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Abstract: This article presents research results on mechanically generated oil mists. The research
was carried out for oil mixtures for the Agip/Eni Cladium 120 SAE 40 API CF industrial and marine
engines diluted with diesel oil Orlen Efecta Diesel Bio at diesel oil concentrations of 2%, 5%, 10%,
20%, and 50% m/m. Pure lubricating oil and pure diesel oil were also tested. Droplet size distribu-
tions were determined for the reference moment at which residual discrepancies R between the
measurement data and the sprayed pure diesel oil calculation model obtained the lowest value. For
mechanically generated oil mists, the light transmission coefficient through the oil mist T, the spe-
cific surface area of the oil mist SSA, and the volumetric share of drops Dv(V%) for 10%, 50%, and
90% of the total volume of the generated oil mist were determined. The span of the volumetric dis-
tributions of droplet sizes SPAN, Sauter mean diameter Djs2;, De Brouckere mean diameter Dys3), the
volumetric and mass percentage of droplets with diameters <5 um (diameters necessary for a crank-
case explosion), the minimum difference between the measurement results, and the calculation
model used by the residual error measuring device were determined. The best fit in each measure-
ment cycle (the smallest R value was analyzed. For specific indicators, correlations with diesel oil
levels in the mixture were determined using the Pearson rxy linear correlation coefficient. Those
results confirmed an increase in smaller-diameter droplets, an increase in the number of droplets
with diameters up to 5 um, and an increase in the span of the oil mist droplet diameter distribution
with additional diesel oil. This confirmed a relationship between an increased lubricating oil dilu-
tion and an increased explosion risk in the crankcase.

Keywords: crankcase explosion; lubricating oil properties; oil dilution with distillation fuel;
mechanical spray generation; laser diffraction; oil mist particle distribution

1. Introduction

Combustion engines are the primary source of mechanical energy in transportation
and many industries, and are the primary movers of marine propulsion systems [1-3].
They also commonly supply marine generator sets [4-6]. Fire and explosions represent
threats to ships and offshore facilities during their operation [7-9]. The most dangerous
are explosions in the crankcases of internal combustion engines [10-12]. Such explosions
are very dangerous for engine construction and the environment (crew).
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The causes and analyses of crankcase explosions have received significant research
attention for quite some time [13-15]. This research was conducted alongside general ex-
plosion analyses [16-18]. One of the first people to analyze this subject was Minkhorst
[19], who, in 1957, published an in-depth literary analysis of crankcase explosions in the
context of a four-engine explosion on board the ocean liner m/v Reina del Pacifico on 11
August 1947 [20]. This explosion killed 28 people and injured 23 others. This event resulted
in the development and dissemination of the use of explosion valves and oil mist detectors
(OMD) [21]. Initially, these technologies mitigated the effects of possible explosions. How-
ever, people later began to think about the causes of explosions and how to prevent them.
Crankcase explosions that occurred in subsequent years were the subject of further re-
search [20]. Exemplary consequences are shown in Figure 1 [22].

Turbocharger

Steel
cladding

Qil mist
detectror

Crankcase

Figure 1. View of the main engine after a fire in the engine room that resulted from an explosion in
the crankcase of the An Tai Jiang ship (Hong Kong Marine Accident Investigation Section, 2009).

Figure 1 shows the selected effects of an explosion in the main engine crankcase of
the oil tanker An Tai Jiang on 9 January 2009. The explosion initiated a fire in the engine
room that spread to the accommodation spaces. Crew accommodations and the engine
room suffered severe damage. The explosion killed the third engineer and a motorman
inside the engine room, and another motorman was lost at sea after falling into the water.

Causes and prevention of crankcase explosions were addressed in several publica-
tions [23-25]. In Ref. [26], the authors reported the statistical analysis results of 99 explo-
sions (between 1972 and 2018) in the crankcases of main engines. This publication con-
firmed the continued topicality of the issue, and that despite the OMD protections in place,
they can happen.

Among the preventative methods to reduce the risk of crankcase explosions of trunk
piston engines is periodic testing of the lubricating oils based on ignition temperature and
oil viscosity changes as a way to rapidly detect dilution of the engine’s circulating lubri-
cating oil with distillation fuel [27]. The change in the flash point temperature of the se-
lected lubricating oils diluted with diesel oil is shown in Figure 2 (based on [28,29]). In
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contrast, the dilution of lubricating oil with diesel oil unquestionably affects these indica-
tors. Still, the effect of lubricating oil dilution on the explosion risk remains debatable [28].

SAE 40 grade lubricating oil (by L. Chybowski)
——Paraffinic base oil (by G. W. Ferguson)

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
Content of lubricating oil in the mixture (% m/m)

Figure 2. The flash point temperature change for selected mixtures of lubricating and diesel oils at
different lubricating oil concentrations in the mixture.

The publication of CIMAC (the International Council on Combustion Engines) Work-
ing Group 8 “Marine Lubricants” [30] entitled “Guideline on the relevance of lubrication
flash point in connection with crankcase explosions” concluded that “flash point testing
of lubricating oils as an accurate or early indicator of the potential risk of a crankcase ex-
plosion has not been proven, and so it is no longer recommended for this purpose”. Fer-
guson drew similar conclusions [29], and as a result of his experiment, despite the ignition
temperature decrease of the mixture with increased lubricating oil dilution, he stated that
the relationship between contamination of lubricating oil with diesel oil and the impact of
this contamination on the increased risk of explosion in the engine crankcase could not be
proven.

The conclusions drawn by CIMAC and Ferguson contradict observations made by
other authors [31]. Some reported that 2-5% of diesel oil in lubricating oil may be danger-
ous for the engine [32]. Hence, in our opinion, a holistic investigation of this topic is cru-
cial, especially considering that these conclusions are contradictory to others [33,34].

