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Abstract: The rheological, ignition, and tribological properties of lubricating oils diluted with
biodiesel were analyzed. The flash point trp, calculated cetane index CCI, density p, coefficient
of the temperature density change ¢, kinematic viscosity v, dynamic viscosity #, viscosity index VI,
and lubricity during a High-Frequency Reciprocating Rig (HFFR) test (x, y, WSD, and WS 4) and
lubricating conditions during an HFFR test (oil film resistance FILM and friction coefficient y) were
determined. The test was performed for the oil mixtures of the lubricating oil of the SAE 30 and SAE
40 viscosity grades, which were diluted with the biodiesel blend (D93B7—diesel oil with 7% v/v fatty
acid methyl esters, FAME) at concentrations of diesel oil in the mixture equal to 0% (pure lubricating
oil), 1%, 2%, 5%, 10%, 20%, 30%, 50%, and 75% m/m, respectively. The experiment confirmed the exis-
tence of clear relationships between the increase in the dilution of lubricating oil with tested biodiesel
blend and tgp, p, ¢, v, 17, and VI, and the deterioration of lubrication conditions. It is recommended to
take remedial action even in the case of low diesel oil concentration (<5% m/m) in the lubricating oil
due to tgp, v, and 7 changes. Simultaneously, the tests showed no significant effect on the lubricity
and the CCI. The critical contamination of oil with fuel in the range of 2-5% by weight, as indicated
in the literature, still allowed for a certain “safety margin” regarding these parameters. However,
when the concentration of diesel fuel in the lubricating oil exceeded 5-8% m/m, the deterioration of
the lubrication was expressed by a decrease in FILM and an increase in y was observed; hence, such a
contamination should be considered excessive. When the concentration of diesel fuel exceeds 10% by
weight, there is a serious risk of engine damage during operation.

Keywords: crankcase explosion; lubricating oil properties; oil dilution with distillation fuel; high-frequency
reciprocating rig; HFFR; mechanical wear; anti-wear properties; lubricity

1. Introduction

The issue of the impact of lubricating oil dilution with diesel oil with respect to an
increase in the explosion risk in the engine crankcase has not been clearly presented so far
in the literature. Crankcase explosions in trunk pistons and crosshead engines still occur;
thus, the subject remains topical [1]. The possibility of contamination of the lubricating
oil with the fuel supplying the engine primarily applies to trunk piston engines [2], where
the combustion chambers are directly separated from the crankcase by piston rings [3].
Damage to the rings results in exhaust gas, air, and fuel blowing into the crankcase.

There are two extreme approaches in the literature to the subject of lubricating oil
contamination by diesel oil, and the effects of this contamination on engine operation [4],
e.g., the seizing of bearings in the crank-piston system [5]. The first is the approach
presented in a paper published by Ferguson [6] and by CIMAC [7]. This procedure states
that the effects of diesel contamination in lubricating oil are negligible, even at high diesel
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concentrations in the lubricating oil. The second approach points to an increased risk of
engine seizure [8-10]. In some sources, 2-5% diesel content in the lubricating oil is an
alarming level and requires immediate maintenance [11,12]. Castrol [13] and some other
companies [14] report that dilution of lubricating oil with fuel exceeding 8% can result in
an explosion in the crankcase. However, neither approach is sufficiently well argued; a
holistic approach to the subject has not been presented.

Whereas the truth usually lies “somewhere in the middle”, the extreme approaches
of the above research groups do not reflect the actual situation. In an attempt to answer
the question regarding the existence of the influence of distillation fuel on the properties of
contaminated lubricating oil and the related impact of the lubricating oil contamination
with diesel on engine operation, research work has been undertaken. The outcomes of
the research, among others, are presented elsewhere (failure prevention methods [8], oil
volatility influence [15], oil rheological properties influence [16]).

Moreover, changes in the lubrication conditions of the elements of the tribological
systems pistons, piston rings, and cylinder liner may result in an increase in the temperature
of these elements and the formation of hot spots in the lower part of the cylinder liners,
which in turn contributes to the intensification of the oil evaporation and the formation of
oil mist in the crankcase. This aspect, in addition to mechanically generated mist, is one of
the factors leading to the formation of an explosive oil-air mixture in the crankcase; it is a
source of energy to initiate the ignition of this mixture.

Seizure of the tribologically coupled elements (here, the pistons, piston rings, and
cylinder liners) is associated with an excessive increase in the working surface temperature
(due to lubricating oil viscosity drop [5] or lubricating oil contamination [17]). Thermal
energy transferred via conduction is described, with a good approximation, by the Fourier
differential equation [18], i.e.,:

%~ —/\A VT-dA, (1)

where Q represents thermal energy (in units ), T signifies time (s), A is the thermal con-
ductivity coefficient (W/(m-K)), A is the heat transfer surface (m?), T is the absolute
temperature (K), V is the vector differential operator (nabla), and VT = grad T is the
temperature field gradient.

For steady heat flow through a flat wall, after integrating and changing the temperature
scale to relative temperature expressed in °C, Equation (1) has the following form:

o=y, @)

d
where Q denotes the heat stream (W), d is the wall thickness of the heat conductor (m), and
At is the temperature difference on both sides of the heat conductor (°C). For a steady flow
through the cylindrical wall of the liner (cylinder liner), Equation (1) becomes:

Q:ﬂm:qfx, )

d
In ( ﬁ )
where [ signifies the length (height) of the liner (m), 4; is the diameter of the cylinder liner
on the warmer side (m), d, is the diameter of the cylinder liner on the cooler side (m), and

Q is the unit heat stream (W/m?).
The unit heat stream of friction q (J/ (s:m?)) is described by the following formula [19]:

q=Cupp = Sgrit,s 4)

where Cy, denotes the average planning speed (m/s), p is the unit pressure (Pa), S¢/ is the
factor of proportionality, and y is the friction coefficient (—).
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The mathematical derivation of Equation (4) is presented in Appendix A.
The friction coefficient is defined as:
F
== 5
=5 ©)

where F is the friction force (N) and P is the pressure force (N). For a given tribological pair,
the heat stream delivered to surface A that rubs against surface B (made of any material),
according to the relations (2) and (3), will induce along this element the temperature
distribution t4 (°C)—tp (°C). The latter is defined by the following relationship [19]:

tA—tBZ%. 6)

In order for a seizure to occur on surface A, the surface must reach a melting tempera-
ture of to (°C) for which:
q
top —to = ~, 7
top 0 A ( )
where {( is a constant temperature of the surface B, which is equal to the surface of the
piston on the side of the gases, at approximately 350-450 °C. Taking the average value and

substituting Equations (4) into (7), the obtained formula for factor S, [19] is:
A
Sgr = pcm = ﬁ(ttop — 400) (8)

During a seizure, the material is plasticized, which forms welds between the irregular-
ities on the material surfaces and ultimately results in the bonding of the components or
their tearing and the transfer of material from one component to another (thermal prop-
erties of the materials [20], materials combustibility [21]). The limiting values of the S,
coefficient, calculated from Equation (8), are summarized in Table 1.

Table 1. S, values for selected material vapors (prepared based on [22]).

. . Coefficient of Dynamic . . o Thermal Conductivity Coefficient

Pair of Materials Dry Friction (—) Melting Point t¢op (°C) Coefficient A (W/(m -K)) Ser (W/m2)
Cast iron ~0.18 1200 55 0.245
Cast iron ’ 1200 55 0.245
Cast iron 0.18 1200 55 0.245
Steel ' 1400 40 0.221
Cast iron 0.08 1200 55 0.550
Chrome ' 1920 92 1.755
Cast iron ~0.10 1200 55 0.442
Molybdenum ' 2620 142 3.140

If the fuel in the oil worsens the wear conditions of the piston—piston rings-cylinder
liner system due to thinning of the oil film, then fuel contamination may be the cause of
engine seizure. Previous work [16] has indicated that when the diesel oil content in the
lubricating oil exceeds 10%, an oil film rupture occurs, which can result in increased wear for
the tribological couples, such as the bearings in the crank-slider system. At the same time,
given the decrease in viscosity and, thus, the deterioration of the lubrication conditions
and the reduction in the evaporation and ignition temperatures, one can conclude that
the synergistic interaction of these factors increases the risk of explosion in the engine
crankcase. Previous work [23] has presented a middle ground for the earlier-mentioned
extreme opinions regarding the impact of diesel oil contamination on engine performance
and, simultaneously, the obtained results show that diesel oil levels are above 10% when
oil film rupture occurs and can be classified as critical.
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The results also showed a clear relationship between the flash point and the rheological
indexes of the oil contaminated with distillate fuel at different contamination levels. In
the latter group of indicators, for the SAE 30 and SAE 40 oils most commonly used in
the lubrication systems of marine engines, the changes in density, kinematic viscosity,
dynamic viscosity, viscosity index, and the coefficient of temperature change in density are
analyzed and interpreted in the context of increased contamination of the lubricating oil
with diesel oil.

