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ANALYSIS OF THE OPERATION OF

MARINE DIESEL ENGINES WHEN
USING ENGINE OILS WITH DIFFERENT
STRUCTURAL CHARACTERISTICS

The object of research is the process of lubrication of marine trunk diesel engines. The subject of research is
marine diesel engine oils, which provide lubrication, cooling and separation of friction surfaces.
The analysis of the operation of marine diesel engines using motor oils with dif ferent structural characteristics

is carried out. The studies are carried out on Yanmar 6EY18AL diesel engines of a Multipurpose Vessel class ship
with deadweight of 27540 tons. The objective of research is to determine the effect of the structural characteristics
of the oil layer (contact angle and thickness) on the performance parameters of a marine diesel engine and the
performance characteristics of the oil used in its circulating lubrication system. At the same time, the compression
pressure, the concentration of nitrogen oxides in the exhaust gases, and the temperature of the exhaust gases after
the cylinder are considered as the operating parameters of the diesel engine; as performance characteristics of the
oil — its Base Number, as well as its Wear and Contaminant Elements. The studies are carried out on two diesel
engines of the same type, in the circulating lubrication system of which oils with different structural characteristics
were used. Structural characteristics of the oil layer were determined by ellipsometry. The operational characteristics
of the diesel engine — using the Doctor diagnostic system. Oil performance — by spectrographic analysis. It has
been established that an increase in the contact angles of wetting and the thickness of the oil layer improves the
heat and power and environmental performance of a diesel engine. At the same time (for the period of operation
of diesel engines 500—1000 hours), the decrease in compression pressure in the cylinder slows down, the tem-
perature of gases after the cylinder decreases, and the emission of nitrogen oxides with exhaust gases decreases.

In addition, the wear of diesel parts and oil oxidation are reduced.
The information obtained in the course of the study on the structural characteristics of motor oils will provide
the possibility of their selection and further use of those that will contribute to a better maintenance of the opera-

tional performance of marine diesel engines.
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1. Introduction

Internal combustion engines (diesels) are the most com-
mon heat engines used on ships of sea and inland water
transport [1, 2]. Depending on the layout of the crank
mechanism, diesel engines are divided into crosshead and
trunk. Crosshead diesel engines perform the functions of the
main engines — they transfer their power to the propeller
and provide the ship movement. The effective power of
trunk diesel engines can be converted either into the rota-
tion of the screw, or into the rotation of the rotor of an
electric generator. In the first case, they (like crossheads)
are considered the main engines. In the second — auxiliary
and provide electrical energy to ship mechanisms, systems,
navigation equipment.

Crosshead diesel engines are installed on sea ships
with a deadweight of 10,000 tons and above, trunk diesel
engines (due to the fact that they ensure the operation
of electric generators) — on all ships, regardless of their
deadweight, class and purpose [3-5].

The functioning of marine diesel engines is provided
by the fuel system and air supply system (which provide
the combustion process), the oil system and fresh and
sea water cooling systems (which provide lubrication and
cooling modes), as well as the exhaust gas removal system.

Depending on the design, marine diesel engines have
two or one lubrication system. In crosshead diesel en-
gines (which operate on a two-stroke cycle), lubrication of
the cylinder group is provided by a lubricating lubrication
system; lubrication of the crankshaft, frame, crank, crosshead
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bearings, as well as piston cooling — by a circulation sys-
tem [6, 7]. In trunk diesel engines (which operate on a four-
stroke cycle), lubrication of all elements is provided by
only one circulation system [8, 9].

The movement of oil in the circulation system during
lubrication of the frame and crank bearings occurs along the
internal drillings of the crankshaft, and the head — along
the drillings in the connecting rod (Fig. 1). In this case,
the lubrication circuit inside the shaft and connecting rod
is closed and the movement of oil inside the shaft and
connecting rod occurs without leakage. The lubrication of
bearing assemblies is accompanied by oil leakage from the
liner-shaft interface, due to the fact that at these points
the circuit becomes open, and the oil is subjected to in-
ternal (from the circulation pump) and external (from the
pressure of the shaft and connecting rod) forces. The oil,
which is in the liner-shaft interface, provides hydraulic
tightness and prevents direct contact of this friction pair.
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Fig. 1. The movement of oil in the circulation system (fragment):
1 — frame bearing; 2 — crank bearing; 3 — head bearing

An increase in leakage in the liner-shaft interface re-
duces the damping properties of the oil, which can lead
to increased wear of the liners and an increase in oil con-
sumption for waste. Metal particles that enter the oil as
a result of wear of the liners move in the circulation sys-
tem in the oil flow. At the same time, they contribute to
an increase in the intensity of wear in friction pairs and
accelerate the process of oil oxidation [10, 11].

The process of lubrication of marine diesel engines is
one of the main ones that ensure its functioning, as well
as reliable and safe operation. Violation of the lubrication
process (a critical decrease in pressure or a critical increase
in oil temperature) can lead to an increase in thermal and
mechanical stresses and an emergency situation (break-
age of piston rings, piston jamming in the cylinder, rota-
tion of bearing shells). The importance of the lubrication
process is confirmed by the following fact: in the event
of a «blackout» of the ship, one of the mechanisms that
the emergency generator must ensure is the oil pump of
the circulating lubrication system. Reliable operation of
lubrication systems for marine trunk diesel engines en-
sures the safe operation of the entire marine ship [12, 13].
Trunk diesel engines (which perform the functions of ship
auxiliary generators) provide electrical energy for navigation
equipment, cargo devices, and a steering gear. Even a short
stop of these diesel engines (both during the sea/ocean
passage and while staying in the port/on the roads) can
lead to a serious accident (collision of ships, damage to
the ship and ship equipment, disruption of cargo opera-

tions, environmental pollution of the sea and coastal area).
Therefore, maintaining reliable and safe operation of lu-
brication systems for marine trunk diesel engines (as one
of the main systems that ensure their operation) is an
urgent scientific and applied task.

2. The ohject of research and its
technological audit

The object of research is the process of lubrication of
marine trunk diesel engines.

The subject of research is marine diesel engine oils,
which provide lubrication, cooling and separation of fric-
tion surfaces.

The shaft-bearing bushing system of a marine internal
combustion engine belongs to the standard tribological system.
This system consists of two metal surfaces that are separated
by a layer of oil. Such a system is characterized by:

— composition (surfaces and their properties);

— internal connections (hydrodynamic or boundary

regime of lubrication/friction);

— external connections (radial and tangential forces

that act from the side of the crankshaft);

— functional characteristics (the presence of an oil

film between the surfaces and the absence of contact

between them) [14, 15].