In Ref. [35], the direct impact of lubricating oil contamination with diesel oil on oil
volatility was presented. On the other hand, the authors confirmed a change in the rheo-
logical properties of lubricating and diesel oil mixtures [28]. At diesel oil concentrations
above 10%, the oil film of the tribological pair elements separated by the tested oil was
broken. The tests were carried out on a high-frequency reciprocating rig (HFFR). In order
to obtain a complete account of lubricating oil dilution impacts on the explosion risk, those
works were extended, following the assumptions of Ref. [36], with an analysis of lubricat-
ing and diesel oil particle mixture morphologies, and represents the subject of this article.

Therefore, the article supplements other publications by presenting the results of pre-
vious research on multi-aspect assessment of the contamination impact of circulating
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lubricating oil with distillate fuel and the impact of this contamination on the crankcase
explosion risk in a marine engine. In addition to previous analyses of the rheological, ig-
nition, and anti-wear properties of lubricating oils, this article presents the effect of lubri-
cating oil dilution by diesel o0il on the morphological characteristics of oil mist droplets
produced by the mixtures (study of structure and/or form of droplets [8-10]).

The activities of international institutions related to the safety of maritime transport
resulted in improved legal regulations surrounding the operational safety of marine en-
gines, which included minimizing the risk of explosion in the engine crankcase.

The guidelines included in the International Association of Classification Societies
(IACS) [37] and detailed regulations of individual classification societies are mentioned
here. The IACS guidelines for crankcase protection result from provisions in the SOLAS
Convention (Chapter II-1, Regulations 27-2 and 27-4) [38]. The IACS crankcase protection
guidelines are contained in unified requirements in sections M9 (revision 3, correction 2,
dated 2 September 2007) and M10 (revision 4, dated 4 July 2013).

IACS regulations state that marine engines with a rated power >2250 kW or a cylinder
diameter of >300 mm must be equipped with an oil mist detection system like an OMD, a
crank-piston bearing temperature measurement system, or other equivalent devices [37].
Slow-speed engines must be equipped with an alarm system and an automatic emergency
load reduction system SLD, whereas medium- and high-speed engines must be equipped
with an alarm system and an automatic emergency stop system SHD.

Currently, some new methods for bearing and crankshaft condition monitoring are
being developed [39-41], in addition to the application of automatic engine room fire de-
tection systems [42-44].

The content concerning the protection of marine engines is also detailed in the codes
developed by the International Maritime Organization (IMO) [45]. This applies to gas-
fueled engines and gas dual-fuel engines. According to International Gas Carrier Code
(IGC) guidelines, trunk piston engines fueled with gas and dual-fuel engines (gas and
liquid fuel) must be equipped with OMDs [46]. However, this applies to LNG carriers, not
all vessels equipped with gas or dual-fuel engines. Regulations for other ships equipped
with gas-fueled engines are listed in the International Code of Safety for Ships Using
Gases of Other Low-Flashpoint Fuels (IGF). Yet, this document only indicates the need to
assess the risk and apply appropriate safeguards if fuel enters the crankcase of trunk pis-
ton engines (in Ref. [11] in Annex 4). Specific guidelines may be more stringent, consider-
ing the regulations of a given country or a classification society [47].

Mist detectors work on an optical principle. The first OMD using light absorption
was introduced in the 1960s by British companies specializing in fire protection [48]. Cur-
rently, five manufacturers supply most detectors [49], and Figure 3 gives their market
share.

9%

14% ® Graviner
m Schaller Automation
Daihatsu
Specs
QM

30%

Figure 3. Percentage of market share for major suppliers of oil mist detectors (Hamied, 2016;
Chybowski, 2022).



Energies 2023, 16, 3915

5 of 30

The first devices were too sensitive and often generated false alarms, which caused
the engine room staff to mistrust their operation. The devices were subsequently im-
proved by introducing more reliable light sources and systems using nephelometric meas-
urements. Time measurements and oil mist detection were shortened significantly with
greatly improved accuracy. Current OMDs generate an acoustic and visual alarm at oil
mist concentrations between 1.25-2.00 mg/dm? (mg/L), i.e., well below the lower explosive
level of 47 mg/dm? (mg/L) [50,51].

Currently, there are two basic methods of oil mist detection based on the analysis of
a gas sample taken from the crankcase. These methods use sample (opaque measure-
ment), light absorption (visible or infrared), or the sample light scattering method (neph-
elometric detectors). Absorption was used in the first OMD by Graviner and Daihatsu and
is used currently in Visatron devices by Schaller Automation, while nephelometric detec-
tors are produced by Kidde-Graviner in the MK series and detectors manufactured by
Specs Quality Monitoring Instrument—QMI and Daihatsu, the MD-SX series.

Oil drops floating in the crankcase atmosphere have diameters ~200 um, and to pro-
duce a fine explosive mist [52], the droplets must have diameters between 5-6 um [53,54].
The lower explosion limit for a mixture of oil and air is 47-50 mg/dm? (mg/L) [55,56].

Oil mists form in the crankcase in one of two ways—thermally or mechanically [57].
A thermally generated mist forms at sufficiently high temperatures [58-60] when the
evaporating oil mixes with air and circulates in a closed volume inside the crankcase [61].
It condenses to form an aerosol at temperatures below the evaporation temperature [62].
Oil droplets in thermally generated mists typically have diameters between 0.1-10 um.
The heat source to generate engine crankcase mists comes from so-called hot spots related
to local overheating of engine components (seizing crank bearings [22,63,64], an external
heat source—fire in the engine room [11,65-67], and additionally damaged stuffing box
or fire in scavenging spaces in crosshead engines [10]). The intensity of oil mist generation
is affected by the hot spot temperature and the volatility of the oil itself. Figure 4 shows
the relationship between lubricating with diesel oil dilution and the mixture volatility in-
crease (boiling point reduction) presented in previous studies [35]. Those results showed
that the boiling point decrease in the lubricating/diesel oil mixture at higher lubricating
oil dilutions translated into additional evaporation of that mixture from the hot spot,
which increased the amount of thermally generated oil mist.
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Figure 4. Changes to the initial boiling point temperature for selected mixtures of SAE 40 lubricating
oil with diesel oil at different lubricating oil concentrations in the mixture (Chybowski, 2022).