Simultaneously, in [23], an analysis of the selected quantities describing the tribological
properties of the mixture is carried out, namely, the results of the mixture’s lubricity tests
that are performed with the use of a High-Frequency Reciprocating Rig (HFFR). At the
same time, additional parameters obtained during this test are analyzed. This includes
the percentage resistance of the oil film separating the samples (i.e., the FILM parameter
showing the change in the oil film thickness) during the lubricity test and the average
coefficient of friction of the samples that are separated by the tested liquid during the
lubricity test.

The determined results did not show a clear relationship with the lubricity. However,
they indicated changes in the value of additional parameters. Nevertheless, these values
for the coefficient of friction showed a significant increase at diesel oil concentrations above
10% m/m, and then decreased at high diesel oil concentrations (pure diesel oil). On the
other hand, the FILM parameter for the tested SAE 30 oil with contamination above 10%
m/m of diesel oil in lubricating oil decreased in the entire concentration range, while it
initially decreased and then increased its value for SAE 40 oil. Nevertheless, for both the
tested oils, when the diesel oil concentration was exceeded by 10% m/m, the value of the
FILM parameter did not reach the values obtained for the diesel oil concentrations not
higher than 10%.

The explanation for this effect may lie in the synergistic effect of the oil and diesel oil
components on the properties of the mixture of these two products. This may be related to
the interaction and the interplay of enriching additives in lubricating oils and additives
modifying diesel oil properties, which change, among others, the contact angle between
the liquid and the working element. In operating conditions, the contamination of the
lubricating oil with diesel oil (exceeding 10% m/m) is usually unheard of when the engine
is used and serviced properly. However, wanting to investigate the relationship between
the level of contamination of the lubricating oil with the diesel oil and the tribological
and rheological properties of such a mixture, additional tests were carried out with more
samples and a high diesel oil content in the lubricating oil. Simultaneously, pure diesel oil
is removed from the comparative analyses, as it differs significantly in its characteristics
when compared to the properties of the lubricating oil-diesel oil mixtures.

To clarify the nature of the changes in the lubricity of the lubricating oil with the
dilution of the lubricating oil with diesel oil, as indicated in [16], this article presents
a greater number of measurements, providing and analyzing lubricity test results for
mixtures over a wide range of diesel oil concentrations, namely, 0%, 1%, 2%, 5%, 10%, 20%,
30%, 40%, 50%, 75%, and 100% m/m of diesel oil. In addition to the WSD lubricity, the
corrected W51 4 lubricity and the baseline wear values in two orthogonal wear directions
(i.e., x and y) were provided to obtain a complete picture of lubricity. Additionally, in the
full range of concentrations, the relative percentage film thickness (FILM) and the average
friction coefficient y during HFFR tests were determined.

These studies also resulted in obtaining additional results regarding the ignition
properties. Previously, the calculated cetane index (CCI) values were determined only for
50% contamination of the lubricating oil and for pure diesel oil. The additional research
provided insight into the changes in the CCI parameter for the dilution of the lubricating
oil with diesel oil above 30—40% m/m of diesel oil content in the mixture.

Furthermore, this article provides a comprehensive assessment of all oil indicators.
In addition to the aforementioned characteristics of ignition and tribological properties,
the results of rheological indicators were also presented, including kinematic viscosity
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v, dynamic viscosity 7, density p, the temperature coefficient of density change ¢, and
viscosity index VI. All results were summarized, their variability was described, and the
correlation of their changes with the level of lubricating oil contamination with diesel oil
was presented.

The results of the experiment are included in Appendix B, with the comparative data
in the associated dataset obtained from earlier studies [24]. Slight differences in the data
indicate that these sources (for the same measurement points) result from a slightly different
composition of the diesel oil used in the current experiment. Detailed information on the
lubricating oil and diesel oil used to produce the analyzed mixtures is presented in the
Materials and Methods section.

2. Materials and Methods
2.1. Analyzed Mixtures of the Lubricating Oil and Diesel Oil

In the experiments, the properties of the SAE 30 and SAE 40 lubricating oils were
tested using clean (0% diesel oil) and contaminated lubricating oil in the amounts of 1%, 2%,
5%, 10%, 20%, 30%, 50%, and 75% m/m diesel oil in the mixture. The Orlen Efecta Diesel
Bio (7% FAME) oil was used [25], which meets the requirements of the regulation “RMG
for liquid fuels” [26] and the ZN-ORLEN-5:2019 standard [27], and Emi/Agip Cladium
120 SAE 30 API CF and Emi/Agip Cladium 120 SAE 30 API CF lubricating oils meet the
viscosity requirements of the SAE J-300 classification [28]. The properties of the oils used
are listed in Tables 2 and 3.

Table 2. Properties of the diesel oil used in the tests.

Specification of Orlen Efecta Diesel Bio

Declared Value by the Manufacturers [8] Measured Value [16]

Cetane index

Initial boiling point
Boiling temperature range

Flash point (determined in a closed cup)
Auto-ignition temperature
(according to DIN51794:2003-05 [29])
Kinematic viscosity
(according to PN-EN ISO 3104:2021-03 [30])

Density

Relative vapor density

Cloud point

<51 52
75-180 °C 181 °C
92% vol. distils is 360 °C
36% vol. distils is 250 °C

62 °C 65 °C
approx. 240 °C
1.5-4.5 mm? /s (2.549 mm?/s) at 40 °C 2897 mm? /s at 40 °C
approx. 2151 mm? /s at 50 °C 2443 mm? /s at 50 °C

820-845 kg/m? at 15 °C
approx. 6 (air = 1)
—-8°C

835.81 kg/m3 at 15 °C

Cold filter plugging point
Residual ash (from 10% distillation rests)

—-28°C
0.010% m/m

FAME additives max. 7% v/v
Lubricity WD 4 415 um at 60 °C 213 um at 60 °C
Table 3. Properties of the lubricating oil used in tests.
Oil Specification Declared Value by the Measured Value [16]

Manufacturer [31-33]

Kinematic viscosity (according to

108 mm?2 /s at 40 °C

105.01 mm?2/s at 40 °C

EN ISO 3104) 12.0 mm? /s at 100 °C 11.72 mm?2/s at 100 °C
Viscosity index 100 99.3
Emi/Agip Cladium 120 SAE Base number 12 mg KOH/g
30 APICF Flgsh point 225 °C
marked in the open cup
marked in the closed cup 180 °C
Pour point —18°C
Density 895 kg/m3 at 15 °C 898.29 kg/m3 at 15 °C
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Table 3. Cont.

Oil Specification llzlleacrlle::fe;;ict:/.l i::e[;}:;l;]e Measured Value [16]
Kinematic viscosity (according to 160 mm? /s at 40 °C 159.90 mm? /s at 40 °C
EN ISO 3104) 15.7 mm?2 /s at 100 °C 15.21 mm? /s at 100 °C
Viscosity index 100 95.3
Emi/Agip Cladium 120 SAE Base number 12mg KOH/g
40 APICF Flash point 235 °C
marked in the open cup
marked in the closed cup 178 °C
Pour point —15°C
Density 900 kg/m? at 15 °C 898.44 kg/m3 at 15 °C

The rheological, tribological, and ignition properties were determined for each oil
sample. The flowchart outlining the procedure adopted for conducting the tests is presented
in Figure 1.

Rheological properties Ignition properties Lubricating properties

Figure 1. Research methodology adopted (description in text).

Laboratory tests were performed on behalf of the authors at the Center for Testing Fu-
els, Working Fluids, and Environmental Protection (CBPCRiOS) of the Maritime University
of Szczecin. Standardized measurement methods were applied. A list of standards and
procedures in accordance with which the tests were conducted are presented in Table 4.
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Table 4. Standards applied in laboratory tests.

Measured Parameter Standard or Procedure Applied
Flash point temperature (trp) PN-EN ISO 2719:2016 [34]
Calculated cetane index (CCI) ASTM D4737-21 [35]
Density (p) PN-EN ISO 12185:2002 [36]
Temperature density change (¢) PN-EN ISO 12185:2002 [36] and calculations
Kinematic viscosity (v) PN-EN ISO 3104:2004 [30]

L . PN-EN ISO 12185:2002 [36], PN-EN ISO 3104:2004 [30],
Dynamic viscosity (1) .

and calculations

Viscosity index (VI) ASTM D2270-10(2016) [37] and Anton Paar calculator
Lubricity (x, y, WSD, WS 4) ISO 12156-1:2018 [38]
Oil film resistance drop (FILM) Procedure implemented in PCS HFFR V1.0.3 apparatus
Friction coefficient (1) Procedure implemented in PCS HFFR V1.0.3 apparatus

For individual measured values that characterize the ignition, rheological, and tri-
bological properties, their correlation with the diesel oil content in the tested mixture of
the lubricating oil and the diesel oil (% m/m of the diesel oil) is determined. Pearson’s
correlation coefficient, rxy, is used for this purpose and is given by:

_ cov(X,Y)
N ox-Oy !

rxy (9)
where cov(X,Y) represents the covariance of variables X and Y, and ocx and oy are the
standard deviations of variables X and Y, respectively. The strength of the correlations

adopted in this article is interpreted in accordance with the assumptions presented in
Table 5.