Engine oil, which is included in the shaft-bearing shell
system, is characterized by structural and mechanical strength
and resistance to external loads. Both of these properties
of the oil ensure reliable and safe operation of trunk-type
diesel engines of marine transport ships. Structural and
mechanical strength increases the lubricity of engine oil.
Resistance to external loads prevents direct contact between
the bearing and shaft surfaces. Both properties increase the
hydraulic density in friction units and are clearly manifested
precisely for an open lubrication circuit.

The hydraulic density of the metal-oil-metal triad depends
on the structural composition and physical characteristics of
the oil. These, first of all, include the ability of the oil layer
to create a wedging pressure, as well as to prevent spreading
over the lubrication surface. The last property (as for any
liquid) is determined by the surface tension and wetting
angles of the oil layer 6. An increase in the contact angles 6
proportionally increases the surface tension forces and prevents
oil from flowing out of the tribological interfaces (Fig. 2).
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Fig. 2. Influence of contact angles q on the shape of the oil layer:
a — on the surface; b — in tribological conjugation

An increase in the contact angles of wetting both on
the open surface (at the metal-oil-air phase boundary)
and between the surfaces (at the metal-oil-metal phase
boundary) contributes to an increase in the surface tension
force, a decrease in oil leakage, and an increase in the
bearing capacity of the oil layer [9, 16, 17].

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(67), 2022

23—)



C— INDUSTRIAL AND TECHNOLOGY SYSTEMS:
TECHNOLOGY AND SYSTEM OF POWER SUPPLY

I55N 2664-9969

3. The aim and ohjectives of research

The aim of research is to determine the influence of the
structural characteristics of engine oil (contact angle and
thickness) on its performance and performance parameters.
At the same time, Total Base Number (TBN), as well as
Wear and Contaminant Elements, are considered as oil
performance characteristics. The operating parameters of
a diesel engine are the compression pressure, the con-
centration of nitrogen oxides in the exhaust gases and
the temperature of the exhaust gases after the cylinder.

To achieve this aim, it is necessary to solve the fol-
lowing objectives:

1. Determine the structural characteristics of motor
oils (contact angle and layer thickness) when applied to
an open metal surface.

2. Determine the dynamics of wear of diesel parts and
contamination of engine oil.

3. Determine the dynamics of changes in the operating
parameters of the diesel engine.

4. Research of existing solutions
to the prohlem

Ensuring reliable and safe operation of lubrication sys-
tems for trunk diesel engines of marine transport ships
is possible by controlling either metal surfaces (cylinder
liner, piston rings, bearing shells) or oil.

The control action on metal surfaces can be carried out:

1) by making them or coating them with metals with
high hardness — molybdenum, chromium, copper, titanium,
vanadium [18, 19];

2) drawing a regular microrelief on them [20, 21];

3) changing their geometry [22, 23].

These methods provide the desired effect, but have
certain disadvantages. In the first case, the hardness of
local parts of diesel engine parts (the upper part of the
cylinder liner, the edges of the piston ring) increases, which
reduces their wear [24, 25]. However, the cost of metals
that are applied to the surface significantly exceeds the cost
of steel alloys from which diesel engine parts are made.
The second technology reduces the coefficient of friction
between the surfaces and increases the intensity of oil move-
ment between them. This requires special equipment that
provides a constant depth and the same step of applying
a regular microrelief [26, 27]. In the third case, dry and
boundary are excluded, and the hydrodynamic lubrication
regime in the metal-oil-metal triad is constantly provided.
However, in this case, a change in the geometry of parts
reduces their strength [28, 29]. In this regard, the given
technologies have a single character.

The control effect on engine oil, which is used in the
lubrication systems of trunk diesel engines of marine trans-
port ships, is carried out by dissolving special additives
in its volume. This activates the intermolecular forces of
the oil and contributes to the occurrence of additional
disjoining pressure in the oil layer. The use of this tech-
nology requires a preliminary determination of the optimal
concentration of additives in the oil, as well as the instal-
lation of additional equipment in the oil system, which
ensures dosing of the additive [30, 31].

One of the ways to control the metal-oil-metal triad
is to apply special liquid antifriction coatings to the metal
surface [32, 33]. At the same time, the structure of oil

films changes, which ensures reliable and safe operation of
trunk-type diesel engines of marine transport ships.

The above technologies were developed and implemented
for road transport, as well as for stationary energy (diesel
engines and turbines of thermal and electric stations).
These technologies have not been adopted for marine diesel
engines. First of all, this is due to the autonomy of the
operation of sea ships and their power plants, as well as
to the periodic replacement of the ship’s crew. The first
limits logistics (there are problems with the delivery of
the required materials to ships), the second forces training
for ship engineers on the operation of special equipment.

Comprehensive studies (which make it possible to estab-
lish the relationship between the structural characteristics of
motor oils and the operational parameters of marine diesel
engines) are of a single nature and do not have a systematic
approach to this problem.

5. Methods of research

The research was carried out in two stages:

1) in a scientific laboratory, the structural characteris-
tics of various motor oils, as well as the content of wear
products and contaminants in the oil, were studied;

2) on a marine transport ship, the effect of motor oils
with different structural characteristics on the operational
parameters of marine diesel engines was studied.

Determining the contact angles 0, as well as the thick-
ness of the oil layer d,;, is possible using an ellipsometric
method by analyzing the light rays reflected from the oil
and from the surface (Fig. 3) [34, 35].

4
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Fig. 3. Schematic diagram of determining the contact angles 6
and the thickness of the d,; of oil layer using an ellipsometric method:
1, 4 — elements of the ellipsometric unit; 2 — linearly polarized light;
3 — elliptically polarized light; 5 —metal surface; 6 — oil layer

Currently, there are electronic ellipsometric setups that
make it possible to measure these parameters with high
accuracy [36].

Studies were carried out for Total Lub Marime AURELIA
TI 15/30 and LukLub Marime NAVIGO TPEO 15/30 mo-
tor oils. The main characteristics of motor oils are given
in Table 1.

Using the optical method of ellipsometry (the scheme
of which is shown in Fig. 3), the values of the contact
angles of wetting and the thickness of the oil layer were
determined. These values are given in Table 2.

Determination of contact angles and thickness of the oil
layer was carried out for a volume of oil (equal to 2 ml)
deposited on a metal surface polished to a high accuracy class.

The second stage of research was carried out on a Mul-
tipurpose Vessel class marine vessel with deadweight of
27,540 tons, the auxiliary power plant of which consisted

24
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of three Yanmar 6EY18AL medium-speed marine diesel
engines of the same type with the following characteristics:

— cylinder diameter — 180 mm;

— piston stroke — 280 mm;

— rotation frequency — 1000 rpm;

— rated power — 800 kW,

specific fuel consumption — 193 g/(kWh).

The diesel engines were operated using RME180 and
DMAULS marine fuels. Their main characteristics are given
in Table 3.

