complex. The worst case of oil in terms of the nitro-oxidation parameter (PD382GY_2)
required three times more oil refills than in the first interval. Additionally, the last refill
before sampling took place in a shorter period of time (18 days) than in the case of the first
interval (66 days)—which would indicate that the oil should remain in a better condition.

Table 8. Concentrations of abrasive metals in the tested oils.

Op ereft%ng Sample Code Overal Mileage Mileage on Oil Oxidation Nitration Sulfonation
Condition [km] [km] [abs/0.1 mm] [abs/0.1 mm] [abs/0.1 mm]
PD489IA 30,000 30,000 0.147 0.017 0.145
PD489IA_2 60,000 30,000 0.151 0.016 0.150
Intercity PD310IA 28,524 28,524 0.122 0.013 0.119
PD310IA_2 62,000 33,476 0.185 0.019 0.173
PD496HG 213,000 30,000 0.211 0.070 0.190
PD496HG_2 242,000 29,000 0.207 0.047 0.179
PD724HF 185,000 26,000 0.249 0.150 0.215
PD724HF_2 220,740 35,740 0.330 0.227 0.267
City PD587HG 220,900 31,900 0.212 0.071 0.195
PD587HG_2 248,000 27,100 0.215 0.054 0.191
PD654GN 295,000 34,000 0.228 0.087 0.202
PD654GN_2 354,777 30,777 0.214 0.088 0.196
PD382GY 252,200 18,275 0.171 0.049 0.146
PD382GY_2 285,000 35,000 0.318 0.226 0.254
. Oxidation Nitration
A Rel]height-0.237
N\ f
<

Wave numbers [cmfl]

Figure 10. FTIR spectrum—nitro-oxidation and oxidation levels in the tested oils.

After analyzing the levels of oxidation in the tested samples, it was found that there is
a similar relationship between the degree of nitro-oxidation and the oxidation level. The
most heavily oxidized oils were observed for the vehicle marked PD724HF in both tested
oil intervals (0.249 [abs/0.1 mm] for the first, 0.330 [abs/0.1 mm] for the second) and for
the second interval in the PD382GY vehicle 0.318 [abs/0.1 mm]. The average oxidation
degree in the group of intercity vehicles was 0.151 [abs/0.1 mm], which was 36% lower
than in the cases of the city buses (average 0.236 [abs/0.1 mm]). When comparing the
individual intervals in the tested vehicles, the largest difference in the degree of oxidation
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between the first and second was observed for the PD382GY bus (an increase of 46%),
while the smallest increase (an increase of 1%) was observed for PD587HG. In the group
of intercity buses, there was an increase of 3% for PD489IA, while for the second vehicle,
PD310IA, the increase between the first and second interval was 34%. In the group of city
buses, two cases of decreased oxidation were observed for PD496HG (—2%) and PD654GN
(—7%), respectively. The average oxidation degree for vehicles that exceeded the oil interval
assumed by the manufacturer was 0.260 [abs/0.1 mm], which was 19% higher than in
vehicles that met the recommended interval.

Figure 11 shows an image of the spectra in the area responsible for sulfonation
(wavenumbers ~1114 cm ™1, ~1150 cm ™!, ~1181 cm™!). The measured average sulfona-
tion content (the reading in ~1114 cm~!, plus the reading in ~1150 cm~!, plus the read-
ing in ~1181 ecm ™!, divided by 3) was 39% lower in intercity buses and amounted to
0.147 [abs/0.1 mm], while in city buses it was 0.204 [abs/0.1 mm]. The highest degree
of sulfonation (0.267 [abs/0.1 mm]) was observed for the PD724HF_2 bus operated in
urban conditions, while the lowest value (0.119 [abs/0.1 mm]) was observed for PD310IA
operated in intercity conditions. The average sulfonation degree for vehicles that exceeded
the oil interval assumed by the manufacturer was 0.223 [abs/0.1 mm], which was 25%
higher than in vehicles that met the recommended interval.

060 | pp310iA 112
1 PD310A22

D 4391A 1. Sulfonation
| PD489IA 212
PD 496HG 172

| PDSSTHG 112
1 PDS8THG 22 -

0401 pp 724 HF 1 \/ 2
: PD 724 HF 212 /

Absorbance

................................................