Table 5. Assumed Pearson correlation coefficient interpretation.

The Value of Pearson’s Coefficient rxy Interpretation of the Relationship between Two Variables
0.000 < rxy <0.200 Very low correlation. No relationship.
0.200 < rxy < 0.400 Low correlation. The relationship is clear.
0.400 < rxy < 0.600 Moderate correlation. Significant dependence.
0.600 < rxy < 0.800 High correlation. Significant dependence.
0.800 < rxy < 1.000 Very high correlation. Very high-to-full dependency.

2.2. Ignition Properties of the Oil Diluted with Diesel Oil

According to EN IEC 60079-10-1 [39], the flash point of a material is the lowest liquid
temperature at which, under certain standardized conditions, a liquid emits vapors in a
quantity that is capable of forming an ignitable vapor/air mixture. If the substance tested
is the lubricating oil contaminated with the diesel oil in the amount of C (% m/m), the flash
point temperature trp can be provided as a function of the contamination of the lubricating
oil with diesel fuel, and the auto-ignition temperature decreases with the increasing value
of C [15].

As indicated in the literature recommendations, the flash point of lubricating oil
should not drop below ca. 180 °C measured in a closed cup [40] or ca. 220 °C. measured in
an open cup [41]. The results of the flash point measurement in the closed cup are usually
ca. 2040 °C lower than the results in the open cup [42].

In this experiment, the flash point was determined in accordance with PN-EN ISO
2719:2016 [34] in a closed cup using the Pensky—Martens method. To perform the test, the
Flashpoint Pensky—Martens Semi-Automatic apparatus was used (Walter Herzog GmbH,
Lauda-Konigshofen, Germany). According to the latest certification results of the apparatus,
the measurement accuracy is 0.10% and the repeatability is 0.10 K (0.10 °C) for the range
363.15-643.15 K (90-370 °C), while this accuracy is 0.35% and the repeatability is 0.05 K
(0.05 °C) for the range 268.15-383.15 K (—5-110 °C) [15].
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The second parameter, determined as part of the experiment, which provides the
ignition properties of the tested mixtures is the index describing the delay of the self-ignition
in test conditions, at a temperature higher than the so-called auto-ignition temperature.
Self-ignition is the spontaneous beginning of the combustion process of a substance without
the participation of an external source ignition, such as a flame or a spark. The auto-ignition
delay is defined as the time that occurs between the spray of the combustible substance
and the start of the combustion process after the auto-ignition has occurred. The indicator
that describes the self-ignition delay is the cetane number (or cetane rating), which is
determined using special CFR test engines. For marine fuels, it is assumed that a CN value
above 45 corresponds to very good ignition properties, while 4045 is good to very good,
35-40 is acceptable to good, 28-35 is bad to acceptable, 25-28 is very bad to bad, and below
25 is very bad or unfit for use.

Due to the cost of the apparatus, many indicators that describe the self-ignition
delay are used to accurately determine the cetane number, which is determined using the
dedicated test analyzers (derived cetane number, DCN) and the laboratory methods (cetane
index, CI, and calculated cetane index, CCI), and also the approximate calculation formulas
for residual fuels (calculated ignition index, CII, and calculated carbon aromaticity index,
CCAI) [43]. In this experiment, the determination of the value of the derived cetane number
(DCN) [44,45] was not possible for mixtures of lubricating oils with diesel oil contamination
due to the technical limitations of the device and the flammability properties of mixtures
with a low content of diesel oil in the mixture.

The CCI index was chosen as the critical parameter, which is determined in accordance
with the ASTM D4737-21 standard based on the volatility of the substance [46] and is
described by the withdrawal temperatures of 10%, 50%, and 90% v /v of the test mixture
during distillation [35]. The CCI indicator is interpreted analogously to the CN [43] and
is determined in accordance with the mentioned standard based on the four-variable
equation [35], i.e.,:

CCI = 45.2 +0.0892-(t;9 — 215) + {0.131 + 0.901.[e~35(015-085) _ 1]} (55 — 260) + {0.0523 — 0.420-

735 (P15=085) _1]1.(tg9 — 310) + 0.00049-[(t19 — 215)*— (t99 — 310)

] £107:[e35(157085) _1] 4 60-  (10)
635 (P15-085) _ 1]2,

where p15 (g/cm?) is the density at 15 °C and t1g, tsp, and tog (°C) are the 10%, 50%, and
90% recovery temperatures, respectively.

In previous experiments, the determination of the CCI for mixtures of lubricating oil
and diesel oil was possible only for mixtures with a content of diesel in the lubricating oil
equal to or greater than 50% m/m [16], which results from the complex composition of
the lubricating oils that are not a pure mixture of hydrocarbons (they contain a number of
enriching additives). In this experiment, due to the increase in the number of measurement
points, an attempt was made to determine the CCI value for a larger number of measure-
ment points. CCI values were determined for the contents of 30%, 40%, 50%, and 75%
m/m diesel oil in blends with SAE 30 grade lubricating oil and 40%, 50%, and 75% m/m
diesel oil in blends with SAE 40 grade lubricating oil. The tests were performed using
the Flashpoint Pensky—Martens Semi-Automatic apparatus mentioned above (from Walter
Herzog GmbH, Lauda-Konigshofen, Germany).

2.3. Rheological Properties of the Lubricating Oil Diluted with Diesel Oil

Rheology deals with the deformation of materials and their flow under the action of
forces. Viscosity is the basic parameter that describes the fluidity of fluids. It is a property
of fluids and plastic solids that characterizes their internal friction resulting from the sliding
of fluid layers relative to each other during a flow [47]. The dynamic viscosity (absolute)
7 (mPa-s) is a measure of fluid resistance to dynamic loads [48]. Dynamic viscosity # is
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calculated as the product of kinematic viscosity v (mm?/s) and fluid density p (kg/ m®) ata
given measurement temperature t, so that:

1= oo )

Viscosity is the most important quantity that characterizes fluid friction since it is
responsible for separating the cooperating surfaces in friction conditions [49]. To create
appropriate conditions for the cooperation of the tribological nodes, it is therefore necessary
to maintain the viscosity above a certain minimum value [50]. Bearing in mind that
the oil in the engine is selected for the expected engine operating conditions and the
assumed load range, the use of the correct oil in accordance with the engine manufacturer’s
recommendations should ensure effective engine operation [19].

As indicated in the literature recommendations, the kinematic viscosity of lubricating
oil in reference temperature (40 °C or 100 °C) should not change more than —10% to
+10% [51] for caution and —20% to +30% [40] for a problem indication (alarm level) in
relation to the viscosity of fresh oil.

In contrast, the seizing of the sliding parts may occur in the case of an excessive
decrease in viscosity, which may occur as a result of the dilution of the lubricating oil with
diesel oil, contamination of the lubricating oil with water, or excessive overheating of the
oil (i.e., the thickness and viscosity of the oil decrease with increasing temperature) [42].
However, it must be noted that contamination does not always affect visible changes in
viscosity [52]. To determine the dynamic viscosity, the kinematic viscosity and the density
of each sample were measured. The kinematic viscosity of the individual samples in
this experiment was determined in accordance with PN-EN ISO 3104:2004 [30] using a
Cannon-Fenske Opaque glass capillary viscometer (from Paradise Scientific Company Ltd.,
Dhaka, Bangladesh) and a TV 2000 viscometric bath (from Labovisco bv, Zoetermeer, the
Netherlands). The measured kinematic viscosity values were used to calculate the viscosity
index [53] and the coefficient of temperature change in density [54].

The accuracy of the temperature setting is £0.01 °C, while the accuracy of the vis-
cosity measurement is 0.1 mm? /s (data verified based on the calibration reports of the
device) [16]. The density of individual samples in this experiment was determined in accor-
dance with PN-EN ISO 12185:2002 [36] using a DMA 4500 density analyzer (from Anton
Paar GmbH, Graz, Austria) with oscillating U-tube performing measurements. The accu-
racy of the temperature setting is 0.02 °C, while the accuracy of the density measurement is
5% 1072 g/cm? [16].