Table 1
Main characteristics of motor oils*

Total Lub Marime LukLub Marime
AURELIA TI 15/30 | NAVIGO TPED 15/30

SAE grade 30 30

Indicator

Density at 15 °C, kg/m® 910 898
Viscosity at 100 °C, s5t 14.1 11.5
Total Base Number (TBN) 14.2 14.2
Flash Paoint, °C 230 230

Note: * — further in the work, engine oils are arbitrarily designated
as Engine oil 1 and Engine oil 2

Table 2
Structural characteristics of motor oils
Parameter Engine oil 1 Engine oil 2
Wetting angle, 6, grad 20.4 17.5
0il layer thickness, d,; mm 3.9 2.6
Table 3
Main characteristics of marine fuels
Parameter BME180 DMAULS
Density at 15 °C, kg/m® 935 879
Viscosity at 50 °C, s5t 72.4 5.75
Sulphur, % 0.42 0.065
Net Specific Energy Calc, MI/kg 41.75 42.38

The operation of diesel engines when the ship was
in special environmental areas (Sulphur emission con-
trol area — SECA) was carried out on DMAULS fuel.
When operating outside ecological areas, RME180 fuel
was used [37, 38].

The ship’s needs for electricity were provided by one (in
the case of a load of up to 500 kW) or two auxiliary
engines operating in parallel (in the case of a load of more
than 500 kW). The studies were carried out in operating
modes when two diesel engines were used. The parallel
operation of diesel engines ensured an equal distribution
of the load between them. The third diesel engine was
either in the stand-by state or was operated at the required
load (in the case when one diesel engine was enough to
provide power to consumers), while the first and second
diesel engines were not in operation.

Providing lubrication regimes for diesel engines of
this type is possible with the help of various motor oils
that have a viscosity of 12—17 sSt, a base number of
14—17 mgKOH /gOil and belong to the SAE class 30—40.

Diesels had a common fuel system (in which all three
diesels were operated on the same grade of fuel) and auto-
nomous oil systems. This made it possible for the two

diesel engines on which the studies were carried out to
use different engine oils.

Total Lub Marime AURELIA TI 15/30 engine oil was
used in the system of one of the diesel engines, LukLub
Marime NAVIGO TPEO 15/30 engine oil was used in
the lubrication system of the second one. Both motor oils
are recommended by Wartsila, MAN Diesel, Caterpillar
MaK, Yanmar, Daihatsu, Himsen for use in marine trunk
diesel engines.

Before the start of the experiments, the diesel engines
were in the same technical condition. On diesel engines,
parts of the cylinder-piston group (cylinder bushings, pis-
tons, piston rings) and the crank mechanism (connecting
rods and crank bearing shells) were reinstalled.

The studies were carried out during ocean crossings of
the ship, the duration of which was 12—18 days. At the
same time (due to the absence of shunting and mooring
modes, as well as cargo operations), the operation of diesel
engines occurred without an abrupt change in load [39].

The condition of the fuel equipment (high-pressure
fuel pumps and injectors), as well as its adjustment pa-
rameters (discharge pressure, fuel supply start angle) of
all diesel engines were identical. In the lubrication and
cooling systems of diesel engines, the same values of tem-
perature and pressure were maintained. Before the start
of the experiments, the oil in the circulation systems of
diesel engines was completely replaced. Compensation for
oil consumption for waste for each of the diesel engines
was carried out in the amount of 100 liters after 100 hours
of operation.

6. Research results

During the experiment, the values of the following
diesel performance indicators were recorded: compression
pressure — p., gas temperature after the cylinder — ¢,
concentration of nitrogen oxides in the exhaust gases NOx,
as well as oil TBN [40, 41]. In addition, a spectral analysis
of the oil was performed at the onshore laboratory in
order to determine the amount of impurities (Wear and
Contaminant Elements) in it [6, 42].

The TBN (ore base number — BN) index characterizes
the base number and the amount of anti-corrosion additives
dissolved in the oil. The value of BN is in the range of
5-100, these numbers express the number of milligrams
of potassium hydroxide KOH dissolved in a gram of oil —
mgKOH/gOil. The higher the BN value, the higher the
anti-corrosion properties of the oil. Oil with a high BN
value (40 or more) is used in two-stroke engines as cy-
linder oil. Such oil should neutralize the effect of sulfuric
H»SO, and sulfurous HySOj3 acids, which are formed in
the cylinder during fuel combustion. In circulation sys-
tems (both two and four-stroke diesel engines), oil with
a content of BN=5-25 is used, since in such systems the
main function of the oil is to provide lubrication of the
crankshaft bearings.

During the experiment, the control and diagnosis of
the technical condition of the oil was carried out by de-
termining BN three times with a sampling interval of
1 hour. The average values of the obtained results of the
experiment are given in Table 4.

For all measurement intervals (from 100 to 1000 hours),
the BN value for diesel AE 2 exceeded the similar value
for diesel AE 1. A comparative assessment of the change in
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BN of diesel engines AE 1 and AE 2 can be performed by
its relative change, which is determined by the expression:

BNzime - BNnom

ABN =—%N

-100 %,

where BNjime, BN,om — the BN value in a certain period
of time and the nominal value (both grades of oil have
BN,pm=14.2 — Table 2).

The values of ABN are given in Table 4.

The values of the Table 4 show nomograms of the
change in BN and ABN of motor oils — Fig. 4, 5.

Table 4
Changes in BN and ABN of motor oils under different
experimental conditions

Engine oil 1 Engine oil 2
Time, h
BN ABN, % BN ABN, %
100 14.1 -0.70 14.0 -1.41
200 13.7 -3.52 13.6 —4.23
300 13.1 -7.75 13.0 —-8.45
400 12.8 -9.86 12.6 -11.27
500 12.6 -11.27 12.3 -13.38
600 12.3 -13.38 119 -16.20
700 12.0 -15.49 11.5 -19.01
800 11.8 -16.90 11.0 —22.54
900 11.5 -19.01 10.7 —24.65
1000 11.3 -20.42 10.4 —26.76
BN
14—
13}
1
12+
11—
i
10
0 200 400 600 800 1000 #h
Fig. 4. Change in BN of marine motor oils:
1 — Engine oil 1; 2 — Engine oil 2
200 400 600 800 1000 ¢ h
0 i
_5 =
-10 1
._15 L.
=20
_25 -
ABN,
%

Fig. 5. Relative reduction in ABEN of marine motor oils:
1 — Engine oil 1; 2 — Engine oil 2

For a better assessment of the condition and determi-
nation of the functional characteristics of engine oil, its
spectral analysis is performed. This determines the amount
of various chemical elements that enter the oil as a re-
sult of fuel combustion, wear of diesel parts, and also as
a result of direct oxidation of the oil itself. Some of these
elements (in accordance with their functional action) are
classified as Wear Elements, and some are classified as
Contaminant Elements. The results of the spectrographic
analysis of engine oils after 1000 hours of operation in the
circulation system of the Yanmar 6EY18AL diesel engine
are shown in Table 5.