The second method of crankcase mist formation is mechanical generation. This
method is analogous to spraying fuel through an injector [68]. This results in a wide range
of droplet diameters, with most above 10 um [69]. Mechanical mist generation in the
crankcase is primarily caused by the tribological piston—piston rings—cylinder liner sys-
tems. During operation, oil is extruded from between the cooperating elements of these
tribological pairs into the crankcase [70]. This comes from both pressure blow-offs from
the combustion chambers [71] (often associated with the poor technical condition of the
piston rings [72]) and oil extrusion resulting from the dynamics of the piston rings [73]
and their cooperation with the piston and cylinder liner [74] (the so-called oil pumping
through the piston rings [75]).

In both cases, the droplet size distribution from evaporation and atomization main-
tains an approximately constant tendency compared to differences in droplet size that de-
pend on the heater or atomizer distance, where the size distribution is recorded and ana-
lyzed [76,77]. Droplet size differences vary depending on the mist-forming substance
[52,53].

In accordance with IACS guidelines (M67 8.1.1.2 in Ref. [37]) on the OMD test, the
validation of oil mist detection devices must be carried out using single-grade SAE 40
mineral oil or its equivalent; the mist should have an average (or arithmetic mean) diam-
eter <5 um.

In practice, OMDs are often tested indirectly using a chemically generated mist with
a manual pump, e.g., ethylenediamine and acetic acid [78], using a manual pump or oil
mist of reference oil thermally generated by dedicated oil mist generators, e.g., by Schaller
Automation [57] or Concept smoke systems [79].

Thermal mist generators, however, produce mist with specific droplet sizes of liquid
suspended in the air, desirable for OMD testing. Moreover, such generators do not control
the average diameter size (or not very well) or the distribution of the droplet diameters in
the oil mist. Moreover, they usually do not allow testing small (analyzed in laboratory
conditions) amounts of liquids from which oil mist is generated.
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Mechanical generation of oil mist was chosen as it offers the best control of the oil
mixture to test mists with various dilutions of the lubricating oil with diesel oil. Moreover,
such an approach enables conclusions to be drawn from a comparative analysis of the
droplet size distribution produced from various liquids (lubricating and diesel oil mix-
tures with different component mass fractions) produced in the most similar conditions
in each measurement cycle.

The authors hypothesized that increased diesel oil contamination would increase the
share of droplets with smaller diameters. For this purpose, a stream of oil sprayed by the
injector was tested analogically to similar tests carried out for fuels [80]. The number of
droplets with diameters up to 5 pm, indicated in the IACS guidelines, was determined
[37]. This approach made it possible to draw conclusions regarding the relative changes
in the number of droplets of the desired size to initiate an explosion that depended on the
oil mist chemical composition when the lubricating oil and diesel oil types used in the
dilution were known. This approach determined the relative change in the characteristics
of the generated mist for different diesel oil levels in the lubricating oil.

2. Materials and Methods

Following the IACS guidelines, a single-grade SAE 40 viscosity oil [81] and quality
category API CD [82], intended for marine, traction, and industrial engines Agip/Eni Cla-
dium 120 SAE 40 API CF [83], was tested in accordance with IACS guidelines. Appendix
A contains the requirements for the lubricating oil used. Orlen Efecta Diesel Bio diesel oil
[84] diluted the lubricating oils and met the Regulation of the Minister of Economy re-
quirements for liquid fuels (RMG) [85] and the ZN-ORLEN-5:2019 standard [86].

Samples of pure lubricating oil, pure diesel oil, and lubricating oil contaminated with
2%, 5%, 10%, 20%, and 50% diesel oil in the mixture were analyzed. Of course, in typical
operating conditions, concentrations of diesel oil in the lubricating oil are usually low and
do not exceed 2-5% in practice, which some researchers consider requires preventive ac-
tion. Therefore, in response to some works [29,30] that stated that diluting lubricating oil
with diesel oil, even at high concentrations of diesel oil (e.g., 20% diesel oil), does not
increase the risk of explosion in the crankcase, an experiment was undertaken over the
full range of concentrations (from pure lubricating oil to pure diesel oil). Additionally, it
should be noted that the tests were carried out over the full range of diesel oil concentra-
tions in the lubricating oil, which aimed to capture certain regularities and determine the
relationships between the change of a given parameter and the content of diesel oil in the
lubricating oil. This approach enabled obtaining of a complete picture of cause-and-effect
relationships, and conclusions could be drawn for any other lower concentration or range
of diesel oil concentrations in the mixture, including content that does not exceed 30%.
For this purpose, the resolution of the tested samples was increased in the range of the
low concentrations (i.e., 0%, 2%, 5%, 10%, and 20% of diesel oil in the lubricating oil).
Concentrations above 10% m/m of diesel oil significantly exceed the amounts of contami-
nation of diesel lubricating oil encountered in standard operating practice. However, the
study aimed to determine the relationship between the oil mist droplet size distribution
and the amount of diesel oil in the mixture.

To fully determine the relationship between the lubricating oil dilution, the morpho-
logical characteristics of the oil mist particles, and the correlation between the mist droplet
size distribution and the amount of pure lubricating oil in the mixture, the mixtures were
tested over a wide concentration range. The selection of diesel oil concentrations was dic-
tated by the need to maximize the number of measurements at low diesel 0il concentra-
tions (occurring in operational practice), and to determine the nature of changes over a
broad concentration range. Therefore, high-level samples (20%, 50% m/m, and 100%—
pure diesel oil) of diesel oil were also tested.