2.4. Tribological Properties of the Lubricating Oil Diluted with Diesel Oil

Lubricity is a complex property of both oil and solids that operate under boundary
friction conditions in the presence of oil. It characterizes the behavior of the lubricant
during boundary friction [55]. It is a measure of the oil’s ability to form a boundary layer
as a result of physical and chemical adsorption [55]. Boundary layers ensure a reduction
of friction resistance and protection against excessive wear of cooperating elements of
friction pairs [16]. This is particularly important in relation to the tribological pairs that
are characterized by low relative speeds of the cooperating elements, high loads, and high
operating temperatures, such as the sliding bearings of marine engines [56].

Lubricity depends on the properties of the oil and the contacting materials, their
surface condition, load, contact geometry, movement, and many other factors. Lubricity
is approximated using tribometers (tribotesters [57] and methods for lubricating oils [58]
and biofuels [59]), in which the destruction of the surface layer is performed in model-
controlled conditions. One commonly recommended method for determining the lubricity
of lubricating and diesel oils is to measure the multiplicity of the average diameter of
the wear trace of a test piece; this is achieved using a High-Frequency Reciprocating Rig
(HFFR). The method used, as an element for assessing the usability of the distillate fuels, is
recommended by many standards, e.g., 450/2000 [60].
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Measurements in this experiment were conducted with a tribometer model HFFR
V1.0.3 (from PCS Instruments, London, UK). The device performed measurements in
accordance with ASTM D 6079 [61] and PN-EN ISO 12156-1 [38]. The size of the wear
mark was performed using a standard optical (metallurgical) microscope with vertical
illumination HFR2 (from PCS Instruments, London, UK). Basic technical data relating to
the set used in the experiment are presented in Appendix C.

A sample of the test liquid is positioned in the test reservoir at a specific temperature
(here, according to ISO 12156-1 [38], this is 60 °C) determined by the bath. The HFRR appa-
ratus uses a steel ball that is loaded against a stationary steel plate; it is fully submerged in
the test liquid. The load provided in the device is 200 g. During the lubricity measurement,
the ball is positioned into high-frequency oscillations, while maintaining constant contact
with the steel plate. The schematic diagram of the device is shown in Figure 2.

MmoBE

13 - 3 6
[:H @ | .

12 | ] ]

10
8 8

Figure 2. Schematic of the HFFR apparatus (own elaboration): 1—test ball, 2—test plate, 3—oscillating
rod, 4—test fluid reservoir, 5—test mass, 6—heating bath, 7—support, 8—controllable base,
9—elastic lock, 10—main frame, 11—elastic connector housing, 12—electromagnetic vibrator,
13—counterweight, and 14—force transducer.

After the ball surface wear test, the diameter of the wear mark is measured in terms
of a value that determines the lubricity of the tested lubricant under model conditions.
Measurement of the size of the wear mark is performed using one of two methods, either
using a digital camera or a visual observation. The details of the measurements are found
in the dedicated ISO 12156-1:2018 standards [38] or ASTM D 6079 [61].

The uncorrected mean wear scar diameter WSD (um) is defined as the mean value of
the wear scar dimension x (um) and y (um) when measured perpendicular and parallel,
respectively, to the direction of oscillation, so that:

xX+y

D= 12
WS > (12)

This value does not consider the temporary conditions in the laboratory; there-
fore, in practice, the corrected value WS 4 (um) is used, which is defined at a pressure
p =1.4kPa [62]. The WS; 4 parameter is a standard measure of the lubricity used in the
description of diesel fuel systems [55].

To determine the value of WS 4, in addition to finding the size of the wear trace WSD,
it is also necessary to measure the temperature t; (°C) and humidity h; (%) of the air in the
laboratory room at the beginning of each testing procedure and the temperature ¢, (°C) and
humidity hy (%) of the atmosphere at its conclusion. The absolute vapor pressures at the
beginning of the test, AVP; (kPa), and the absolute vapor pressures at the end of the test,
AVP;, are determined according to the following formulas [63]:

1705.984
8.017352— -

750 ’

hy-10

AVP = (13)
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The parameters AVP; and AVP; are used to calculate the average absolute vapor
pressure during the AVP test (kPa) as a result of the arithmetic mean, meaning that:

hy-10

AVD, = (14)

AVP; + AVP,

AVP =
2

(15)
The final corrected value of the wear trace (lubricity) WS 4 is calculated according to
the following relationship [63]:

WS4 = WSD + HCF-(p, — AVP), (16)

where p;, denotes the reference pressure equal to 1.4 kPa and HCF is the proportionality
factor equal to 6015, for unknown fuel samples. The required measurement accuracy is
indicated in the mentioned standards. Accuracy is determined by repeatability, i.e., two test
results obtained by the same operator with identical apparatus under constant operating
conditions acting on identical test materials produce the same result. Reproduction would
also be required for two single and independent results obtained by different operators
working in different laboratories on identical test materials.

The repeatability for measuring liquids at 60 °C in accordance with ASTM D 6079 [61]
is 80 um and for ISO 12156-1 [38] it is 50 pm, when using the digital camera method
and 70 um for the visual observation procedure. Moreover, the reproducibility for the
measurements of the liquids at a temperature of 60 °C in accordance with the ASTM D 6079
standard [61] is 136 um, while for ISO 12156-1 [38] it is 80 um for the digital camera method
and 90 um for the visual observation procedure. The process in this test method has no
bias because the lubricant is not fundamental and does not have the properties of the test
liquid and, thus, it is evaluated in terms of this test method [61]. With this in mind, it can
be assumed that this experiment (for the measurement of lubricity) requires a repeatability
of >50 um and a reproducibility of >80 pm.

The HFFR apparatus, in addition to measuring the WS 4 value, enables the determina-
tion of the average value of the sliding friction coefficient y and the FILM parameter, which
describes the reduction in percentage for oil film resistance during the test. The coefficient
of sliding friction for the kinetic friction is the ratio of the friction force F to the force P
of the body on the ground (i.e., another body) during the mutual sliding motion of these
bodies, i.e., Equation (5).

The values of the friction coefficient strongly depend on the type of cooperating
surfaces (materials, processing, etc.), the substance separating them (the lubricating oil
in this case), and the impurities between the cooperating bodies and many other factors.
The thickness of the oil film and its quality is found using the FILM parameter, which
is determined by the electrical contact potential (ECP) measurement. This is a measure
of the contact resistance (i.e., the oil film resistance). The contact resistance circuit in the
employed device applies a potential of 15 mV to the stabilizing resistor with a default
resistance value of 10 () and a series sample contact resistor. The stabilizing resistance is
set by the control software. The HFFR apparatus, after the test, provides the value of the
percentage reduction in the oil film resistance value according to the relationship:

Ri-Ry oo |Ui=Us)|

FILM =
Rq Uy

1100, (17)

where R; (Q2) and R; (Q) are the oil film resistance values at the beginning and end of the
oil lubricity test, respectively, and U; (mV) and U, (mV) are the contact potential values at
the beginning and end of the oil lubricity test, respectively.

A decrease in the FILM parameter to a value that is equal to or close to zero indicates
the existence of metallic contact (i.e., oil film breakage) between the sliding surfaces. In
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addition, large values for the FILM parameter indicate a separation of the cooperating
metal surfaces [16].

3. Results and Discussion
3.1. Ignition Properties of Oil Diluted with Diesel Oil

The change in the value of the ignition temperature, alongside the change in the
composition of the mixture of lubricating oil and diesel oil, is shown in Figure 3. For both
tested lubricating oils, there is a direct relationship between the content of the diesel oil in
the mixture with lubricating oil and the flash point temperature. As the diesel oil content
in the mixture increases, the flash point decreases from approximately 180 °C for the pure
lubricating oil to 62.5 °C for 75% m/m diesel oil mixed with lubricating oil. In addition, for
both mixtures, a similar dependence on the effect of diesel oil in a mixture with lubricating
oil on the flash point temperature can be observed. The highest decrease in the flash point
temperature for both mixtures (by approximately 59%) can be observed in the first section
of the curve for the content of approximately 10% m/m of diesel oil in the mixtures, with
the additional part of the curves characterized by a slight smoothing. The content of 30%
m/m for the diesel oil in the mixture causes the flash point temperature to drop by as much
as 85% compared to pure lubricating oils.

—e—SAE 30 lubricating oil

SAE 40 lubricating oil

15 20 25 30 35 40 45 50 55 60 65 70 75
Lubricating oil contamination with diesel oil (% m/m)

Figure 3. Flash point temperature values as a function of mass fraction of the diesel oil in the tested
mixtures of lubricating oil and diesel oil.

