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Abstract. Maritime transportation is the essence of the international economy. Today, about ninety percent of 
world trade is carried out by sea through 50,000 merchant ships. Most of these vessels are powered by mainline 
diesel engines due to their reliability and fuel efficiency. Reliability of system elements in general depends on 
random failures, significant wear during operation, additional wear during start-up. Accidental damage to diesel 
engine components is a major hazard during operation, as some parts (such as cylinder liners and pistons) are 
usually replaced during repairs. On the other hand, preventive service does not eliminate random malfunctions. 
Therefore, in the general problem of assessing the reliability of a diesel engine, there is a mathematical problem 
of assessing the reliability and durability, taking into account only the random failures of its elements, which are 
of the greatest practical importance. The purpose of the work is a mathematical study of the reliability of parts of 
the cylinder-piston group of the main engines of dry cargo ships. Using a systematic approach and a probabilistic 
statistical method, it was established that the most common and difficult case is the simultaneous action on 
a system element (for example, a cylinder sleeve) of factors that cause wear during the period of operation 
(including during the start-up period) and accidental failures. It was determined that the quality of the cylinder-
piston system in ships of the “Ostriv Rosiyskiy” type is higher than in the ships of the “Simferopol” and “Murom” 
types. Empirical formulas for estimating the probability of emergency failure of main engine system elements 
during the period of operation between factory repairs were obtained, where the main danger during the period 
of operation was carried by accidental failures. Based on the results of the study, it is possible to establish a 
schedule for the periodicity of maintenance of the ship's main engine and the cost of losses due to ship downtime 
due to failures, and can also be used in the reliability study of other types of ship's main engines. The results 
make it possible to determine the reliability of the parts of the cylinder-piston group of the main engines of dry 
cargo ships. and, in particular, to establish the maintenance schedule of the ship's main engine and the cost of 
damages due to ship downtime due to failures, and can also be used in the study of the reliability of other types 
of main engines of other series of ships
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INTRODUCTION
The problem of quality and reliability for sea transport is 
of particular importance, as it is related to the safety of 
navigation. In order to predict the quality and reliability 
of the ship’s main diesel engines, it is necessary to study 
the operating conditions of the main power plants, de-
termine and forecast the probability of an emergency 
failure in any period of time, as well as the probability 
that there will be no emergency failures for the entire 
period or an emergency failure will occur in the first tran-
sition. Trampert et al. (2008) emphasize the importance 
of accurately defining the boundary conditions and the 
sensitivity of the service life of cast iron cylinder heads 
to the defined engine operating boundary conditions.

On the basis of operational data and results, which 
are verified with the help of a computer program to 
determine the relevance of the obtained results, it is 
established that the reliability of system elements in 
general depends on the effect of component aging on 
system reliability (Mihanović et al., 2021).

Munir & Shah (2015) discuss available analysis 
methods, also a step-by-step approach to systematic 
qualitative analysis of engine reliability.

J. Kowalski et al. (2017) propose an automatic sys-
tem based on machine learning for intelligent fault di-
agnosis of marine diesel engines.

Wear of main engine parts during maneuvers for 
transport refrigerated vessels of the “Surf” series, the 
average number of starts and reverses during one 
stop (7 days) is 20. For quantitative assessment, it is 
assumed that one start from a cold state corresponds 
to the amount of wear for 5 hours of running time. The 
amount of wear during one hot start or reverse – one 
time of running time. In the total number of starts, 25% 
belong to the cold state. All reversals are considered 
hot, since less than 4% belong to the cold state. Then 
the average wear during one parking lot corresponds to 
the wear during 34.5 hours of normal work. The addi-
tional time proportional to maneuvering wear (for park-
ing time) will be: with 31 parking spaces per year, this 
time is 1070 hours/year. With an average annual run-
ning time of 2,300 hours, the additional time is 46.5%.

The identification of car failures as a way to in-
crease its reliability is considered in the work (Pagán 
Rubio et al., 2018; Vera-Garcíaetal., 2019). In the con-
ditions of the operating company, in order to increase 
the operational reliability of the car, it is important to 
classify failures by the source of occurrence. Today, 
most modern enterprises implement a quality man-
agement system in order to increase the efficiency of 
their activities. From the point of view of the quality 
management system, taking into account its continu-
ous improvement, it is necessary to identify problem 
areas of operational reliability and direct appropriate 
efforts to increase it.

The issue of information systems for monitoring 
the technical condition of cars, a general approach to 

the formation of models for evaluating the technical 
condition of a car in operating conditions, and the study 
of an agent approach to control the technical condition 
of vehicles are discussed in works Anantharaman et al. 
(2019), Fang & Cui (2020), Zhang et al. (2022).