1400 1350 1300 1250 1200
Wave numbers [cm—1]

Figure 11. FTIR spectrum—sulfonation levels in the tested oils.

Figure 12 shows the percentage changes in the degree of oxidation, nitration, sul-
fonation, and iron between the tested intervals of the individual vehicles. The PD382GY
bus had the highest changes in oil degradation processes between the first and second
intervals. In this case, the degree of nitration in the second interval increased by 78%
compared to the first, the degree of sulfonation by 50%, and the degree of oxidation by
46%. Such large changes in oil degradation processes translated into an increase in the
engine wear visible in the iron concentration by 35%. The PD654GN and PD489IA vehicles
showed the most stable changes. However, a 49% reduction in the nitration degree, and
a reduction in sulfonation by 10% in the second interval was observed for the PD496HG
vehicle. During the first interval, 7 L of oil were added, while in the second interval, the
engine only required 3 L of oil. However, such a large decrease in the nitration degree in
the PD496HG vehicle did not transfer into a visible decrease in the iron concentration in
the oil (41 ppm in the first interval, 40 ppm in the second interval).
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Figure 12. Changes in degradation between oil intervals.

4. Conclusions

Comparative tests carried out on seven buses included in the vehicle fleet enabled an
accurate diagnosis of the degree of degradation of lubricating oils and the trend of changes
in their actual driving conditions. The search for the relationship between two successive
engine oil replacement periods allowed the conclusion that there are no grounds to extend
oil intervals in the tested vehicles.

In the group of city buses, exceeding the oil interval recommended by the manufacturer
resulted in entering a warning state for the oil viscosity parameter. However, the cases of
buses in which the assumed interval was maintained allowed them to remain in an accept-
able condition. The remaining oil parameters tested also showed that exceeding the mileage
of 30,000 km has a negative impact on the quality of the oil and the condition of the engine—
the soot content is 36% higher and the iron content is 22% higher than in the cases of vehicles
in which the oil was changed before the assumed interval. Also, the levels of oxidation,
sulfonation, and nitro-oxidation in this type of situation showed higher values—by 19%
for oxidation, 25% for sulfonation, and 47% for nitro-oxidation, respectively.

Chromatographic paper made it possible to differentiate the samples in terms of their
content of soot and large impurities. After comparing the paper test with the oil parameters
obtained in the FTIR tests and elemental XRF analysis, the high consistency of the results
was obtained. To sum up, the authors emphasize the high usefulness of the blotter spot
tests for the initial and quick determination of the quality of used oil, and recommend the
use of them regularly by service personnel.

During the research, it was found that there were significant differences between
the two oil change intervals, both in the same bus and between different types. These
differences were particularly noticeable in the group of city buses. Moreover, the authors’
hypothesis regarding the assumption of more difficult operating conditions for oil in urban
environments and, therefore, a greater degree of the degradation of its parameters, was
negatively verified in the presented research. The experimental results of rheological
parameters of engine oils used in intercity conditions indicate that it is necessary to either
verify the interval or change the type of oil for this group of vehicles. In all four cases, the
viscosity limits at 40 °C and 100 °C were exceeded.

Results obtained from two consecutive periods of changing the operating oil in the
engine give a broader perspective than relying on just one source of information. Results
obtained from single replacement cycles mark limitations in current practices relying solely
on time or mileage intervals.

The authors acknowledge the limited research on intercity buses and consider their
findings preliminary. They recommend conducting a more extensive study on engine
oil degradation that includes a larger sample of vehicles operating in both urban and
intercity conditions and adding an on-board diagnostic (OBD) data logger to vehicles’
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logger to provide valuable data on speed, engine operating temperature, load/altitude,
and operating time to confirm the conclusions drawn in this article.

5. Limitations

There are further research plans to use an OBD data logger to provide valuable data
on engine temperature changes in real operating conditions, as well as the engine operation
time, mileage, fuel consumption, average speed, and idle ratio. Because in the present work
the authors had limited data from the adopted procedure on actual working conditions,
correlating data from an OBD to anomalies in oil condition markers such as the degree of
oxidation or fuel dilution could lead to additional findings on oil aging phenomena.
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