Pearson’s correlation coefficient values for the measurements of ignition temperatures
and diesel oil content in the tested mixtures were ryxy = —0.870 for the SAE 30 oils and
rxy = —0.850 for the SAE 40 oils. In both cases, a very large negative correlation arose that
represents a very high dependence on the analyzed variables.

The values of the calculated cetane index, as a function of changing the composition
of the mixture of lubricating oil and diesel oil, are shown in Figure 4. For the SAE 30 oils,
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the lowest concentration of diesel oil in a mixture with lubricating oil (for which tests were
possible) is 30% m/m diesel oil for the SAE 30 viscosity grade oil mixtures and 40% m/m
diesel oil for SAE 40. For both tested lubricating oils, there are slight fluctuations in the CCI
values, i.e., in the range of 47.8-52.4 for the SAE 30 oil mixtures and 49.2-52.1 for the SAE
40 oil mixtures. It can therefore be assumed that the changes in the auto-ignition delay in
the analyzed range of the diesel oil concentrations in the tested mixtures are insignificant,
and that all the tested mixtures are characterized by excellent ignition properties.

SAE 30 lubricating oil ~ —e—=SAE 40 lubricating oil

40 45 50 55 60 65 70 75
Lubricating oil contamination with diesel oil (% m/m)

Figure 4. Calculated cetane index (in accordance with the ASTM D4737-21) as a function of the mass
fraction of diesel oil in the tested mixtures of the lubricating oil and diesel oil.

The confirmation of the lack of a visible functional relationship between the obtained
CCI values and the diesel oil content in the tested mixtures with lubricating oils arose
due to the large discrepancies in the values of Pearson’s correlation coefficient for these
variables, namely, rxy = 0.694 for the mixtures of lubricating oil of viscosity grade SAE 30
and rxy = —0.322 for SAE 40.

Thus, in accordance with the previously adopted criteria for assessing the correlation,
there is a highly positive correlation for the mixtures of SAE 30 lubricating oil and a
low negative correlation for SAE 40. The reason for this outcome is the small number
of measurement points for the tested indicator (i.e., 4 points for SAE 30 oil mixtures and
3 points for SAE 40 oil mixtures) and the small differences in the value of the ACCI < 5 index
in the entire analyzed range of the diesel oil concentration variability, from 30% m/m diesel
oil in mixtures with SAE 30 and 40% m/m with SAE 40 to 75% m/m diesel oil in the
mixture with lubricating oil.
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3.2. Rheological Properties of the Lubricating Oil Diluted with Diesel Oil

The basic rheological index that is found during the experiment is the dynamic vis-
cosity, which is determined based on the measurement of the kinematic viscosity and
density. To discover the variability of these parameters with a change in the temperature,
the viscosity index is additionally determined based on the values of kinematic viscosity at
40 °C and 100 °C, and the coefficient of temperature density change found for the density
of the tested mixtures at 15 °C and 100 °C.

Figure 5 depicts the density values of the mixtures of SAE 30 and SAE 40 lubricating
oils with diesel oil, which depend on the mass concentration of the diesel oil in these mix-
tures. The density values are measured at a standard temperature of 15 °C and the reference
temperatures for dynamic viscosity values of 40 °C and 100 °C. All the characteristics show
the nature of the relationships as a function of the concentration of the tested mixture.
According to the properties of lubricating oils and fuels, the density decreases with increas-
ing temperature. The characteristics of the mixtures of SAE 30 and SAE 40 lubricating oil
are very similar; the difference in the density values between these mixtures at a given
measurement temperature and for a given concentration (for the tested ranges) does not
exceed 3.16 kg/m?3. This applies to mixtures with a content of diesel oil in a mixture with
lubricating oil of 75% m/m at a temperature of 40 °C.

—e—SAF 30 mixes @ 15°C
SAE 40 mixes @ 15°C

\_‘\‘ —e—SAE 30 mixes @ 40°C

T—— ——SAE 40 mixes @ 40°C

W‘\ SAE 30 mixes @ 100°C
. SAE 40 mixes @ 100°C

15 20 25 30 35 40 45 50 55 60 65 70 75
Lubricating oil contamination with diesel oil {% m/m)

Figure 5. Density values of the tested mixtures of the lubricating oil and diesel oil as a function
of the mass fraction of the diesel oil in the tested mixtures of the lubricating oil and diesel oil at
measurement temperatures of 15 °C, 40 °C, and 100 °C.

Pearson’s correlation coefficient values for the measurements of the density and the
diesel oil content in the tested mixtures for all three measurement temperatures were
rxy = —1.000. Thus, in all six cases, a very high negative correlation occurred, which, in the
case of such a high absolute value of rxy, should be interpreted as a complete relationship.
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The values of the coefficient of temperature density change ¢ determined for the
density at 15 °C and 100 °C of the tested mixtures of lubricating oil and diesel oil, as a
function of the mass concentration of diesel oil in the mixture, are presented in Figure 6.
The coefficient £ quantifies the decrease in the density of the mixture when heated by 1 °C.
For both mixtures of the lubricating oils for the SAE 30 and SAE 40 grades, an increase in
the value of the coefficient is observed in the range between 0.61 and 0.69 kg/(m?-K) as a
function of the rise in the content of the diesel oil in the mixture with the lubricating oil.
The values of coefficient ¢ for both mixtures are similar, while the addition of 10% m/m of
diesel oil in the mixture causes an increase of this factor by approximately 15% and for the
addition of 30% m/m, this factor is escalated by approximately 38% compared to the pure
lubricating oil (for SAE 30 or SAE 40).

—e—SAE 30 |ubricating oil

SAE 40 lubricating oil

15 20 25 30 35 40 45 50 55 60 65 70 15

Lubricating oil contamination with diesel oil (% m/m)

Figure 6. Values of the temperature density change for the temperature range of 15-100 °C of the
tested mixtures of the lubricating oil and diesel oil as a function of the mass share of the diesel oil in
the tested mixtures of the lubricating oil and diesel oil.

Pearson’s correlation coefficient values for the determined values of the ¢ coefficient
and the diesel oil content in the tested mixtures were rxy = 0.993 for SAE 30 lubricating
oil mixtures and rxy = 0.996 for SAE 40. In both cases, a very high positive correlation
arose. Here, an increase in the diesel oil content in the mixture resulted in an increase in
the e coefficient, which, in the case of such a high value, should be interpreted as a very
high-to-full dependence.

Figure 7 depicts the values of the kinematic viscosity v of the mixtures of SAE 30 and
SAE 40 lubricating oils with diesel oil, which depend on the mass concentration of the
diesel oil in these mixtures. The values of v are measured at the standard temperatures of
40 °C and 100 °C. All the characteristics show the nature of the relationships as a function
of the concentration of the tested mixture. According to the properties of lubricating oils
and fuels, the kinematic viscosity decreases with increasing temperature. At 40 °C, the
kinematic viscosity of the SAE 30 lubricating oil mixtures decreases from ~105 mm?/s to
~5 mm?/s, and for the SAE 40 oil mixtures, from ~160 mm?/s to ~6 mm?/s, which is a
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decrease in kinematic viscosity of almost 95% in both cases. At 100 °C, the viscosity of
the SAE 30 lubricating oil mixtures decreases from ~12 mm?/s to ~2 mm?/s, and for SAE
40 oil mixtures, from ~15 mm?2 /s to ~2 mm?2/s.

—e—SAE 30 mixes @ 40°C
SAE 40 mixes @ 40°C
SAE 30 mixes @ 100°C
SAE 40 mixes @ 100°C

15 20 25 30 35 40 45 50 55 60 65 70 75
Lubricating oil contamination with diesel oil (% m/m)

Figure 7. Values of the kinematic viscosity of the tested mixtures of the lubricating oil and diesel oil
as a function of the mass fraction of the diesel oil in the tested mixtures of the lubricating oil and
diesel oil at measurement temperatures of 40 °C and 100 °C.

Pearson’s correlation coefficient values for the measured values of the kinematic
viscosity v and the diesel o0il content in the tested mixtures were (for measurements at
40 °C) rxy = —0.904 for the SAE 30 lubricating oil mixtures and rxy = —0.884 for SAE
40. However, for measurements at 100 °C, rxy = —0.950 for SAE 30 and rxy = —0.940 for
SAE 40 were determined, which denote very high negative correlations (i.e., an increase
in the diesel oil content in the mixture results in a decrease in kinematic viscosity, which,
in the case of such a high absolute value of rxy, should be interpreted as a very strong
relationship).