According to the results of Table 5, the nomograms
in Fig. 6 are constructed.

Tahle 5§

The results of the spectrographic analysis of engine oils after 1000 hours
of operation in the circulation system of the Yanmar 6EY18AL diesel engine

Wear Elements, | Engine | Engine Contaminant Engine | Engine
mg/kg pil 1 | oil 2 | Elements, mg/kg | oil 1 oil 2
Al (Aluminum) 5 7 B (Boron) 15 17
Cr (Chromium) 1 2 Na (Sodium) 9 23
Cu (Copper) 1 9 Si (Silicon) 4 16
Fe (Iron) 9 23 V (Vanadium) 20 62
Sn (Tin) 1 3 Mo (Molybdenum) 3 4
Pb (Lead) 1 1 Ni (Nickel) 4 21
Sum 18 45 Sum 55 143
mg
= Sum =45
kg 3
401
g
.E 30 -
g Fe
§ 20+ Sum = 18
Q 1
10F Fe_ Cu
Al Al
4 cr Cul s Pb Cr S pp
Wear Elements
a
mg
kg 2
Sum = 143
125F
~100F
=
E
g 75
2
3
@]
50F
25§
0

Contaminants Elements
b

Fig. 6. Results of spectral analysis of motor oils:
a — wear elements; b — contaminant elements; 1 — Engine oil 1;
2 — Engine oil 2

The determination of the dynamics of changes in the
structural characteristics of engine oil (the contact angle
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and the thickness of the oil layer) was carried out in a sci-
entific laboratory using an ellipsometric unit (Fig. 3). In
this case (similar to previous studies), an oil sample (in
a volume of 2 ml) was applied to a metal surface polished
to a high accuracy class. Oil sampling was carried out at
three different points of the diesel crankcase when it was
stopped in the interval of time intervals equivalent to 500 and
1000 hours of operation. The average values of the struc-
tural characteristics of engine oil (the contact angle 6 and
the thickness of the oil layer d,;) are given in Table 6.

Tahle 6

Dynamics of changes in the structural characteristics of motor oils

operation. At the time intervals at which the compression
pressure was controlled (1, 100, 200, 300, 400, 500 hours),
diesel engines operated at different, but identical loads (in
the range of 450—600 kW). The Doctor diagnostic system
allows controlling the parameters of the diesel engine work-
ing process with an error of £1.0 % [43, 44]. The obtained
values are given in Table 7.

Tahle 7

Change in average compression pressure, g, MPa, of Yanmar 6EY18AL
diesel engine under different experimental conditions

Wetting angle, 6, grad 0il layer thickness, d,; mm
Operating
time, h | Engine oil 1 | Engine oil 2 | Engine oil 1 | Engine oil 2
(Diesel AE 1) | (Diesel AE 2) | (Diesel AE 1) | (Diesel AE 2)
0 20.4 17.5 39 2.6
500 17.8 12.2 3.1 2.0
1000 16.3 9.7 2.7 1.8

According to Table 6, the constructed nomograms show
the dynamics of changes in the structural characteristics

of engine oil — Fig. 7.

Time, h Engine oil 1 (Diesel AE 1) | Engine oil 2 (Diesel AE 2)

1 9.17 9.17
100 9.14 9.12
200 9.12 9.06
300 9.11 9.03
400 9.09 8.98
500 9.08 8.94
600 9.07 8.91
700 9.07 8.87
800 9.06 8.85
900 9.05 8.83
1000 9.05 8.82

o,
grad —
15
1 1
101 1
5 l
0 500 1000 ¢t h
a
doil,
mm
31 |
1
2 1 — 1
2 2
1 500 500 1000 #h
b

Fig. 7. Dynamics of changes in the structural characteristics of motor oils:
a — wetting angle, 0, grad; b — oil layer thickness, d,;, mm;
1 — Engine oil 1; 2 — Engine oil 2

One of the indicators that characterize the performance
of a diesel engine is compression pressure. Its decrease in
individual diesel cylinders indicates deterioration in the
compression properties of the piston rings, the ingress
of metal impurities on the surface of the cylinder liner.
A decrease in compression pressure in all cylinders indi-
cates deterioration in the lubrication process.

During the experiment, the value of the compression
pressure was determined using the Doctor Ship diagnostic
system for each of the diesel cylinders (with the fuel supply
to this cylinder turned off). Based on the obtained values,
the average value of the compression pressure was calcu-
lated. Compression pressure control was performed after the
15 hour of diesel operation and then every 100 hours of

Separately, let’s note that the main criterion in Table 7
is not the change in pressure over time for one of the
diesel engines (AE 1 or AE 2), but the pressure over the
same period of time for different diesel engines (AE 1
and AE 2). The discrepancy in the values of these values
indicates deterioration in the technical condition of the
diesel cylinder-piston group.

According to the operating rules, the mismatch of the
compression pressure in the diesel cylinders from the aver-
age value should not exceed +2.5 %. The values given in
Table 7 indicate that this condition was satisfied during
the entire experiment.

To visualize the results obtained, according to the values
of Table 7 the diagrams are constructed in Fig. 8.

Do
MPa

9.1

9.0t 2

8.9

2

8.8

1 200 400 600 800 1000 #h

Fig. 8. Change in compression pressure, p, MPa, Yanmar BEY18AL diesel
engine under different experimental conditions: 1 — AE 1 diesel engine;
2 — AE 2 diesel engine

During operation, there is a gradual decrease in com-
pression pressure. This is due to a decrease in the com-
pression action of the piston rings and the gradual wear
of the cylinder liners. The range of this decrease for the
AE 1 diesel engine over a period of 1-500 hours was
from 9.17 MPa to 9.05 MPa; for AE 2 diesel engine from
9.17 MPa to 8.82 MPa. The intensity of the compression
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pressure drop over time can be defined as the relative
reduction in compression pressure by the expression:

time m
_ b — P:w

Ap, ——-100 %,

where pime, prm — value of the compression pressure in the
diesel cylinders in a certain period of time and the nominal
value of the compression pressure, MPa (according to the
operating instructions, the nominal compression pressure is
prm=9.15 MPa).

Given the values of p. given in Table 7, as well as the
value prm, let’s determine the values Ap,, which summa-
rize in Table 8.

computer of the central control post. The measurements
were carried out for diesel engines AE 1 and AE 2 in the
range of 100—1000 hours, while the diesel engines were
operated at different, but equal loads. The range of their
change was within 450—600 kW. During the entire period
of the experiment, the same parameters were determined in
the cooling and lubrication systems of diesel engines (oil
temperature at the diesel inlet, water temperature at the
diesel outlet, and oil and water pressure at the diesel inlet).
The ¢, values were determined for each diesel cylinder.
Table 9 shows the average values of ¢, for all cylinders.