The selection of measurement points sought to maintain interconnectivity between
these test results and previously published observations [35] and their rheological, anti-
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wear, and ignition properties [28]. This approach made it easier to draw broad conclusions
about the effect of diesel oil on lubricating oil properties.

The oil samples were heated to 80 °C to lower the viscosity of the liquid and ensure
spraying the samples by the injector on the test stand would produce an oil mist. Pure
lubricating oils and lubricating oil mixtures with low levels of diesel oil have high viscos-
ities at room temperature (in this case, 20 °C), which made it impossible for the injector to
spray samples at room temperature. The SAE 40 class oil mixtures at diesel oil concentra-
tions from 0-20% m/m analyzed at 40 °C had viscosity values between 40-160 mm?/s (cSt).

High viscosities prevented proper spraying and caused excessive pressure increases
in the injection system during testing, which could damage the injection pump. The vis-
cosity was lowered to avoid this damage, as in residual fuel injection systems, to the level
recommended by the engine/injection equipment manufacturer. For marine and indus-
trial engines, the recommended fuel viscosity (for high-viscosity fuels at a reference tem-
perature of 50 °C [87-89]) should be 10-15 mm?/s, which requires heating the fuel fed into
the engine (the so-called viscosity control system) [64,65]. To maintain similar injection
conditions for all samples during mechanical generation, the maximum oil viscosity fed
into the atomizer should not exceed 20 mm?/s, and the average kinematic viscosity of all
tested samples should be ~11 mm?/s (viscosity deviations from the average should not be
greater than +9 mm?/s). Such conditions were ensured by appropriately heating the oil
samples to 80 °C.

The physical and chemical properties of pure lubricating oil and diesel oil are pre-
sented in Tables 1 and 2, respectively.

Table 1. Manufacturer-declared and measured physicochemical properties of Agip/Eni Cladium 120
API CF lubricating oil used in tests.

Declared by the Manufacturer

Oil Specification [83,90,91] Measured Value [28]
Kinematic viscosity (according to 160 mm?/s at 40 °C 159.90 mm?/s at 40 °C
EN ISO 3104) 15.7 mm?/s at 100 °C 15.21 mm?/s at 100 °C
Viscosity index 100 95.3
Agip/Eni Cladium 120 Total base number 12 mg KOH/g
SAE 40 API CF Flashpoint (marl.<ed in the closed 935 °C 178 °C
crucible)
Pour point -15°C
Density 900 kg/m? at 15 °C 898.44 kg/m? at 15 °C

Table 2. Manufacturer-declared and measured physicochemical properties of Orlen Efecta Diesel
Bio used in tests.

Specification Declared by the Manufacturer [84] Measured Value [28]
Cetane index <51 52
Initial boiling point 75-180 °C 181 °C
Boiling temperature 95% vol. distils to 360 °C
range
Flfatshpomt (deterr.mned 556 °C 65 °C
in a closed crucible)
Autoignition tempera-
ture (according to approx. 240 °C

DIN51794:2003-05)
Kinematic viscosity (ac- 1.5-4.5 mm?/s (2.549 mm?/s) at 40 °C  2.897 mm?/s at 40 °C
cording to EN ISO 3104) approx. 2.151 mm?/s at 50 °C 2.443 mm?/s at 50 °C
Density 820-845 kg/m? at 15 °C 835.81 kg/m? at 15 °C
Relative vapor density approx. 6 (air=1)



Energies 2023, 16, 3915 9 of 30

Specification Declared by the Manufacturer [84] Measured Value [28]
Cloud point -7°C
Cold filter plugging _8°C
point

Testing results for oil mixture properties used are included in Refs. [22,27] and da-
tasets [66,67]. Density, kinematic viscosity, and dynamic viscosity of the mixtures at 80 °C
as a function of lubricating oil dilution with diesel o0il are shown in Figures 5-7, respec-
tively [92,93].
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790 \

Density at measurement temp. 80°C (kg/m3)
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100 90 80 70 60 50 40 30 20 10 0

Content of lubricating oil in the mixture (% m/m)

Figure 5. The density of the tested mixtures of SAE 40 oil and diesel oil at 80 °C.
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Kinematic viscosity at measurement temp. 80°C (mm?2/s)
Y] m\loouog

100 90 80 70 60 50 40 30 20 10
Content of lubricating oil in the mixture (% m/m)

o

Figure 6. The kinematic viscosity of the tested mixtures of SAE 40 oil and diesel oil at 80 °C.

Dynamic viscosity at measurement temp. 80°C (mPa-s)
~ 0 m\noouog

100 90 80 70 60 50 40 30 20 10
Content of lubricating oil in the mixture (% m/m)

o

Figure 7. The dynamic viscosity of the tested mixtures of SAE 40 oil and diesel oil at 80 °C.

Table 3 gives the measurement conditions and injector parameters.
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Table 3. External conditions and characteristic parameters during the measurements.
Parameter Value
Environmental conditions:
Room air temperature 20°C
Atmospheric pressure 1007 hPa
Injection parameters:
Injection pump WSK PRW3M-00 (PO1B.100S)
The maximum injection pump pressure 40 MPa
Measuring manometer class 0.6
The scale interval value of the measuring manometer 0.4
Atomizer type D1LMK 148/1
Injected liquid temperature 80 °C
Injector opening pressure 28 MPa
The set dose of the injected liquid 0.6 cm?
The time from opening the injector to conducting mor-
phology testing of the liquid droplet suspension in the 0.0748 ms

air

The crankcase atmosphere composition during the operation of a well-maintained
engine approximates the atmosphere of Earth. This applies to both two-stroke and four-
stroke engines, engines for liquid fuels, and dual-fuel engines powered by gas [57,94]. For
example, the air in the crankcase, depending on the load and engine type, had the follow-
ing composition [23,42]: 20.3-21.7% v/v Oz, 77.6-79.7% v/v N2, 1% v/v Ar, <0.7% v/v CO,
<98 ppm CO, <5 ppm Hz, <2.1% v/v hydrocarbons. With this in mind, spraying lubricating
and diesel oil mixtures took place using atmospheric air.