Figure 8 displays the values of the dynamic viscosity 7 of the mixtures of SAE 30 and
SAE 40 lubricating oils with diesel oil, which depend on the mass concentration of the
diesel oil in these mixtures. The # values are measured at the standard temperatures of
40 °C and 100 °C. All the characteristics show a linear relationship as a function of the
concentration of the tested mixture, which results from the analogous relationships and the
nature of changes for the density and the kinematic viscosity. According to the properties of
the lubricating oils and fuels, the dynamic viscosity decreases with increasing temperature.
At 40 °C, the viscosity of the SAE 30 lubricating oil mixtures decreases from ~93 mPa-s to
~2 mPa-s, and for SAE 40, from ~141 mPa-s to ~5 mPa-s. However, at 100 °C, the viscosity
of the SAE 30 lubricating oil mixtures decreases from ~10 mPa-s to ~1 mPa-s, and for SAE
40, from ~13 mPa-s to ~mPa-s.
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Figure 8. Dynamic viscosity values of the tested mixtures of the lubricating oil and diesel oil as a
function of the mass fraction of the diesel oil in the tested mixtures of the lubricating oil and diesel oil
at measurement temperatures of 40 °C and 100 °C.

Pearson’s correlation coefficient values for the measured values of the dynamic viscos-
ity # and the diesel 0il content in the tested mixtures were rxy = —0.903 for SAE 30 and
rxy = —0.883 for SAE 40 when taking measurements at 40 °C. However, for measurements
at 100 °C, rxy = —0.948 for SAE 30 and rxy = —0.937 for SAE 40. In the four cases, a very
high negative correlation arose (i.e., an increase in the diesel oil content in the mixture
results in a decrease in kinematic viscosity, which, in the case of such a high absolute value
of rxy, should be interpreted as a very strong relationship).

Based on the kinematic viscosity values at 40 °C and 100 °C of the tested mixtures
of the lubricating oil and diesel oil, the viscosity index VI is calculated. The values of
this indicator, as a function of the mass concentration of diesel oil in the mixtures, are
shown in Figure 9. The viscosity index is a measure of a fluid’s change in viscosity relative
to the temperature change. The lower the viscosity index VI, the more the viscosity is
modified with the temperature change (i.e., it decreases with a temperature increase). For
both mixtures of the tested lubricating oils of SAE 30 and SAE 40 grades, an increase in the
viscosity index in the range between ~95 and ~160 is observed as a function of the rise in
the diesel oil content in the mixture with the lubricating oil.

Pearson’s correlation coefficient values for the determined values of the viscosity
index VI and the diesel oil content in the tested mixtures were ryy = 0.948 for SAE 30 and
rxy = 0.970 for SAE 40. In both cases, a very high positive correlation arose (i.e., an increase
in the diesel oil content in the mixture results in an increase in the viscosity index VI value,
which, in the case of such a high value, should be interpreted as a very strong relationship).
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Figure 9. Viscosity index VI values of the tested mixtures of the lubricating oil and diesel oil as a
function of the mass share of the diesel oil in the tested mixtures of the lubricating oil and diesel oil.

3.3. Tribological Properties of the Lubricating Oil Diluted with Diesel Oil

The values of the parameters that describe lubricity as a function of diesel oil concen-
tration in the tested mixtures of the lubricating oils and the diesel oil for mixtures of SAE
30 and SAE 40 lubricating oil are shown in Figures 10 and 11, respectively. Among the
analyzed parameters obtained at the HFFR station, the maximum value of the wear trace
in the direction parallel and perpendicular to the axis of the arm of the HFFR apparatus
(moving the sample in the x- and y-directions) is recorded, as well as the average wear trace
WSD and the normalized wear trace WS 4. Example wear traces obtained during the tests
are shown in Figure 12.

For the mixtures of both tested lubricating oils, the fluctuations of the values of all the
listed indicators that describe lubricity are visible. There is no clear trend for the changes,
and the lubricity values undergo changes of a relatively complex nature (i.e., periodic
increases and decreases in the values of the parameters describing lubricity). For mixtures
of diesel oil and lubricating oil SAE 30, these values range from 69 to 339 um, and for SAE
40, it is in the range of 89-245 pm.

The values of the maximum deviation of the lubricity, from the respective average
values, are close to the previously indicated values for repeatability and reproducibility.
The latter makes it possible to claim that the tiny differences in the lubricating properties
of the lubricating oils of the tested grades and the diesel oil are so slight that they cannot
be recorded and, thus, note the effect of the contamination of the lubricating oil with the
diesel oil on the deterioration of the lubricity of the cooperating elements of the tribological
pair separated by this oil acting as a lubricant.



Energies 2023, 16, 5056

19 of 30

HFRR wear scar length [um]

350

300

250

200

150

100

50

10

——X

WSD
Ws1.4

15 20 25 30 35 40 45 50 a5 60 65 70 75
Lube oil contamination with diesel oil (% m/m)

Figure 10. HFFR lubricant test results as a function of the diesel oil mass fraction in the tested
mixtures of the SAE 30 lubricating oil and diesel oil.

The confirmation of the lack of a visible functional relationship between the obtained
values of lubricity and the content of the diesel oil in the tested mixtures with lubricating
oils relates to the discrepancies in the values of Pearson’s correlation coefficient for these
variables and their relatively low values. For mixtures of SAE 30 viscosity grade lubricating
oil, the Pearson factors were rxy = 0.166 for x, rxy = 0.517 for y, rxy = 0.357 for WSD, and
rxy = 0.500 for WS 4, which corresponds to a very low-to-moderate correlation. Moreover,
for SAE 40, the Pearson coefficients were rxy = 0.034 for x, rxy = 0.550 for y, rxy = 0.265 for
WSD, and rxy = 0.617 for WSy 4, which corresponds to a very low-to-moderate correlation
to moderate/high.

The large discrepancy between these values, and the fact that half of the indices are
less than or equal to 0.500, proves that there is no clear trend for the changes. The latter
may indicate that lubricity is maintained at an approximately constant level, regardless of
the composition of the mixtures analyzed in the experiment.

The values of the mean coefficient of friction y, as a function of the mass concentration
of diesel oil in mixtures during the lubricity tests at the HFFR stand, are shown in Figure 13.
The coefficient of sliding friction is a measure of the ratio of the friction force to the pressure
force between the two cooperating (contacting) bodies in the mutual translational motion.
An increase in the coefficient of friction indicates a growth in the value of the friction
force [64]. In turn, the increase in these forces causes a growth in the temperature at the
interface of the cooperating bodies [65]. The local temperature rises within the crankcase
are referred to as hot spots; they are one of the elements of the oil mist formation [23] in the
crankcase space that, when concentrated inside an explosive area, may explode when in
contact with the elements when temperatures exceed the ignition temperature [66].



Energies 2023, 16, 5056 20 of 30

350

300
T 250
=
= /\
£
&
g 200 , \
; ~
Q
wy
s 150
(]
=
o
=
T 100 —e—x

+y
50 —WSD
WS1.4
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 FL
Lube oil contamination with diesel oil (% m/m)

Figure 11. HFFR lubricant test results as a function of the diesel o0il mass fraction in the tested
mixtures of the SAE 40 lubricating oil and diesel oil.
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Figure 12. Selected photographs of traces of wear on a moving component after an HFRR lubricity test
of SAE 30 lubricating oil mixes: (a) 100% SAE 30, (b) 99% m/m SAE 30 + 1% m/m DO, (c¢) 95% m/m
SAE 30 + 5% DO, (d) 90 m/m SAE 30 + 10% m/m DO, (e) 80% m/m SAE 30 + 20% m/m DO,
(f) 70% m/m SAE 30 + 30% m/m DO, (g) 60% m/m SAE 30 + 40% m/m DO, (h) 50% m/m SAE
30 + 50% m/m DO, (i) 25% m/m SAE 30 + 75% m/m DO.
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Figure 13. Mean coefficient of friction during the HFFR lubricity tests as a function of the diesel oil
mass fraction in the tested mixtures with SAE 30 and SAE 40 lubricating oil.

For both mixtures of the tested lubricating oils with SAE 30 and SAE 40 grades, an
increase in the value of the average coefficient of friction between the samples (separated
by these mixtures during the lubricity test at the HFFR stand) is observed. These values
increase as a function of the growth in the diesel oil content in the mixture with the
lubricating oil in the range between 0.139 and 0.175 for mixtures of SAE 30 and between
0.132 and 0.152 for SAE 40. For both grades of lubricating oil that are contaminated with up
to 10% m/m oil diesel, a slight change in the average friction coefficient (at approximately
1%) can be observed. However, for 30% m/m oil diesel in a mixture with a lubricating
oil of SAE 30 grade and 40% m/m for SAE 40 grade, it significantly affects the average
coefficient of friction, which causes increases of 5% and 11%, respectively.