Table 9

Temperature change of gases after the cylinder of Yanmar 6EY18AL diesel
engine under different experimental conditions

Tahle 8
Helative change in compression pressure, %, of Yanmar BEY18AL diesel Time h lias temperature, °C Relative tempera-
engine under different experimental conditions ' Diesel AE 1 Diesel AE 2 ture change, %

Time, h Engine oil 1 (Diesel AE 1) | Engine oil 2 (Diesel AE 2) 1 292 233 0.34
1 0.22 0.22 100 235 297 0.68
100 -0.11 -0.33 200 286 292 2.10
200 -0.33 -0.98 300 281 288 2.49
300 -0.44 -1.31 400 294 302 2.72
400 -0.66 -1.86 500 287 296 3.14
500 -0.77 —2.30 600 290 301 3.79
600 -0.874 -2.62 700 296 308 4.05
700 —0.88 —3.06 800 290 302 414
800 —0.98 —5.28 300 293 307 478
900 109 —3.50 1000 271 286 554

1000 -1.08 -3.61

The values given in Table 8 are reflected in the dia-
gram shown in Fig. 9.

Ap,% ‘ ’ ‘
0.5F

- 200 400 600 800 1000 ¢ h
’ =T
2

1

_1.0 -

—4.0

Fig. 9. Relative change in compression pressure, Ap;, %,
Yanmar BEY18AL diesel engine under different experimental conditions:
1 — diesel AE 1; 2 — diesel AE 2

One of the parameters of the diesel engine, which charac-
terizes the quality of the working process, is the temperature
of the gases after the cylinder #. An increase in its value
for individual diesel cylinders indicates deterioration in
the process of fuel combustion in the diesel cylinder (in
case of late injection) or an increased amount of oil that
falls on the cylinder walls and burns along with the fuel.
Gas temperature control after the Yanmar 6EY18AL diesel
cylinder was carried out using the built-in diagnostic system
that measures the temperature and outputs readings to the

Yanmar limits the value of the exhaust gas temperature;
its maximum value for 6EY18AL diesel engines should not
exceed 310 °C. The results, which are given in Table 9,
confirm that the operation of diesel engines was carried
out in compliance with this requirement. Additionally,
let’s note that during the experiment, the deviation of
the exhaust gas temperature for individual cylinders from
the average value did not exceed +10 °C.

For better visualization, the obtained results are pre-
sented in the form of a diagram (Fig. 10).

t,°C
300

280

260

100 200 300 400 500 600 700 800 900 1000

Fig. 10. Change in gas temperature after the diesel cylinder
Yanmar 6EY18AL under different experimental conditions:
1 — diesel AE 1; 2 — diesel AE 2

For all measurement intervals (from 100 to 1000 hours),
the average gas temperature after the cylinder for diesel
AE 2 exceeded the same value for diesel AE 1. A com-
parative assessment of the change in ¢; of diesel engines
AE 1 and AE 2 can be performed by the relative change
in temperature, which is determined by the expression:

tg‘” —tg‘“
— 0,
- tAT . 100 /),
g

A,
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where ¢£2, t2*! — the temperature of the exhaust gases of
diesel engines AE 2 and AE 1 for the same period of time, °C.

The values are given in Table 9. According to the values
of the Table 9, the nomograms are constructed. They show
the relative change in gas temperature after the cylinder
of the Yanmar 6EY18AL diesel engine under different ex-
perimental conditions (Fig. 11).

Azg,%

S = N W A W
T

[ 1

100 200 300 400 500 600 700 800 900 1000 ¢ h

Fig. 11. Belative temperature change of gases after the diesel
cylinder Yanmar GEY18AL

The operation of marine diesel engines is impossible
without maintaining their environmental parameters. One of
the main environmental parameters, the value of which is
regulated by the requirements of the International Maritime
Organization (IMO), is the concentration of nitrogen oxides
in exhaust gases — NOx [45, 46]. The IMO provides a tiered
approach to NOy emissions depending on the ship’s year of
construction: Tier I — for ships built before 2000; Tier IT — for
ships built before 2011; Tier III — for ships built after 2016.
In accordance with these requirements, the Universal Cargo
on which the research was carried out belongs to the Tier II.
The concentration of nitrogen oxides in the NOx exhaust
gases of marine diesel engines (both main and auxiliary) in
this case should not exceed the value:

NOP™ < 44702,

where n — the diesel shaft speed, rpm.
Considering the characteristics of the Yanmar 6EY18AL
diesel engine:

NOP> < 4410002 =8.98 g/(kW-h).

Determination of NOy concentration in the exhaust
gases was performed every 100 hours of operation with
a Testo350XL (Germany) gas analyzer. The NOy emission
measurement error was 1.0 %. At the same time, diesel
engines were operated at different, but equal loads. The
results are shown in Table 10.

A diagram showing the change in the NOy concentra-
tion in the exhaust gases is shown in Fig. 12.

In addition, let’s note that during the experimental
studies, the value of the NOx concentration in the exhaust
gases did not exceed the maximum value regulated by
the IMO requirements.

For all measurement intervals (from 100 to 1000 hours),
the NOx concentration in the exhaust gases for diesel AE 2
exceeded the same value for diesel AE 1. A comparative
assessment of the concentration of NOx in the exhaust
gases of diesel engines AE 1 and AE 2 can be performed
by the relative change in ANOy, which is determined by
the expression:

NOgE2 — NOE!

ANOX: NO)"?EZ

-100 %,

where NO¢E2, NOg#F! — the NOx concentration in the exhaust
gases of diesel engines AE 2 and AE 1 for the same period
of time, g/(kW-h).

The NOx values are given in Table 10, according to
their values the nomograms in Fig. 13 are constructed.

Tahle 10

NUy concentration in diesel exhaust gases of Yanmar 6EY18AL
under different experimental conditions

NUy concentrations in exhaust gases, | Relative change in
) g/(kW-h) N0y concentration
Time, h R
in exhaust gases,
Diesel AE 1 Diesel AE 2 DNy, %
1 8.32 8.37 0.60
100 8.52 8.62 1.17
200 8.28 8.41 1.57
300 8.01 8.21 2.50
400 8.32 8.53 2.52
500 8.12 8.36 2.96
600 7.96 8.21 3.14
700 8.47 8.75 3.31
800 8.23 8.51 3.40
900 8.51 8.81 3.53
1000 8.08 8.38 3.71
NO,
g
kW-h [
8.8
8.6
8.4 ' I I
8.2 | 2
! 100 200 300 400 500 600 700 800 900 1000t h
Fig. 12. Change in N0y concentration in diesel exhaust gases
of Yanmar GEY18AL under different experimental conditions:
1 — diesel AE 1; 2 — diesel AE 2
ANOx, % l l _L L AL
3 | - - - —  E—
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l i — — — —
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Fig. 13. Change in the relative concentration of Ny in the exhaust gases
of the Yanmar 6EY18AL diesel engine