The tests were carried out using a test stand with the Spraytec STP 5000 —Open Spray
Zetasizer (Malvern Instruments, Worcestershire, United Kingdom) with an 11 CQ-CDL
detector apparatus (Malvern Instruments, Worcestershire, United Kingdom), shown in
Figure 8. The diagram is prepared based on [95]. Table 4 presents the technical data for
the test stand. The device measured the particle size in the spray. Specifically, it measured
the distribution of droplet sizes within a spray. Measurement involved the following steps
[95]:

e A previously prepared sample of the test liquid was sprayed using a high-pressure
pump and injector.

e The liquid was sprayed in the measurement zone between the Spraytec transmitter
and receiver modules.

e  The transmitter used a He-Ne (helium-neon) laser that passed through the spray in
the measuring zone.

e  Thelight detected was converted into electrical signals by a receiver that detected the
light diffraction pattern produced by the sprayed liquid.

e  The measurement results were processed and analyzed using dedicated Sprytec anal-
ysis software. The light diffraction pattern was analyzed using Mie theory [96,97] and
the Fraunhofer approximation [98] to calculate the spray size distribution.
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Table 4. Parameters of the measuring device.

Parameter Value

Instrument Spraytec STP 5000 —Open Spray
Operator Zetasizer
Detector 11 CQ-CDL

Method of measurement
Optical model

Aerosol concentration range

Light source

Laser-diffraction (small-angle scattering)
The Mie theory and the Fraunhofer approximation
Multiple Dispersion Correction System
Laser type He-Ne, 2 mW, 632.8 nm

Lens 300 mm
Particulate refractive index 1.46 +0.000i
Dispersant refractive index 1.00

Path length 9.1 mm
Scatter start 1
Scatter end 36
Multiple scatter On
Scattering threshold 1
Minimum size of particle 0.1 um
Maximum size of particle 2500 um
Measurement error <+1% for Dv(<50% v/v)
Trigger transmission <90%
Trigger delay -50 ms

w

(b)

Figure 8. The measurement apparatus used (Spraytec STP 5000 —Open Spray Zetasizer): (a) device
components; (b) measurement fundamentals: 1—laser, 2—light beam, 3 —collimating lens, 4—
tested oil mist, 5—auxiliary focusing lens, 6—beam power detector, 7—injector, 8 high-pressure
pump, 9—tank with the tested liquid.

Measuring the droplet size distribution in the mist generated by the fuel injector
D1LMK148/1 (PZL-WZM, Jawczyce, Poland) [99], powered by the PRW3M-00 high-pres-
sure pump (WSK, Krakow, Poland) [100], verified the initial hypothesis put forward for
different concentrations of diesel oil in the tested lubricating oil. The spray profile adopted
in the experiment and the dimensions of the sprayer are shown in Table 5. The cross-sec-
tion and atomizer hole arrangements are shown in Figure 9.
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Table 5. Oil mist spray profile and atomizer dimensions.

Parameter Value
Spray profile:
Type Nozzle spray
The offset of the center of the plume from the lens Z 165 mm
The offset of the center of the plume from the beam P 0 mm
The angle of the spray cone A 13°
The length of the spray cone B 40 mm
Direction of spray angle (0°—vertically upward, 180°—vertically down- 90°
ward)
The geometry of the atomizer slot:
Atomizer slot diameter do 0.34 mm
Atomizer channel length lo 1.2 mm
Atomizer channel ratio lo/do 3.53
Number of holes 3

(b)

Figure 9. The D1LMK148/1 atomizer: (a) cross-section in the open (left) and closed (right) positions;
(b) dimensions and locations of openings in the atomizer nozzle [99].

Each sample was subjected to five tests. Oil mist droplet size distributions were rec-
orded over the entire spraying period. The analysis occurred at time ¢ =0.0748 ms after open-
ing the injector, at which the lowest values of the average Sauter diameter were recorded for
pure diesel fuel (the highest stream atomization). To maintain a consistent relationship, all
measurements occurred at that time (a reference value). The analysis used measurement
data for a given lubricating/diesel oil composition for a measurement cycle characterized by
the most accurate matching of the calculated model with the measurement results (residual
R values). The measured data characterized by the lowest R were used and compared. The
summary of all experimental data is included in the associated dataset [93]. The R values for
each data cycle compared to each other are shown in Figure 10.
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Figure 10. The minimum difference between the measurement results and the calculation model
used by the measuring device for the SAE 40 and diesel oil mixtures.

Appendix B presents the mixture droplet size distributions. Cumulative values and
volume frequency of droplet diameter distributions for measurement cycles with the
smallest R are presented there. A preliminary analysis of the distributions mentioned
above showed that with additional diesel oil, the volumetric share in a mixture of droplets
with an average diameter and the span of the distribution increased (a decrease in the
maximum value of droplets with a diameter in the distribution mode) and the number of
droplets with small diameters increased (a shift of the volume frequency mode value to
the left). Detailed conclusions regarding changes in the droplet distribution in the oil mist
depending on diesel oil levels in the mixture were drawn based on the detailed distribu-
tion characteristics and described later in this article.

For the mechanically generated oil mists, the light transmission coefficient through
the oil mist T, the specific surface area of the oil mist SSA, and the volumetric share of
droplets Dv(V%) for 10%, 50%, and 90% of the total mist volume were determined. The
relative width of the volumetric distribution of droplet sizes SPAN, Sauter mean diameter
D32, De Brouckere mean diameter D3, and the volumetric and mass percentage of drop-
lets with diameters < the critical droplet diameter of 5 um were determined.

