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The marine engine circulating oil change interval suggested by
manufacturers is a guideline based on general scale statistics and
laboratory testing. At the same time, the actual remaining oil life can
significantly correct the time and money spent by the chief mechanic
service on system maintenance. In the present work, a method has been
developed that makes it possible to increase the service life of mechanisms
and the reliability of ship equipment under operating conditions. The effect
is achieved by identifying and analyzing the most significant and
influential parameters of the lubricant used. An array of physical and
chemical data on lubricants, taking into account the equipment's time to
failure, is processed by a special computer program for monitoring the
state of a marine engine in operating mode. The developed software
package allows more accurate and timely maintenance of the SPP (ship
power plant)
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analyses.

1. INTRODUCTION

The degradation process of operational, technical
systems and their elements is continuous and inevitable
due, among other things, to thermodynamic laws.
However, it is possible to slow down wear and tear,
providing systemic influence on the components of the
process and destroying mechanisms. The analysis of
these factors can provide the basis for choosing actions
to adjust the engine maintenance process when making
decisions on preventative measures when designing
structures and generally when assessing equipment
reliability.

In the engine-oil system, any changes in random
processes that take place within them and between
them, along with inversions of physical and chemical
characteristics of the elements of this structure, are of
particular interest [1,2]. The quality of used oil changes
over time, and, as a consequence, the value of this factor
in relation to indicators of engine reliability changes as
well. The level of oil degradation within the system is
expressed by the "falling out" of operating parameters
describing the characteristics of the lubricant. Operating
parameters are generally presented in Figure 1.

The decision to control and extend the life cycle of a
marine engine motivates the creation of fresh wear
management strategies and the introduction of new
algorithms for the mathematical modeling of processes.
Increasing the efficiency of using oils in power plants is
associated with the difficulty in determining the limit
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state, which depends on the mass of factors that affect
the aging of the oil. At present, having an extensive set
of data on the operation of the system based on changes
in parameters in various operating conditions, it is
possible to create reliable algorithms using artificial
neural networks [3,4]. The search for new solutions for
predicting faults in the power plant is, in general, quite
intensive.
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Figure 1. Main characteristics of engine oils

The results of creating models of simulators of the
power plant of sea vessels intended for qualitative
analysis are presented by Johansen T.A. and Serensen
A.[5]. J.F. Hansen et al. [6] used the creation of a state-
space mathematical non-linear model as a means to
further improve the fuel efficiency of marine engines.
The results presented in Villar A., Fernandez S.,
Gorritxategi E., Ciria J. 1., & Fernandez L. A. [7] show
that the development of a sensor for field monitoring of
insoluble sediment, water content, and BN and viscosity
in engine oil, is an important step in reducing shipping
time and costs. However, there are very few scientific
publications that consider the aspect of creating
software for assessing the state of power plant elements
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based on laboratory studies of used engine oil with a
subsequent forecast of the state of engine elements.
Based on the fact that the fundamental provisions of the
presented solutions for extending the life cycle of a
marine engine have been disclosed by the scientific
community, technological solutions have been found in
general; however, there is still little applied and prac—
tical research on the implementation of these ideas and
solutions. The analysis technique presented in the paper
for creating an intelligent program allows the prediction
of changes in the "oil-engine" system, allowing for
estimation of the speed of the degradation process of
engine elements.

When analyzing certain parameters, it is necessary
to understand the functions that each of the presented
characteristics performs, as well as the levels of
acceptability of each value [8-10]. When operating in
high-temperature ranges and high interval loads, the
oxidation rate of oil increases, which leads to the
formation of abrasive solid particles; their contact with
the engine system elements leads to the appearance of
wear particles. Thus, the analysis of viscosity and oil
contaminants is one of the most important indicators of
the lubricant.

The reliability of marine vessel engine operation
must be ensured by operative and qualified maintenance
actions, while the type and frequency of actions to
ensure the operability of mechanisms directly depends
on the awareness of the technical condition of operating
mechanism elements [11]. Decision-making is a comp—
licated task, and, as a rule, it is a combination of past
experience, method of expert evaluations, and timely
diagnostics based on the results of the physical and
chemical parameters of oil [12,13]. To avoid undesi—
rable consequences due to incorrectly made or not made
decisions on the maintenance of engine-oil system
elements, we recommend precise forecasting and
system approach to ensure specified operation levels,
taking into account the residual life of the lubricant.

The analysis of the matrix of process parameters
(MPP) [14], based on system processing of the data of
physical and chemical indicators of oil, will allow to
support the decision on maintenance of the ship engine
and thereby increase reliability when operating the
technical system.