For a comprehensive assessment of the influence of
contact angles on the performance of marine diesel en-
gines, some experimental data are summarized in the form
of Table 11.
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Tahle 11
Dynamics of change of controlled values
Wetting anale o arad Medium compression Gas temperature after NUy concentrations in exhaust
Time, h g angied, o pressure, g, MPa the cylinder, ¢, °C gases, g/(kW-h)
Engine oil 1 Engine oil 2 AE 1 AE 2 AE 1 AE 2 AE 1 AE 2
0-1* 20.4 17.5 9.17 9.17 292 293 8.32 8.37
500 17.8 12.2 9.08 8.94 287 296 8.12 8.36
1000 16.3 9.7 9.05 8.82 271 286 8.08 8.38

Note: * — 0 hours corresponds to the value of the contact angles of wetting when they are determined in a scientific laboratory by the ellipsometry
method; 1 hour corresponds to the values of p,, f, NOy when they are determined after the 1% hour of diesel operation

Table 11 characterizes the dynamics of changes in the
controlled parameters. Based on its data, the diagrams in
Fig. 14 are constructed.
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Fig. 14. Complex diagram of changes in controlled parameters

For the diagrams presented in Fig. 14, let’s note the
following. For the values of the wetting angle 0, the de-
termining factor is the difference in the heights of the
bars at different times (change in the height of bars 1
at times of 0, 500, 1000 hours and the height of bars 2
at times of 0, 500, 1000 hours). Their decrease indicates
a decrease in the forces of surface tension of the oil.
The more intense the decrease, the faster the destruction
of the structure of the oil layer. For the values of the
average compression pressure pc, the temperature of the
gases after the cylinder ¢, the NOx concentration in the
exhaust gases, the determining factor is the difference in
the heights of bars 1 and 2 at the same time (at a time of
1, 500, 1000 hours). Its increase indicates deterioration in
the technical condition of the diesel cylinder-piston group.

7. SWOT analysis of research results

Strengths. The strengths of this study are that the
relationship between the structural characteristics of motor
oils (wetting angle and layer thickness) and its perfor-
mance, as well as the performance parameters of a marine
diesel engine, has been established. This allows selecting
motor oils and performing a preliminary assessment of

the possibility of their use to ensure the lubrication of
diesel parts. The results obtained are in good agreement
with the data presented in a number of works devoted
to similar studies [2, 47—-49].

Weaknesses. The weaknesses of the study are related
to the fact that the determination of the structural cha-
racteristics of motor oils is not always possible directly
on the ship. In addition, their implementation requires
special training of ship engineers.

Opportunities. The considered technological equipment
makes it possible to carry out research for any types and
grades of oil (mineral, synthetic, high and low viscosity,
used both in marine diesel engines and in marine hy-
draulic machines).

Threats. The option for assessing the technical condi-
tion and operational parameters of marine diesel engines
proposed in this paper is based on experimental studies.
To analytically determine the dynamics of changes in the
operating parameters of a diesel engine when using oils
with different structural characteristics, it is necessary to
solve a system of equations that describe the processes of
energy dissipation in the cylinder-piston group and the
lubrication system.

1. Engine oils used in circulating lubrication systems
for marine diesel engines must provide hydraulic density
in the metal-oil-metal triad. This is facilitated by such
a structural characteristic of the oil as contact angles.
Optical studies have established that an increase in the
contact angles contributes to an increase in the thickness
of the oil layer that forms on the metal surface.

For marine motor oils (in particular, Total Lub Ma-
rime AURELIA TI 15/30 and LukLub Marime NAVIGO
TPEO 15/30), the structural characteristics of the oil are
within the following limits: contact angle 8=17.5-20.4 grad,
oil layer thickness d,;=2.6-3.9 mm.

High temperatures and pressures in the diesel cylin-
der contribute to the oxidation of the oil and worsen its
structural characteristics. After 500 hours of operation, the
value of these indicators decreases to 6=12.2-17.8 grad,
oil layer thickness d,;=2.0-3.1 mm. After 100 hours of
operation — up to 6=9.7-16.3 grad; oil layer thickness
d,yi=1.8-2.7 mm. This is one of the reasons for the decrease
in hydraulic density in the tribological conjugations of the
cylinder sleeve-oil-piston ring and shaft-oil-bearing shell.

2. Comprehensive studies have established a relation-
ship between the structural characteristics of motor oils
and the change in their performance characteristics (base
number — BN) and the amount of impurities that form

;30
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in their volume as a result of wear of diesel parts (Wear
and Contaminant Elements).

The conducted spectrographic analysis of oils for the
composition of Wear and Contaminant Elements shows
that oil with higher values of the contact angle provides:

— less decrease in BN (which indicates less oil oxidation);

— a lower concentration in the oil of all metal par-

ticles: Al, Cr, Cu, Fe, Sn, Pb, Ni, as well as B, Na,

Si, V, Mo (which indicates an increase in hydraulic

density and prevention of contacts in friction units).

3. It is experimentally determined that the use of oil
with higher structural characteristics improves the thermal
power and environmental performance of a diesel engine.
For marine diesel engines Yanmar 6EY18AL for different,
but equal loads of diesel engines for an operating period
of 1-1000 hours, the following is established:

— stabilization of compression pressure;

— decrease in gas temperature after the cylinder in

the range of 0.34-5.54 %;

— reduction of NOx concentration in exhaust gases in

the range of 0.60-3.71 %.

Conflict of interests

The author declares that there is no conflict of inte-
rest regarding this research, including financial, personal
nature, authorship or other nature that could affect the
research and its results presented in this article.

Financing

The study was performed without financial support.

Data availahility

The manuscript has no associated data.

References

1. Sagin, S., Madey, V., Stoliaryk, T. (2021). Analysis of me-
chanical energy losses in marine diesels. Technology Audit and
Production Reserves, 5 (2 (61)), 26-32. doi: https://doi.org/
10.15587/2706-5448.2021.239698

2. Fomin, O., Lovska, A., Kugera, P, Pisték, V. (2021). Substan-
tiation of Improvements for the Bearing Structure of an Open
Car to Provide a Higher Security during Rail/Sea Transporta-
tion. Journal of Marine Science and Engineering, 9 (8), 873.
doi: https://doi.org/10.3390,/jmse9080873

3. Sagin, S. V., Solodovnikov, V. G. (2015). Cavitation treat-
ment of high-viscosity marine fuels for medium-speed diesel
engines. Modern Applied Science, 9 (5), 269-278. doi: https://
doi.org/10.5539/mas.v9n5p269

4. Maryanov, D. (2021). Development of a method for maintain-
ing the performance of drilling fluids during transportation
by Platform Supply Vessel. Technology Audit and Production
Reserves, 5 (2 (61)), 15-20. doi: https://doi.org/10.15587 /2706-
5448.2021.239437