For specific measured values characterizing the morphology of the oil mist particles,
their correlation with the amount of pure lubricating oil in the mixture was determined.
Pearson’s rxy linear correlation coefficient was used for this purpose:

Txy = — 1

where: cov(X,Y)—variable covariance X and Y; ox and ov—standard deviations of the X
and Y variables, respectively.

Based on information in the literature [101,102], the strength of the correlation used
was interpreted using the assumptions presented in Table 6.
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Table 6. Assumed Pearson correlation coefficient interpretation.

P ¢ Coefficient
earson's myL-oetiicen Interpretation of the Relationship between Two Variables

Value
0.000 < rxy < 0.200 Very low correlation. No linear relationship.
0.200 < rxy < 0.400 Low correlation. The relationship is clear.
0.400 < rxy < 0.600 Moderate correlation. Significant relationship.
0.600 < rxy <0.800 High correlation. Significant relationship.
0.800 < rxy < 1.000 Very high correlation. Very high to full relationship.

Light transmission of oil mist T measures the amount of light that reaches the detec-
tor F (based on [95,103]):

T =2100 (%), @)
0

F

Particles block some of the light Fo upon introduction into the measurement area.
Measurement of T and determination of its possible correlation with the amount of lubri-
cating oil in the diesel oil mixtures allow determination of the diesel o0il contamination
impact on changes for oil mist detector indicators. Pure air has 100% transmission (no
spray present) and decreases as the spray concentration increases.

The specific surface area SSA is the total particle area A divided by the total volume
V' [104]. This figure assumes spherical and non-porous particles.

A
SSA==, 3
Z ®

Do(<10% v/v), Do(<50% v/v), and D+(<90% v/v) are droplet size percentile distributions
by volume, which indicate the maximum droplet size falling within 10%, 50%, or 90% of
the droplet sizes of the total mixture volume. The span of the statistical distribution of
droplet sizes in the mixture volume was determined using the following relationship [95]:

Dy (<90% v/v)-Dy(<10% v/v)

SPAN = Dy (<50% v/7) ’ 4)

According to the ISO 9276-2 standard and the moment-ratio notation, the general
definition of mean particle size is described by the following formula [105]:

1

= Zl‘v=1niDip p=q
Dip,q1 = ( ; ) ’ ®)

N .n4
Ei:j[nLDi

where: D—particle diameter, i —number of the size class with upper particle size xi, n—
number of particles in i-th size class, N—number of size classes.

There are a number of diameters with different applications depending on their def-
inition [106-108], including the number-weighted mean (arithmetic or linear) D0, sur-
face diameter Dp20, volume diameter D0, size-weighted mean size diameter Dy, size-
weighted mean area size diameter Dys1), surface-weighted (Sauter) mean D2, volume-
weighted (De Brouckere) mean Dpg, and volume-weighted mean area size Dys3). In the
analyses of combustion processes and fuel atomization quality, the Di32; [108,109] and Dys3)
[110,111] diameters are primarily used.

The Sauter mean diameter Dy32 is defined as the average particle size in terms of the
volume diameter Dva and the surface diameter Ds of the particle. For a single molecule,
Dv and Ds values are represented as:

Dyor = Dz o) = Y, (6)

Vs

Ay
Ds = Dpz,0) = \[?p, @)

where: Ap—external particle surface area, Vp—particle volume.
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The diameter averages are:

N .p3
5[3'0] = (Zi=1:lDz )3’ (8)
= Yt nDf : ©)
D = — ,
oo = (22
The Sauter diameter is described by the following relationship [81,82]:
=D _ %
Disz1 = 55 = 200 (10)
The average Sauter diameter is determined according to the following formula:
Dz = oo _ st mt] (11)

2] — - 7
(D[z,o])2 TiLyniDf

The De Brouckere mean diameter is the mean of a particle size distribution weighted
by the volume. This diameter is more sensitive to larger particles, which comprise the
largest sample volume. The following relationship determines the average value:

N 4
A _ Zi=1MiD;

Dpaz) = SN (12)

In order to relate the observations to the requirements of IACS, the mass fraction of
droplets with a diameter of less than or equal to 5 um with a total mass marked as %micr
in volume V of the oil to obtain an oil mist was also determined. The mass of droplets with
a diameter equal to or smaller than Dcrk= 5 um was calculated based on the registered
distribution of droplet sizes with different diameters:

D 5
%m(Deg) = p - %V (Deg) = § Jy €#vap =§ Jy K" vab, (13)
where: p—density of the oil at the measurement temperature, V—oil mist volume.

3. Results and Discussion

Figure 11 shows the light transmission of the mixtures. At diesel concentrations up
to ~20% m/m, light transmission fluctuated around the average of ~75%. After exceeding
25% m/m of diesel oil in the mixture, light transmission decreased.
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Figure 11. Light transmission of oil mist mixtures of SAE 40 and diesel oils.

The correlation between light transmission of the oil mist and the amount of pure oil
in the mixture was very high (0.854). Considering the decreasing nature of the functional
relationship presented in Figure 12, OMDs [55] used to protect marine and industrial en-
gines of both the absorption type [11] and the nephelometric type (accounting for the ad-
ditional reference sensor used) [112] should function seamlessly when monitoring the oil
mist level generated from lubricating oil contaminated with diesel oil. For high dilution
of the lubricating oil, leveling type OMDs [113] should theoretically generate an alarm
faster than for lubricating oils not contaminated with diesel oil. However, for comparator-
type OMDs [113], lubricating oil contamination should not affect the measured results.
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Figure 12. Volume concentration of oil mist droplets of SAE 40 and diesel oil mixtures.