2. MATERIALS AND METHODS

The results of analyses and accurate predictions based on
verification calculations [15] can serve as a basis for a
clear understanding of the technical condition of the
engine oil system. Problems arising when determining the
level of the system's technical condition, when the
mechanism shows no signs of inoperable or emergency
condition, and the data of analyses indicate their presence
and vice versa, lead, in fact, to heuristic methods of
decision making, based on experience and the practical
research base [16]. The creation of modern decision
methods and schemes concerning reliability is based on
the development and implementation of intelligent
programs that are based on the acquired experience and
individual approach to the technical structure [17,18].
The simplicity of software product development in
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Python and the ability to supplement and improve the
program library provide an opportunity to create
databases of the causes and consequences of failures.

The developed intellectual program for an esti—
mation of an engine-oil system condition allows
analyzing the entered statistical data concerning the
physical and chemical composition of the used oil to
compare them with values of controlled parameters,
with their limiting parameters that give the ability
further to receive the information on the reasons of
occurrence and development of malfunctions (Fig. 2).

In this work, the results of laboratory research of the
oil of the exploited ship diesel engine were used when
processing analyses by the MPP method. The data were
processed by the software complex in Python
programming language.
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Figure 2. Concept of the ergative system functioning with
the application of the software based on the MPP method

The new software complex based on the process
analysis matrix method is the key element of the created
ergative system. The first step in making the matrix is to
form a list of parameters required to determine the scale
of the degradation process occurring in the system. In
the given example, all parameters of the analyzed
material according to reports of laboratory research of
motor oils of the ship's diesel engine MAN B&W Diesel
Den 6L.28/32A have been realized. The study's material
was taken from the analysis of various manufacturers
who conducted research on oils from 2007 to 2021. To
make it clear, the method was tested on one of the oils
used during the period of engine running time from
7121 to 22460 hours.

3. STAGES OF MPP MAKING

When making the matrix, we need to normalize the
quantitative values, i.e., to bring each parameter (£;) to
a dimensionless numerical value on a scale from 0 to
10. That is because the parameters have different units
of measurement. Before conversion into coded values,
the limiting values of factor variation are set, i.e., limits
of variation: Ry~ the upper control limit, R - the lower
control limit. Most commonly, data on limit values can
be obtained from reference books or from the lubricant
manufacturer. If regulations and manufacturers do not
specify limit values, they can be determined
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individually by processing the data set according to the
normal distribution and physical and chemical
properties of the parameter being analyzed. Figure 3
shows an example of determining the boundary values
based on a statistical analysis of the samples. Alkaline
number (Fig. 3, a) has a working range with the best
performance - the "green zone", and productivity goes
down as it approaches the limits of the upper or lower
allowable limits. The elements of metallic impurities,
such as iron, normally, in the physical sense, have only
one permissible limit, i.e., the "green zone" will be
limited to a one-sided tolerance (Fig. 3, b).
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Figure 3. Normal distribution curves created on the basis
of statistical data of oil analyses: a) BN, (mgKOH/g); b) Fe,

(ppm)

Parameters that have one acceptable limit are those
whose parameter values at the lowest or the highest
point of their concentration are preferable. When
translating to coded values of elements, the actual
values of which have one acceptable limit - preference
is given to the presence of this element at the lowest
control limit (R,;). In this case, expression (1) is used
for normalization:

Rd — Rvk

E =10-
’ Rnk _Rvk

(M

where Ej; is the normalized element of the matrix, R, is
the actual value of the parameter.

For parameters with values close to the upper
reference limit, e.g., flash point, the highest score is
respectively assigned to values close to the upper
reference limit. In this case, expression (2) is used for
normalization:

Rd — Rnk

2
Rvk - Rnk ( )

E, =10-

Figure 4 illustrates the determination of the actual
value of the lubricant parameter in relation to the upper
and lower control limits with the determination of the
rating scores. Thus, Figure 4(a) shows that the average
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value of the mass fraction of iron content, according to
our calculations, is 12 ppm, the limit values declared by
the manufacturer are 2-140 ppm, and when determining
the rating, the highest score is assigned to the boundary
with the lowest value. Determining the actual value of a
lubricant's parameter in relation to the upper and lower
limit (Figure 4 b), in turn, shows the BN (base number)
criterion, where the manufacturer's declared value is
defined as BN > 7.5, which in turn tells us that the
starting point of the "green zone", will be determined by
this numerical expression.