5. Maryanov, D. (2022). Control and regulation of the density of
technical fluids during their transportation by sea specialized
vessels. Technology Audit and Production Reserves, 1 (2 (63)),
19-25. doi: https://doi.org/10.15587/2706-5448.2022.252336

6. Sagin, S. V., Semenov, O. V. (2016). Marine Slow-Speed Die-
sel Engine Diagnosis with View to Cylinder Oil Specifica-
tion. American Journal of Applied Sciences, 13 (5), 618-627.
doi: https://doi.org/10.3844/ajassp.2016.618.627

7. Popovskii, Yu. M., Sagin, S. V., Khanmamedov, S. A., Grebe-
nyuk, M. N., Teregerya, V. V. (1996). Designing, calculation,
testing and reliability of machines: influence of anisotropic
fluids on the operation of frictional components. Russian En-
gineering Research, 16 (9), 1-7.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

Nahim, H. M., Younes, R., Nohra, C., Ouladsine, M. (2015).
Complete modeling for systems of a marine diesel engine. Journal
of Marine Science and Application, 14 (1), 93—104. doi: https://
doi.org/10.1007/511804-015-1285-y

. Sagin, S. V,, Semenov, O. V. (2016). Motor Oil Viscosity Strati-

fication in Friction Units of Marine Diesel Motors. American
Journal of Applied Sciences, 13 (2), 200-208. doi: https://doi.org/
10.3844 /ajassp.2016.200.208

Zablotsky, Y. V., Sagin, S. V. (2016). Enhancing Fuel Effi-
ciency and Environmental Specifications of a Marine Diesel
When using Fuel Additives. Indian Jowrnal of Science and
Technology, 9 (46), 353-362. doi: https://doi.org/10.17485/
ijst/2016,/v9i46/107516

Zablotsky, Y. V., Sagin, S. V. (2016). Maintaining Boundary and
Hydrodynamic Lubrication Modes in Operating High-pressure
Fuel Injection Pumps of Marine Diesel Engines. Indian Journal
of Science and Technology, 9 (20), 208-216. doi: https://doi.org/
10.17485/ijst /2016,/v9i20,/94490

Zhou, Y., Li, W,, Stump, B., Connatser, R., Lazarevic, S., Qu, J.
(2018). Impact of Fuel Contents on Tribological Performance
of PAO Base Oil and ZDDP. Lubricants, 6 (3), 79. doi: https://
doi.org/10.3390/lubricants6030079

Guo, Z.-W,, Yuan, C.-Q., Bai, X.-Q., Yan, X.-P. (2018). Ex-
perimental Study on Wear Performance and Oil Film Charac-
teristics of Surface Textured Cylinder Liner in Marine Diesel
Engine. Chinese Journal of Mechanical Engineering, 31 (1).
doi: https://doi.org/10.1186,/s10033-018-0252-3

Lijesh, K. P, Khonsari, M. M. (2018). On the Degradation
of Tribo-components in Boundary and Mixed Lubrication Re-
gimes. Tribology Letters, 67 (1). doi: https://doi.org/10.1007/
s11249-018-1125-8

Chong, W. W. E, Hamdan, S. H., Wong, K. J., Yusup, S. (2019).
Modelling Transitions in Regimes of Lubrication for Rough Sur-
face Contact. Lubricants, 7 (9), 77. doi: https://doi.org/10.3390/
lubricants7090077

Zavos, A. (2021). Effect of Coating and Low Viscosity Oils
on Piston Ring Friction under Mixed Regime of Lubrication
through Analytical Modelling. Lubricants, 9 (12), 124. doi: https://
doi.org/10.3390/lubricants9120124

Delprete, C., Razavykia, A. (2017). Piston ring—liner lubrication
and tribological performance evaluation: A review. Proceedings
of the Institution of Mechanical Engineers, Part J: Journal of
Engineering Tribology, 232 (2), 193-209. doi: https://doi.org/
10.1177/1350650117706269

Fomin, O., Lovska, A., Skok, P, Rogovskii, I. (2021). Deter-
mination of the dynamic load of the carrying structure of the
hopper wagon with the actual dimensions of structural elements.
Technology Audit and Production Reserves, 1 (1 (57)), 6—11.
doi: https://doi.org/10.15587/2706-5448.2021.225458
Cherniak, L., Varshavets, P,, Dorogan, N. (2017). Development
of a mineral binding material with elevated content of red
mud. Technology Audit and Production Reserves, 3 (3 (35)),
22-28. doi: https://doi.org/10.15587,/2312-8372.2017.105609
Dzyura, V., Maruschak, P, Prentkovskis, O. (2021). Determining
Optimal Parameters of Regular Microrelief Formed on the End
Surfaces of Rotary Bodies. Algorithms, 14 (2), 46. doi: https://
doi.org/10.3390,/a14020046

Sumardiyanto, D., Susilowati, S. (2021) Analysis the Occur-
rence of Wear on Crank Pin Bearing in Diesel Engine. Journal
of Mechanical Engineering and Automation, 10 (1), 19-23.
Salaheldin, A., Xiqun, L., Zheng, Q. (2014). Effect of cylinder
liner oil grooves shape on two-stroke marine diesel engine’s
piston ring friction force. Advances in Mechanical Engineer-
ing, 7 (2), 837960. doi: https://doi.org/10.1155,/2014/837960

. Abril, S. O., Del Socorro Fonseca-Vigoya, M., Pabon-Leén, J.

(2022). CFD Analysis of the Effect of Dimples and Cylinder
Liner Honing Groove on the Tribological Characteristics of
a Low Displacement Engine. Lubricants, 10 (4), 61. doi: https://
doi.org/10.3390/lubricants 10040061

Rahmani, R., Rahnejat, H., Fitzsimons, B., Dowson, D. (2017). The
effect of cylinder liner operating temperature on frictional loss and
engine emissions in piston ring conjunction. Applied Energy, 191 (1),
568—581. doi: https://doi.org/10.1016/j.apenergy.2017.01.098
Senatore, A., Risitano, G., Scappaticci, L., D’Andrea, D. (2021).
Investigation of the Tribological Properties of Different Textured
Lead Bronze Coatings under Severe Load Conditions. Lubri-
cants, 9 (4), 34. doi: https://doi.org/10.3390/lubricants9040034

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(67), 2022

31—)



INDUSTRIAL AND TECHNOLOGY SYSTEMS:
TECHNOLOGY AND SYSTEM OF POWER SUPPLY

I55N 2664-9969

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hu, Y., Meng, X., Xie, Y. (2018). A new efficient flow con-
tinuity lubrication model for the piston ring-pack with con-
sideration of oil storage of the cross-hatched texture. Tribo-
logy International, 119, 443—463. doi: https://doi.org/10.1016/
j-triboint.2017.11.027