The results of the analysis of light transmission through the oil mists were compared
with the volume spray concentration shown in Figure 12. Changes in concentration for
class oil mixtures ranged from 816 to 2938 ppm. At the same time, the spray concentration
nature changed in diesel oil concentrations up to 10% m/m and showed fluctuations.

The correlation between the volume concentration and lubricating oil levels in the
mixture had a high Pearson coefficient correlation (0.776).

The specific surface area SSA of the oil-air aerosols is shown in Figure 13. For diesel
oil concentrations up to 20% m/m, slight changes in SSA were observed from 0.01-0.05
m?/cm3. SSA values increased to ~0.14 for pure diesel oil above 20% m/m.
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Figure 13. The specific surface area occupied by particles of mechanically generated oil mist of SAE
40 and diesel oil mixtures.

For the SSA and lubricating oil concentration values in the diesel oil mixture, the
Pearson linear correlation coefficient was —0.974, indicating a very high negative correla-
tion, which indicated an SSA increase with a decrease in lubricating oil levels in the mix-
ture. In this case, the SSA increase reflects the diesel oil’s effect on the total droplet surface
increase in the mist.

Droplet diameters (distribution percentiles) with shares >10%, 50%, and 90% of the
oil mist mixture volume are shown in Figure 14. These percentiles show slight fluctuations
for diesel oil mixtures from 0-5 % m/m. For diesel oil levels above 5%, the percentiles of
droplet size volume distributions decrease up to 100% m/m of diesel oil. Figure 15 shows
the span of the volumetric distribution of SPAN droplet sizes in oil mixtures for all meas-
urements. SPAN values ranged from 0.5 to 3.2 and increased with added diesel oil.
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Figure 14. Droplet diameters >10%, 50%, and 90% by volume of SAE 40 and diesel oil mists.
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Figure 15. The span of the volumetric droplet size distribution of oil mist mixtures of SAE 40 and
diesel oils.

Changes in the D» value for mixtures directly confirm the increase in droplets with
smaller and smaller diameters, along with the decrease in the lubricating oil levels in the
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oil mist. The correlations of these relationships are Do(<10% v/v)—0.627, Du(<50% v/v)—
0.803 i Do(<90% v/v)—0.890. These correspond to a high correlation for D.(<10% v/v) and
very high correlations for D«(<50% v/v) and D«(<90% v/v).

Increases in the span of the droplet diameter distribution in the suspension was ob-
served. Bernoulli’s principle partly explains these results—the change in the flow velocity
of a given liquid from a nozzle of a given atomizer is inversely proportional to the square
root of the sprayed liquid density [88]. This relationship specifies that as the density of the
sprayed liquid decreases, the flow rate of the liquid from the nozzle increases in the
square. An increase in the speed of the liquid flowing out of the nozzle increases the share
of aerodynamic forces, forming vortices and wave deformations of the stream. All these
factors increase the atomization of the spray [114]. The Bernoulli equation applies to ide-
alized conditions in which the density of the fluid during the flow is constant, regardless
of pressure changes in the flow (incompressible fluid). In fact, we are dealing with a com-
pressible liquid.

As a supplement to the droplet volume distribution percentiles for Do(<10% v/v),
Do+(<50% v/v), and D+(<90% v/v), the mean Sauter diameters D32 and De Brouckere diam-
eters D32y were determined. Figure 16 shows those values. Diameter changes correspond
to the volume distribution percentiles of droplet sizes. Apart from insignificant fluctua-
tions observed in diesel oil levels up to 20% m/m, the average Sauter and De Brouckere
diameters decreased over all concentrations. The diameter change correlations with lubri-
cating oil levels were 0.633 for D32 and 0.818 for Dug3), high and very high correlations,
respectively.

SAE 40 - Sauter mean diameter D32 (um)

SAE 40 - De Brouckere mean diameter D43 (um)

80 70 60 50 40 30 20 10 0
Content of lubricating oil in the mixture (% m/m)

Figure 16. The mean Sauter and De Brouckere diameters of mechanically generated oil mist droplets
of SAE 40 and diesel oil mixtures.

Figure 17 shows the percentage share of droplets with diameters less than or equal
to 5 um in the atomized volume %V(D) and mass %m(D) of the oil mist. Those results
aligned with those presented in Figures 14-16. Decreases in the suspension droplet diam-
eters in individual volume fractions and decreases in the average droplet diameter in-
creased the percentage share of droplets with smaller and smaller diameters. For droplet
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diameters <5 um, ignoring slight fluctuations of diesel oil concentrations above 20% m/m,
changes showed increased character over the entire concentration range.
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Figure 17. The number of droplets with diameters <5 um in a mechanically generated oil mist of
SAE 40 and diesel oil mixtures.

Results indirectly showed that diesel oil dilution in the crankcase can be a problem
for engine operation and can indirectly generate a risk of explosion or intensify engine
component wear, contrary to what CIMAC presented [30].

The correlation between %V(D) and %m (D) values and the mixture composition used
to generate the oil mist was negative in this case, i.e., as pure oil concentrations dropped,
the share of droplets with diameter <5 pm in the generated oil mist rose. The Pearson
correlations (very high) for pure lubricating oil levels in mixtures with diesel oil were —
0.922 for % V(D) and —0.910 for %m(D).

The histograms listed in Appendix B are a part of reports generated by software that
supports the measuring device. The small height of the bars in the histogram for droplets
with a diameter below 5 um results from the low proportion of these droplets in the entire
volume of the tested oil mist. As seen in Figure 17, they are much smaller than the con-
centrations of droplets with sizes above 100 pm, and even 10 um (over 5% m/m diesel oil
in the mixture). However, on all histograms, the growing proportion of small droplets is
clearly visible, with an increase in the concentration of diesel oil in the mixture with lubri-
cating oil.