According to statistical data processing, the upper
control limit of the alkaline number will be 28.479
mgKOH/g.
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Figure 4. Determination of limit and mean values of a) Fe,
(ppm); b) BN, (mgKOH/g)

The next step, after converting all lubricant
parameters into coded values, is to compose a matrix.
Rows of the matrix are normalized physicochemical
parameters. Thus, according to the obtained analyses of
laboratory studies, each of the coded values forms the
matrix body, while the columns indicate the running
time in hours (eq. 3).
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when analyzing oil performance with the help of this
matrix, it is necessary to take into account how one or
another element behaves during different time intervals.
For this purpose, the mean value and the standard
deviation of each investigated parameter in coded
values should be set row by row. A low standard
deviation and mean value of the studied parameter, in
coded units close to 10 reflects a well-functioning
system, while a high standard deviation shows high
variability in the series of a particular element.

For each variable in a system, it is possible to assess
its overall effectiveness by determining the mean value
and the standard deviation and calculating the
parameter's performance index.

When calculating only the mean value, the true
position in the structure may be misrepresented by the
predominance of too-high values over too-low values;
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in this regard, it is necessary to summarize the data
values of each observational parameter in reverse.

We determine the index of efficiency of each of the
parameters (IEF) as follows:

IEF; =F;, m,i=1,2,....,n 4)

where

1 |

—=>— 5)
F 5M,

Mj; - data point in the matrix profile, m - rows, n -
columns. When the numerical value of the profile data
point approaches zero, the picture of the vulnerability of
the studied parameter is observed, and accordingly, the
efficiency index also approaches zero.

4. RESEARCH RESULTS

The process parameter matrix was compiled and
evaluated on the basis of data from laboratory tests of
engine oil for 15,339 hours of operation of a ship's
diesel engine. The manufacturer specified the data of
the control limits of the elements. Calculations of mean
and standard deviation are presented in Tab. 1.

Table 1. Mean and standard deviation of the oil elements

Parameter Average std
Viscosity@ 100C 14,50 0,41
Flash point (SETA) 190,00 0,00

BN (mgKOH/g) 19,11 9,37
Insolubles %wt 0,29 0,26
Water (Vol%) 0,11 0,07
Al (Aluminium) 5,50 1,78
Cr (Cromium) 0,42 0,67
Cu (Cupper) 0,25 0,45
Fe (Ferrum) 19,50 4,78
Ni (Nickel) 39,50 14,31
Pb (Lead) 0,42 0,67
Sn (Tin) 0,83 1,27

Na (Sodium) 33,78 8,12
Si (Silicon) 14,00 3,36

V (Vanadium) 119,75 36,35
Sb (Antimony) 0,50 0,85

Conversion into coded values was performed as
required, using formulas (1) and (2), after which the
matrix of process parameters with coded values was
made (Tab. 2).

According to Table 2, the coded values for some
elements are below zero, which in the short-term
forecast indicates serious deviations in the system
operation, and in the long-term, after determining the
index of performance parameters over a time interval,
indicates that there is a need to make a repair plan to
identify the cause of the system destabilization.

5. APPLICATION OF THE PROCESS PARAMETER
MATRIX IN THE DEVELOPMENT OF A
COMPUTER PROGRAM FOR THE ANALYSIS OF
THE OIL-ENGINE SYSTEM

The proposed method is designed to use another
possibility to determine the level of serviceability of the
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oil system of the ship's engine with the use of the most
accessible means for the service personnel. Deve—
lopment of specialized software on the basis of the MPP
method is not a trivial task, as it requires integration
with various software and hardware complexes
currently applicable for the assessment of technical
conditions of ship mechanisms. Today the requirement
of ISMC (the International Safety Management and
Pollution Prevention Code) provides that "the company
should define the equipment and technical systems,
which sudden failure can cause dangerous situations"
[19]. In this regard, having an additional source of
analytical data on engine performance can serve as a
tool in decision-making on the timing and types of
maintenance and repair work of the power system [20].

In order to provide an effective visual categorization
of the technical condition of the oil system when
applying the process parameter matrix method, we
propose to display the data for the user in the form of
color values (Table 3). After determining the IEF for
visual perception, the data is colored with values from
dark red, where the index values go into minus values,
to light green, which means the effective operation of
the system for this parameter.

By using this approach to evaluate the oil system, it
is possible to monitor not only the stability of the
system at the time of analysis but also to detect at what
point the failure occurred and the impact of the
measures taken to eliminate the causes of the failure,
whether it's the replacement of components and parts or
a change of lubricant.