Yu, A, Niu, W,, Hong, X., He, Y., Wu, M., Chen, Q., Ding, M.
(2018). Influence of tribo-magnetization on wear debris trap-
ping processes of textured dimples. Tribology International, 121,
84-93. doi: https://doi.org/10.1016/].triboint.2018.01.046
Mohamad, S. A., Kamel, M. A. (2020). Optimization of cylinder
liner macro-scale surface texturing in marine diesel engines based
on teaching—learning-based optimization algorithm. Proceedings
of the Institution of Mechanical Engineers, Part J: Journal of
Engineering Tribology, 235 (2), 329-342. doi: https://doi.org/
10.1177/1350650120911563

Sagin, S. V. (2019). Decrease in mechanical losses in high-pressure
fuel equipment of marine diesel engines. Scientific research of
the SCO countries: synergy and integration. Part 1. Beijing:
PRC, 139-145. doi: https://doi.org/10.34660/INFE2019.15.36258
Peng, C. (2021). Wear Test of Cylinder Liner and Piston Ring
of Marine Diesel Engine Based on Computer Simulation Tech-
nology. Journal of Physics: Conference Series, 2074 (1), 012033.
doi: https://doi.org/10.1088/1742-6596,/2074,/1,/012033
Nouri, J., Vasilakos, 1., Yan, Y., Reyes-Aldasoro, C.-C. (2019).
Effect of Viscosity and Speed on Oil Cavitation Development
in a Single Piston-Ring Lubricant Assembly. Lubricants, 7 (10),
88. doi: https://doi.org/10.3390/lubricants7100088

Vadivel, A., Periyasamy, S. (2020). Experimental Investigation
of Thermal Barrier (8YSZ-MGO-TIO2) Coated Piston used
in Diesel Engine. Journal of Applied Fluid Mechanics, 13 (4),
1157-1165. doi: https://doi.org/10.36884 /jafm.13.04.30825
Vural, E. (2020). The Study of Microstructure and Mechani-
cal Properties of Diesel Engine Piston Coated with Carbide
Composites by Using HVOF Method. Transactions of the Indian
Institute of Metals, 73 (10), 2613-2622. doi: https://doi.org/
10.1007 /s12666-020-02055-y

Sagin, S. V., Solodovnikov, V. G. (2017). Estimation of Ope-
rational Properties of Lubricant Coolant Liquids by Optical
Methods. International Journal of Applied Engineering Research,
12 (19), 8380-8391.

Sagin, S. V. (2018) Improving the performance parameters
of systems fluids. Austrian Journal of Technical and Natural
Sciences, 7-8, 55—59.

Zavos, A., Nikolakopoulos, P. G. (2021). Investigation of the top
compression ring power loss and energy consumption for diffe-
rent engine conditions. Tribology — Materials, Surfaces & Inter-
Jaces, 16 (2), 130—142. doi: https://doi.org/10.1080/17515831.
2021.1907682

Sagin, S. V., Kuropyatnyk, O. A., Zablotskyi, Y. V., Gaiche-
nia, O. V. (2022). Supplying of Marine Diesel Engine Ecologi-
cal Parameters. Nase More, 69 (1), 53—61. doi: https://doi.
org/10.17818/nm/2022/1.7

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Kuropyatnyk, O. A., Sagin, S. V. (2019). Exhaust Gas Re-
circulation as a Major Technique Designed to Reduce NOx
Emissions from Marine Diesel Engines. Nase More, 66 (1), 1-9.
doi: https://doi.org/10.17818/nm /2019 /1.1

Fernandez-Feal, M., Fernandez-Feal, M., Sanchez-Fernandez, L.,
Pérez-Prado, J. (2018). Study of Metal Concentration in Lubri-
cating Oil with Predictive Purposes. Current Journal of Applied
Science and Technology, 27 (6), 1-12. doi: https://doi.org/
10.9734 /cjast /2018 /41472

Sagin, S. V., Kuropyatnik, A. A. (2017) Application of the
system of recirculation of exhaust gases for the reduction of
the concentration of nitric oxides in the exhaust gases of the
ship diesels. American Scientific Journal, 15 (2), 67-71.
Sagin, S. V., Kuropyatnyk, O. A. (2021). Using exhaust gas
bypass for achieving the environmental performance of marine
diesel engines. The Austrian Journal of Technical and Natural Sci-
ences, 7-8, 36—43. doi: https://doi.org/10.29013 /ajt-21-7.8-36-43
Sagin, S. V., Stoliaryk, T. O. (2021). Comparative assessment
of marine diesel engine oils. The Austrian Journal of Technical
and Natural Sciences, 7-8, 29-35. doi: https://doi.org/10.29013/
ajt-21-7.8-29-35

Dvotékova, L., Kruml, S., Ryzék, D. (2021). Antipalindromic
numbers. Acta Polytechnica, 61 (3), 428-434. doi: https://
doi.org/10.14311/ap.2021.61.0428

Madey, V. V. (2021). Usage of biodiesel in marine diesel engines.
The Austrian Journal of Technical and Natural Sciences, 7-8,
18-21. doi: https://doi.org/10.29013 /ajt-21-7.8-18-21

Sagin, S. V., Kuropyatnyk, O. A. (2018). The Use of Exhaust
Gas Recirculation for Ensuring the Environmental Perfor-
mance of Marine Diesel Engines. Nase More, 65 (2), 78—86.
doi: https://doi.org/10.17818/nm/2018,/2.3

Chu Van, T, Ramirez, J., Rainey, T., Ristovski, Z., Brown, R. J.
(2019). Global impacts of recent IMO regulations on marine fuel
oil refining processes and ship emissions. Transportation Research
Part D: Transport and Environment, 70, 123—134. doi: https://
doi.org/10.1016/j.trd.2019.04.001

Popovskii, A. Yu., Altoiz, B. A., Butenko, V. E. (2019). Structural
Properties and Model Rheological Parameters of an ELC Layer
of Hexadecane. Journal of Engineering Physics and Thermophysics,
92 (3), 703-709. doi: https://doi.org/10.1007 /510891-019-01980-0
Lovska, A., Fomin, O., Pistek, V., Kugera, P. (2020). Dynamic
Load Modelling within Combined Transport Trains during
Transportation on a Railway Ferry. Applied Sciences, 10 (16),
5710. doi: https://doi.org/10.3390/app10165710

Lopatin, O. P. (2020). Study of the influence of the degree of
exhaust gas recirculation on the working process of a diesel. Jour-
nal of Physics: Conference Series, 1515 (4), 042021. doi: https://
doi.org/10.1088,/1742-6596/1515,/4/042021

Tymur Stoliaryk, Postgraduate Student, Department of Ship Power
Plant, National University «Odessa Maritime Academy», Odesa,
Ukraine, e-mail: tymir@gmail.com, ORCID: https://orcid.org/0000-
0002-2922-9728

;32

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(67), 2022