Pearson’s correlation coefficient values for the determined values of HFFR mean
friction coefficient and the diesel oil content in the tested mixtures were rxy = 0.930 for
mixtures of SAE 30 lubricating oil and rxy = 0.940 for SAE 40. In both cases, a very high
positive correlation arose (i.e., an increase in the diesel oil content in the mixture results in
an escalation in the p value, which, in the case of such a high value, should be interpreted
as a very strong relationship).

The last of the parameters analyzed is the percentage value of the FILM oil film
resistance as a measure of the oil film thickness. The values of the FILM index, as a function
of the mass concentration of the diesel oil in the mixtures during the lubricity tests at the
HEFFR stand, are shown in Figure 14. With a full separation of the samples that cooperate
with the lubricant tested, the value of the FILM parameter is 100% and drops with a decrease
in the thickness of the oil film. For both mixtures of the tested lubricating oils with SAE 30
and SAE 40 grades, a reduction in the value of the FILM parameter is observed for samples
with increasing content of diesel oil in the tested mixture.
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Figure 14. Oil film resistance during the HFFR lubricant tests as a function of the diesel oil mass
fraction in the tested mixtures with SAE 30 and SAE 40 lubricating oil.

The values of the FILM parameter decrease as a function of the increase in the diesel
oil content in the mixture with lubricating oil in the range between 100% and 58% for
SAE 30 and between 100% and ~80% for SAE 40. Specifically, with the cooperation of the
tested tribological pair at the HFFR stand and for samples separated by a mixture of SAE
30 lubricating oil and diesel oil, with the diesel oil content in the mixture equal to 75%
m/m, the thickness of the oil film that separates the samples is reduced by 42% compared
to the film thickness for the cooperating tribological pair that is separated by pure SAE
30 grade lubricating oil. However, with the cooperation of the tested tribological pair at the
HFFR stand, and for samples separated by a mixture of SAE 40 lubricating oil and diesel
oil, with the diesel oil content in the mixture equal to 75% m/m, the thickness of the oil
film separating the samples is reduced by ~20% compared to the film thickness for the
cooperating pair separated by a pure SAE 40 grade lubricating oil.

Pearson’s correlation coefficient values for the determined values of the FILM param-
eter and the diesel oil content in the tested mixtures were rxy = —0.800 for SAE 30 and
rxy = —0.917 for SAE 40. In both cases, a very high negative correlation occurred (i.e., an
increase in the diesel oil content in the mixture results in a reduction in the value of the
FILM parameter, which, in the case of such a high value, should be interpreted as a very
strong relationship).

3.4. Aggregated Assessment of the Impact of Lubricating Oil Dilution with Distillation Fuel

Experimental studies of the effect of the distillation fuel on the ignition, rheological,
and tribological properties (Table 6) of the lubricating oil diluted with this fuel showed
that (in all the tested cases) no significant differences were found relating to the ability
of the tested oil mixtures to create a boundary layer; the task of the latter is to reduce
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friction resistance (Figures 10 and 11). However, with an increase in the concentration
of the oil diesel in the tested mixtures of diesel and lubricating oils of SAE 30 and SAE
40 grades (Figure 14), a decrease in the thickness of the oil film and an increase in the
coefficient of friction were observed. All the tested mixtures were characterized by very
good ignition properties. Moreover, indices such as the flash point, density, kinematic, and
dynamic viscosity showed a clear tendency to change with an increase in the dilution of
the lubricating oil with diesel fuel. In addition, the change in temperature density and
viscosity index increased with a growing dilution of the lubricating oil with the diesel oil.

Table 6. Evaluation of the correlation of the analyzed indicators for the composition of the tested mixture.

Properties

Parameter

Correlation with Diesel Oil Content in a Mixture
with Viscosity-Grade Lubricating Oil

SAE 30 SAE 40

Comment

Ignition

Flash point temperature

Very high functional dependence.
Flash point temperature decreases with
increasing concentration of diesel oil in
the tested mixture with lubricating oil.

Very high, negative Very high, negative

Calculated cetane number

No apparent dependency. Observable

slight fluctuations in value. All tested

mixtures can be classified as fuels with
very good ignition properties.

High, positive Low, negative

Density

Kinematic viscosity

Rheological

Dynamic viscosity

Very high, negative

Very high, negative

Very high-to-complete functional
dependence. The density and viscosity
of the mixtures decrease with
increasing concentration of diesel oil in
the tested mixture.

Coefficient of temperature

density change

Viscosity index

Very high, positive

Very high, positive

Very high-to-full dependency. The
coefficient of temperature change and
the viscosity index increase with
increasing concentration of diesel oil in
the tested mixture.

Lubricity

Very low to
moderate, positive

Very low to
high, positive

No apparent dependency. Fluctuations
in the values of parameters describing
lubricity are observed. All tested
mixtures can be classified as showing
good lubricity.

Tribological

HFFR mean friction
coefficient

Very high, positive

Very high, positive

Very high-to-full dependency. HFFR
mean friction coefficient increases with
increasing diesel oil concentration in
the tested mixture.

Relative thickness

(resistance) of the oil film

Very high, negative

Very high, negative

Very high-to-full dependency. The
relative thickness (resistance) of the oil
film decreases with increasing
concentration of diesel oil in the
tested mixture.

The parameters that are used to quickly diagnose the contamination of the lubricating
oil with diesel oil may include the ignition temperature, density, and viscosity (preferably
at the same time to exclude other factors that cause changes in these parameters, such as
oil contamination with water, wear products, the impact of bacteria and protozoa in the
operating fluids, oil aging, etc.). The use of these parameters to assess the degree of dilution
of the lubricating oil with the diesel oil provides the following relationships: an increase
in the oil diesel content of the mixtures with lubricating oil results in a decreased ignition
temperature (Figure 3), density (Figure 5), and viscosity (Figures 7 and 8).

4. Conclusions

Both in the case of SAE 30 and SAE 40 grade lubricating oil, diluting the lubricating
oil with diesel fuel brings about a series of unfavorable changes, including a decrease in
the thinning of the oil film and an increase in the coefficient of friction. In summary, based
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on the obtained experimental results, it can be concluded that the critical contamination of
oil with fuel in the range of 2-5% by weight, as indicated in the literature, still allows for a
certain “safety margin”.

Nevertheless, it is recommended to take remedial action even in the case of low diesel
oil concentration (<5% m/m) in the lubricating oil. This is confirmed by the fact that
the tested oils did not meet the recommendations regarding their physical and chemical
properties, such as the flash point already at the alarm level of dilution of lubricating oils
with diesel oil equal to 1% m/m (a significant decrease below 180 °C measured in a closed
cup was observed) and kinematic viscosity at the alarm level of oil dilution lubricating oil
equal to 5% m/m (a decrease in kinematic viscosity at 40 °C greater than 20% compared to
the value of fresh lubricating oil was observed).

If the concentration of diesel fuel in the lubricating oil exceeds 5-8% m/m, the fuel
contamination should be considered excessive and immediate remedial actions should
be taken (such as fixing leakage sources and replacing/refreshing the oil). When the
concentration of diesel fuel exceeds 10% m/m, there is a serious risk of engine damage
during operation (a visible thinning of the oil film occurs).

Symptoms of lubricating oil dilution with diesel fuel include changes in viscosity and
ignition temperature, and the causes of these symptoms should be diagnosed on a case-by-
case basis. The conducted research indicates the need to monitor the content of diesel oil
in the lubricating oil that, in the authors’ opinion, could be a preventive measure against
engine damage and should help ensure the reliable operation of the engine. This mainly
applies to crosshead engines, in which there is a direct threat of fuel entering the engine
crankcase. Especially significant is that the increasing value of the friction force (tested
when determining the friction coefficient during the lubricity test of the tested mixtures
of the diesel oil and lubricating oil) may contribute to the growth in the temperature of
the lubricated elements. This contributes to the formation of an oil mist in the crankcase
space. It may, therefore, cause an explosion in this system due to the abruptly increased
temperature of the elements, which may exceed the ignition temperature of the mixture.

This research has shown no significant differences relating to the ability of the tested
oil mixtures to create a boundary layer (lubricity). Moreover, the calculated cetane index
has not changed significantly. Both can be associated with the content of biodiesel used and
its complex composition, e.g., FAME have the ability to improve the lubricity of diesel oil.