6. DISCUSSION

Natural wear and tear of ship power plant mechanisms
under load are considered to be one of the main, but not
the only, source of engine failures. The reasons for the
failure of nodes and parts of the ship engine may
include individual design features of the power plant;
poor-quality materials of node parts, miscalculations
during their installation; engine operation in overload
mode; use of oils, and fuel of inappropriate
characteristics [21]. To reveal the problem, regular
analyses of the oil composition state are used, among
other things, through control of measured parameters
and volume of metal inclusions fractions. Nowadays,
many vessels, in addition to the availability of all sorts
of sensors and regulated means of technical systems
control, have software that helps to manage
maintenance and planning of works on inspection and
repair, including power engineering equipment.

In order to make a full prediction, it is required to create
a "library" of possible consequences when the analyzed
parameter exceeds the limit values. Thus, when
calculating the efficiency index, in addition to the color
highlighting of the elements whose values fall into the
red zone (IEF from -10 to 6,1), there should be a pop-up
window with an offer to pay attention to certain
mechanisms, which wear or defect affects the change of
this parameter (Fig. 5). Formation of a database for the
library, proposed on the basis of overall statistics on the
frequency of failures of particular SPP mechanisms and
related to this failure - changes in the oil parameters.
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Table 2. Matrix of process parameters with coded values.

E hours 7121 8392| 9662| 10930 12198 13480 13655 14890 16373 17490| 19560| 22460|IEF

Al (Aluminium) 9,50 9,25 8,50 8,50 8,50 8,25 8,25 8,00 8,25 8,75 9,00 8,75 8,60

Cr (Cromium) 10,00 10,00 9,75 9,50| 10,00 9,75 9,75 10,00/ 10,00 10,00 10,00 10,00 9,89

Cu (Cupper) 10,00 10,00 9,94 9,94| 10,00 10,00 9,94 10,00 10,00 10,00 10,00 10,00 9,98

Fe (Ferrum) 9,14 8,86 8,57 8,00 8,79 8,43 8,14 8,29 8,71 8,93 8,86 8,57 8,59

Ni (Nickel) 4,75 1,75  -0,50]  -2,25 2,25  -2,75| -6,00]  -4,00 1,75 6,00 200  -1,50, -841

Pb (Lead) 10,00 10,00] 10,00 9,94 9,94 10,00/ 10,00 10,00 9,94| 10,00] 10,00 9,88 9,97

sn (Tin) 9,50 10,00 9,75 9,00 9,50/ 10,00/ 10,00/ 10,00/ 10,00 9,75| 10,00 10,00 9,78

Na (Sodium) 4,86 6,57 5,57 5,14 4,00 5,29 6,71 5,43 3,00 4,90

si (Silicon) 8,20 8,00 7,40 7,00 7,00 6,80 6,60 6,80 6,20 6,60 7,60 8,20 7,14

V (Vanadium) -2,00 -9,00] -17,00] -20,80] -8,60| -19,60| -25,40| -22,60| -9,40| -7,60] -9,00| -16,40| -8,70

Viscosity@ 100C 6,02 6,24 6,27 6,39 6,02 6,02 6,63 6,51 5,90 6,02 6,99 7,59 6,35

BN (mgKOH/g) 2,19 2,15 0,24  -0,05 4,39 5,20 3,29 424| 1039 11,96 11,58 1082 -0,83

Water (Vol%) 7,80 7,60 7,60 7,00 9,20 4,40 9,00 6,60 9,00 8,00 8,00 8,60 7,45

Flash point (SETA) 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67 6,67

Insolubles %wt 8,20 7,60 9,33 9,33 9,33 9,33 9,33 8,67 9,33 6,33 5,67 4,47 7,64

Table 3. lllustration of a graphical illustration of the results obtained using the MPP method

COLOR GRADIENT OF IEF VALUES |
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The database also allows the operator to add the
recorded failures (replacements, repairs), thus adapting

to the individual features of the serviced SPP.
Analyzing the information received from added
databases will allow us to specify further the boundary
values used in the MPP method for each concrete type
and model of a ship engine.

In a functioning power plant, oil contamination is a
regular process, which is caused by penetration into the
oil system of incomplete combustion products, wear
particles of mechanisms, and elements generated as a
result of oxidation and thermal effects. It is impossible
to prevent oil aging, but it is definitely possible to
postpone this process, keeping the stable operation of
the engine. Software programs installed on modern
ships, aimed at control and accounting of technical
elements, with the integration of an oil analysis program
based on the MPP method, can give good results in both
the long and short term - improving the control of the
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technical condition of power plants and improving the
process of subsequent maintenance and repair. This, in
turn, directly impacts the safety, energy efficiency,
manufacturability, and environmental friendliness of
ships' fuel-energy systems.