The required detailed data for the histograms are provided with the associated da-
tasets, in which interested readers can find detailed information regarding the unit partic-
ipation and cumulative participation of droplets of different sizes. Droplet size distribu-
tions (despite their similarity at first glance) are not normal distributions, as both the log-
arithmic scale and the asymmetry of the histograms with respect to the mode contradict
this notion. Moreover, the mode of the normal distribution always occurs for the value of
the independent variable, where the distribution’s cumulative function (here, cumulative
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volume) equals 0.5 (here, 50%). In each of the seven histograms, the independent variable
(here, particle diameter) for the mode and the cumulative function does not overlap—
hence, these are not normal distributions. The most commonly used distribution for char-
acterizing the size of droplets in sprays is the Rosin-Rammler distribution [17], which
could also be applied in this case. This distribution is a form of the Weibull distribution.
The authors did not fit a statistical distribution, nor did they determine its parameters
because, in our opinion, the specific indicators presented in this paper can better describe
the issues addressed in the article, including our main focus of interest. The latter was the
participation of droplets with the smallest diameters in the oil mist and the change in this
participation relative to changes in the mixture’s composition used to generate the mist.

4. Conclusions

These results confirmed the hypothesis that increased contamination of a lubricating
oil with diesel oil increased the share of droplets with smaller diameters in the generated
oil mist. The liquid chemical composition of the mixture also influenced the increase in
droplets with smaller diameters in the spray. This relates to increased volatility from ad-
ditional hydrocarbons with shorter carbon chains [115,116] and decreased viscosity (lower
friction forces inside the sprayed liquid) relative to pure lubricating oil [88].

A relatively small number of droplets with diameters <5 um in the mist volume re-
sulted from mechanical oil mist generation (relative to thermal generation). However,
when evaluating changes in the indices describing droplet size distributions (a compara-
tive assessment of relative values), more droplets with smaller and smaller diameters in
the suspension were observed with additional diesel oil in the mixtures.

Due to the detailed experimental data indicated in the article and associated datasets,
it can be assumed that the experiment can be successfully repeated and extended to other
mixtures (other types/grades of lubricating oils and fuels).

Future work should focus on analogous tests for thermally generated oil mists and a
way to combine both methods, which may require the construction of a dedicated oil mist
generator, especially for these tests. In addition, future work should test for other potential
contaminants in engine lubricating oils, such as residual fuels, refuse-derived fuels, and
biofuels of various origins. Such research could broaden the understanding of lubricating
oil components on engine component wear and the emergence of explosion and fire haz-
ards during operation.

Building a statistical model of the droplet size (i.e., represented by its diameter) de-
pending on the mixture composition and the spray production parameters may also be
the subject of future research.
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Abbreviations

Yom(D) the mass percentage of droplets with a diameter equal to or smaller D

% V(D) percentage by volume of droplets with a diameter equal to or smaller D

A total area of particles

CIMAC  the International Council on Combustion Engines

D particle diameter

do atomizer slot diameter

D32 Sauter diameter

D3 De Brouckere diameter

Ds, Dpoy  Surface diameter

Dv percentile of the volume distribution of droplet size (diameter)

Dvol, Dizop  volume diameter

F the amount of laser light reaching the beam power detector

Fo the amount of laser light emitted by the transmitter

HFFR high-frequency reciprocating rig

i number of the size class with upper particle size xi

IACS International Association of Classification Societies

IGC International Gas Carrier Code

IGF International Code of Safety for Ship Using Gases or Other Low-flashpoint Fuels
MO International Maritime Organization

lo atomizer channel length

n the number of particles in i-th size class

N the number of size classes

R the residual value of the fit between the measured and calculated scattering data
XY Pearson’s linear correlation coefficient of X and Y variables

RMG Regulation of the Minister of Economy on quality requirements for liquid fuels
SAE Society of Automotive Engineers

SAE 40 viscosity grades of lubricating oils according to the SAE J300-2021 standard
SHD engine shut down

SLD engine slow down

SOLAS International Convention for the Safety of Life at Sea

SPAN the relative width of the statistical distribution of droplet sizes in the mixture volume
SSA the specific surface area of the oil mist

t time, moment of data recording

T light transmission coefficient

v the total volume of particles

XY variables subjected to statistical analysis

p density of the tested oil mixture

ox, oY standard deviation of variables X and Y
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Appendix A. Tables

Table Al. The required oil properties in the case of SAE 40 viscosity grade following the SAE ]J300-
2021 engine oil viscosity classification (based on [81]).

in. Low-Shear-R . Low-Shear-R
Min. Low-Shear-RateMax. Low-Shear-Rate Min. High-Shear-

Kinematic Kinematic
. . . . Rate
Parameter ® Viscosity Viscosity . .
Viscosity (mPa-s)
(mm?/s) 2 (mm?/s) 2 2t 150 °C
at 100 °C at 100 °C
Test methods ASTM D445 or ASTM ASTM D445 or ASTM ASTM D4683, ASTM
nd referen D7042 « D7042 « D741, ASTM D5481,
and reterences or CEC L-36-90
SAE 40 12.5 <16.3 3.7

2a—1mPa's=1cP; 1 mm?/s=1 cSt.>— All values are critical specifications as defined by ASTM D3244
¢—ASTM D445 or ASTM D7042 bias corrected to ASTM D445.

Table A2. Characteristics of CF oils according to the API classification (based on [58,87]).

Backward API Cat
Category Engine Types Service Characteristics ac ‘(,sz;patibﬂ?t;gory
Category o.f engirTe oil.s inte.nftled. for Provides control of:
use in engines with direct injection . .
and other compression ignition en- piston deposits,
CF p gn piston, ring, and liner scuffing, CD

gines. Intended for off-road engines
that use fuel containing more than
0.5% sulfur.

wear and corrosion of copper-contain-
ing bearings.
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Figure A1. Droplet Size Distribution of the Oil-Fuel Mixture for Measurements with the Slightest
Error.
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