Detailed research relating to various mixtures of oils with oil biodiesel blend impurities,
and the increase in temperature caused by the tribological processes in the crankcase of a
crosshead engine, will be the subject of further research by the authors. This future work
will concern, among others, a determination of the aggregated indicators for the effects of
dilution of the lubricating oil with diesel oil on the risk of engine damage or an explosion
in the engine crankcase.
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\Y vector differential operator (nabla)

A heat transfer surface

ay, ap,a3,and ag  proportionality factors

ASTM ASTM International standard (formerly American Society for Testing
and Materials)

AVP mean absolute vapor pressure

AVPy absolute vapor pressure at the beginning of the test

AVP, absolute vapor pressure at the end of the test

CBPCRiOS Center for Testing Fuels, Working Fluids, and Environmental Protection
(pol. Centrum Badania Paliw, Cieczy Roboczych i Ochrony Srodowiska)

CFR Cooperative Fuels Research, manufacturer of test engines

CCI calculated cetane index

Cin average planning speed

DCN derived cetane number measured (in accordance with the ASTM D 7668
standard [67])

d wall thickness of the heat conductor

dy diameter of the cylinder liner on the warmer side

dy diameter of the cylinder liner on the cooler side

DO diesel oil

ECN estimated cetane number

F sliding /friction force

FAME fatty acid methyl esters

FILM percentage drop in oil film resistance

HFFR High-Frequency Reciprocating Rig

l length (height) of the cylinder liner

P pressure force, normal force between the object and the surface

% unit pressure

Pr reference pressure

Ri, Ry oil film resistance at the beginning and end of the oil lubricity test

Ser product of planning speed and pressure values

T absolute temperature

t temperature measurement

vT temperature field gradient (grad T)

At temperature difference on both sides of the heat conductor

to temperature of the surface of the piston on the side of the exhaust gases

ta, tp temperatures of surfaces A and B

trp flash point temperature

TR friction force

top material melting temperature

Q thermal energy

Q heat stream

q unit heat stream of friction

Uy, Up electrical contact potential at the beginning and end of the oil lubricity test

W mechanical work

WS14 HFFR normalized wear scar diameter (lubricity)

WSD uncorrected average wear scar diameter

HFFR wear scar diameter perpendicular to the direction of oscillation

HFEFR wear scar diameter in a direction parallel to the direction of oscillation.
coefficient of change in the density of the substance when heated by 1 °C
thermal conductivity coefficient

dynamic viscosity of a fluid

friction coefficient

=S > 00w R
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kinematic viscosity of a lubricant
o lubricant density
T working time

Appendix A. Mathematical Derivation of Relation between Unit Heat Flux and
Sliding Velocity

If two bodies, X and Y, are in contact and body X moves relative to body Y, mechanical
work is required to perform this motion (transferring energy to body X from an external
source). This relationship is described by the following equation:

W = Fs, (A1)

where F is the magnitude of the sliding force and s is the distance over which body X slides
on body Y.

Sliding motion requires the overcoming of frictional resistance TF, so the force F is
equal in magnitude to the frictional force between bodies X and Y. It has the same direction
as the force F but is opposite in sense (for the purpose of these calculations, we are interested
in the absolute value since work is a scalar quantity). Therefore, Equation (A1) can be
written as:

W = Tgs. (A2)

The sliding friction force can be described as:
Tgr = Py, (A3)

where P is the normal force exerted by body X on body Y and y is the coefficient of sliding
friction between body X and Y under the given operating conditions.
Next, by substituting Equation (A3) into Equation (A2), we obtain:

W = Pus. (A4)

If all the mechanical energy is converted into thermal energy Q, then Q = W. Therefore,
Equation (A4) can be rewritten as:
Q = Puyus. (A5)

If we divide both sides of Equation (A5) by time 7, we obtain:

4]0

S

The heat flux is defined as Q = % and the sliding velocity can be described as C;, = 2.
Therefore, Equation (A6) can be presented in the following form:

Q = CmPV' (A7)

By dividing both sides of Equation (A7) by the heat transfer area A (in units m?), which
corresponds to the contact surface area between body X and body Y, the heat flux Q (W)is
converted to the unit heat flux g4 = % with dimensions J/ (s-m?) = W/m?, and the force P
(N) is converted to the unit pressure p = % with dimensions Pa = N/m?. Furthermore, by
substituting using the relationship S¢r = Cy,p, we obtain the complete formula presented
in this article as Equation (4), i.e.,:

q=Cupp = Sgrit. (A8)
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Appendix B. Measurement Data Obtained in the Experiment

Table Al. SAE 30 grade lubricating oil mixtures.

Lubricating Oil SAE 30 with DO Mixes

Diesel Oil Content (% m/m)

0 1 2 5 10 20 30 40 50 75
Kinematic viscosity v @100 °C (mm?/s) 11.72 11.05 10.96 10.32 8.40 6.40 4.82 3.70 3.01 1.86
Dynamic viscosity #7 @100 °C (mPa-s) 9.91 9.33 9.25 8.69 7.04 5.32 3.97 3.03 2.44 1.48
Viscosity index VI (—) 99.3 97.3 97.6 1070 1115 1292 1222 1271 132.6 149.9
Density p @100 °C (kg/m?) 84542 84416 84391 84172 83807 83097 82449 81734 80972 79392
Cocfficient of temperature density 20 g4 0625 0627 0630 0639 0645 0662 0666  0.681
change ¢ (kg/(m’-K))
HFFR x wear scar diameter (um) 156 231 213 227 243 69 150 144 154 309
HFFR y wear scar diameter (um) 194 149 135 157 126 98 151 141 122 302
HFRR average wear scar diameter 1750 1900 1740 1920 1845 835 1505 1425 138.0 305.5
WSD (um)
HFFR normalized wear scar diameter 4, 19 173 205 197 100 188 178 152 339
(lubricity) WSq 4 (um)
HFFR mean friction coefficient u (=) 0139 0139 0139 0137 0138 0146 0146  0.149 0.150 0.175
HFFR oil film resistance FILM (%) 100 100 100 100 100 99 9% 97 97 58
Flash point temperature tFP (°C) 1800 1660 1600 1340  110.0 96.0 79.5 72.5 78.0 62.5
Cetane index Cllacc. ASTMD4737  N/A  N/A  N/A N/A N/A  N/A 47.8 50.4 52.4 515

Table A2. SAE 40 grade lubricating oil mixtures.

Lubricating Oil SAE 40 with DO Mixes

Diesel Oil Content (% m/m)

0 1 2 5 10 20 30 10 50 75
Kinematic viscosity v @100 °C (mm?/s) 1521 1505 1451 1290 1024 791 561 427 345 1.97
Dynamic viscosity 7 @100 °C (mPa-s) 1287 1272 1225 1087 858 658 463 349 2.79 157
Viscosity index VI (~) 953 949 952 965 1127 1258 1333 1352 1423 1611
Density p @100 °C (kg/m®) 84604 84545 84458 84243 83835 83213 82441 81743 81031 79348
Coefficient of temperature density 616 0613 0615 0620 0621 0628 0643 0651 0660 0684
change ¢ (kg/(m’-K))
HFFR x wear scar diameter (1um) 219 199 213 199 127 89 165 217 227 179
HFFR y wear scar diameter (jum) 132 105 131 152 138 112 126 176 123 177
HERR average wear scar diameter 1755 1550 1770 1755 1325 1005 1455 1965 1750 1780
WSD (um)
HFFR normalized wear scar diameter ¢ 151 173 176 141 107 192 245 191 227
(lubricity) WS; 4 (um)
HFFR mean friction coefficient jt (—) ~ 0.132 0134 0135 0133 0133 0136 0137 0146 0152 0152
HFFR oil film resistance FILM (%) 100 100 100 100 100 9 91 85 78 83
Flash point temperature tFP (°C) 178 160 150 132 100 93 775 755 74 62.5
Cetane index Cllacc. ASTMD4737  N/A  N/A  N/A N/A N/A N/A  N/A 492 52.1 189

Appendix C. HFFR Apparatus Data

Table A3. Technical data of the HFFR V1.0.3 and HFR2 set for lubricity measurement (prepared based
on refs [68,69]).

Parameter Value
Mechanical part
Oscillation frequency 10220 Hz
Oscillation pitch 20-2000 pm
Load (replaceable weights) 0-1.0kg
The maximum friction force depends on the amplitude 100N
Standard samples
Ball diameter (top sample) 6.0 mm
Plate diameter (bottom sample) 10.0 mm
Plate thickness (bottom sample) 3.0 mm
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Table A3. Cont.

Parameter Value

Temperature control and heater

Adjustment range 0-200 °C
Main temperature sensor Pt 100 in a stainless steel sheath
Alarm temperature sensor Pt 100 in a stainless steel sheath
Heating elements 2pcs, 24V, 15 W
Maximum temperature without additional heating ~120 °C above ambient temperature

Power supply and measurement system

The initial voltage of the polarization in the measurement

system of the electrical contact resistance of the samples 15my
Force measurement accuracy <0.35% of the measuring range
Main power 240V, 50 Hz, 400 W
Overcurrent protection 3.15 A, fuse, 20 mm
HFR2 microscope
Microscope magnification with standard lenses 100x
Microscope measurement resolution 1 pm
Supply voltage 240V, 50 Hz
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