Ipay attention
« turbine parts
+ valve systems
- fuel contamination

Ni (Nickel)
IEF _ _

Pb(Lead)  [10,00/10,00] 10,00 9,94] 9,94]
IEF

Figure 5. Example of a pop-up window of the process
parameter matrix
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7. CONCLUSION

The developed methodology of data processing
regarding physical and chemical properties of lubricants
used in SPP on the basis of MPP allows to predict of
changes in the state of the technical oil-engine system
over time and also controls the process of lubricant
performance loss, evaluates the rate of degradation
processes of engine elements, plan operations on its
maintenance and repair and evaluate their subsequent
efficiency. The proposed data processing methodology
underwent analytical testing and served as a basis for
developing the software program. Let us outline several
tasks for the software complex being created based on
the MPP method.

Firstly, the program will simplify the decision-
making by a chief mechanic's service on planning
maintenance of controlled mechanisms;

Secondly, when regularly conducted analyses of
used oil are loaded, the program based on MPP will
provide digital and graphical information about the
condition of the controlled system at any interval of
engine operating time. This, in turn, allows us to
determine the time interval within which an event
occurred, resulting in a parameter deviation from the
limits of the norm. The program can serve both as an
individual program and as an add-on - by integrating
into larger and more complicated software complexes to
plan technical maintenance of mechanisms in the fleet.

Thirdly, the software developed based on the MPP

method will allow forming a database of analytical
information necessary for increasing the quality of ship
engine development, especially regarding fatigue and
dynamic loadings, corrosion, and friction influences.
These materials will allow manufacturers and engine
designers to conduct a comparative analysis of the
results of the application of the designed mechanism
with the original design solutions and expectations
(mean time to failure, specifics of equipment failure).
Such analytics will be vital for the subsequent
development of a complex of measures for
improvement of the quality of maintenance and repair of
ship power plants since the accumulation of the data and
the analysis of spent oils on each certain engine in time
provides an understanding of the most frequent failures
of elements, allowing to characterize the failures of
certain engine models in certain time intervals [22].
In addition to the tasks mentioned above, the prospects
for further development of this software include the
development of an intelligent system with the ability to
recognize defects and determine the risks of the
emergency situation.
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NOMENCLATURE
SPP  Ship Power Plant

FME Transactions

MPP  Matrix of Process Parameters

Eij Normalized element of the matrix
Rvk Upper control limit

Rnk Lower control limit

Rd Actual value of the parameter
IEF Parameter Efficiency Index
Mij Data point in the matrix profile
m Rows

n Columns

T Operating time in hours

P Parameter

HCTPAKUBAILE U EBAJIYALIUJA PA/THUX
KAPAKTEPUCTUKA KOPUII'REHOI'
BPOJACKOI MOTOPHOTI YJbA
KOPUINREILEM METOJE MATPHUIIE
MNPOLECHUX TAPAMETAPA

E. Maz3yp, II. llep6an, B. Ma3yp

WHtepBan 3ameHe ysba y LMPKYJIaMju OpOJICKOT
MOTOpa KOjU Cy TpEIJIOKWIA TpousBohaum je
CMEpHHMIIA 3aCHOBaHa HAa OIIITOj CTATHCTHUOH |
nabopaTopHjcKUM  HCIUTHBamUMa.  lcToBpeMeHO,
CTBapHH IIPEOCTATM BEK Tpajama yJba MOXKE 3HAYajHO
KOPHMI'OBAaTH BpeMe M HOBALl KOjU TJIaBHH MEeXaHH4YapcKa
cilyk0a MOTPOLIM Ha OAp)KaBambe cUCTeMa. Y OBOM
pany pas3BujeH je Meron Koju omoryhaBa mnosehame
pamHOr Beka MexaHW3aMa M MOYy3/IaHOCTH Opojcke
ormpeme y ycioBuMa pana. Edekatr ce mnoctmke
WACHTH(UKANNjOM W aHAIN30M HAj3HAYAJHUJUX W
HajyTHLAJHAjUX MapaMerapa YHOTpeOJbeHOr Ma3HBa.
Huz ¢usnuko-xeMHjCKMX TIOAaTaka O MasHBUMA,
y3umajyhu y o03up Bpeme o0 KBapa ompeme, odpalyje
mocebaH KOMIT)YTepCKH TporpaMm 3a mpaheme crama
OpoICKOr MOTOpa y pagHOM pexuMmy. PasBujenu
copTBepckr  makeT omoryhaBa mOpenusHUje H
OsaroBpemeno oxapxkaBame CIIIT (Opoacke enexTpane)
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