Predicting the fatigue life of the main engine cylin-
der head and taking into account accurate and accept-
able models is discussed by Jing et al. (2022).

Detection and elimination of marine diesel en-
gine failures based on real-time diagnostic signals, 
i.e., symptoms and their relationship to failures in 
an extended form with symptom onset time tracking 
and based on human expert heuristic knowledge, is 
discussed by Sánchez-Herguedas et al. (2021), and for 
more accurate identification of wear defects, a mul-
ti-model fusion system based on the rule of evidentiary 
reasoning is proposed (Xu et al., 2020).

The article by Lazakis et al. (2018) proposes a sys-
tematic approach to the identification of critical sys-
tems/components of ship equipment and the analysis 
of their physical parameters. Critical systems/compo-
nents of the ship’s main engine are used as inputs to 
a dynamic time series neural network to monitor and 
predict future values of physical parameters associated 
with critical ship systems.

The development of a 4-stroke high-speed marine 
diesel engine used on military and civilian vessels as 
a main engine is described in work Pagán Rubio et al. 
(2018). The failure simulator is based on a one-dimen-
sional thermodynamic model developed, adjusted and 
validated with experimental data from a real engine 
on a test bench. The novelty of this work is the applied 
methodology that combines asset expertise, method-
ology and failure modeling to obtain an accurate and 
reliable database for failure prediction, which is a key 
element of diesel engine failure.

The authors Sánchez-Herguedas et al. (2022) pre-
sented a new method for calculating the optimal time 
interval before preventive maintenance and developed 
a mathematical expression represented by a system of 
differential equations.

In their study, Zhang et al., (2022) analyze relevant 
data collected from various sources to determine the 
most plausible failure model representing a particu-
lar component. The collected data and the developed 
model will be very useful for assessing the reliability 
of ship engines and planning maintenance activities on 
board the ship. This can lead to a reduction in marine 
engine failures, which will ultimately contribute to a 
reduction in accidents in the shipping industry.

The purpose of the study is to study the operating 
conditions of the main power plants, to determine and 
forecast the probability of an emergency failure in any 
period of time, as well as the probability that there will 
be no emergency failures for the entire period or an 
emergency failure will occur in the first transition.
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MATERIALS AND METHODS
A systematic approach and a probabilistic statistical 
method were used to obtain empirical formulas that 
allow determining the probability that there will be 
no emergency failures during the entire period or that 
an emergency failure will occur on the first transition 
and to predict the probability of emergency failures of 
parts of the cylinder-piston group of the main engines.

It is presented that the ship’s main diesel engine is 
a sequence of chains of N elements (parts or assembly 
units), the reliability of which depends on the overall 
failure-free operation of the engine.

First, the law of the distribution of random failures 
of elements is determined, which is expressed by the 
reliability function – the probability of trouble-free op-
eration P(t) for the time from 0 to the moment t, as 
well as the time of operation, wear and failure of each 
element, separately for the following cases: 1 – failure 
with replacement, where it is possible to determine the 
time after which all the initially delivered parts will fail, 
i.e. the term of their work; 2 – failure with replacement 
and recovery, where the parts that failed are replaced 
with new ones, so there will be mixed parts in the 
work. This will allow you to calculate the number of 
failures of parts of this type for a given period of time.

Knowing the laws of distribution (the number of ac-
cident-free transitions during the normative period), we 
find the mathematical expectation - the average num-
ber of error-free transitions. The time interval T can be 
considered random, since its choice did not require the 
condition that T is the standard service life, and it can 
be replaced by any time interval from the start of oper-
ation to the moment t. Then it is necessary to calculate 
for engine cylinder liners. Having obtained the result, 
it can be argued that at the current rate of failure of 
the bushings, none of them will reach the wear limit.

Significant wear occurs when starting and revving 
the engine. This additional wear is quantified based on 
the number of starts and reverses.

To maintain reliability at a sufficiently high level at 
time points t1, t2,..., ti, the number of preventive inspec-
tions and repairs is determined. They must be performed 
during parking time so that the running time is not affected.

The failure data together with the failure time is used, 
comparing the preventive interval obtained after applying 
the methodology with the interval obtained when only 
the failure data without hours of attendance are known. 
As a result, there is a need to compare the exponent cal-
culation for cylinder sleeves with the average data to de-
termine the adequacy and validity of our dependencies.

Having determined the time loss due to failures of 
each part for the entire inter-repair period or the num-
ber of failures of parts, it is possible to estimate the full 
cost of operational time for failures at sea (in hours), 
which is one of the main factors that affect the cost of 
transportation and maintenance of main diesel engines 
in trouble-free operation work.

RESULTS
A diesel turbopiston engine is considered as a sequen-
tial chain of N elements (parts or assembly units), the 
reliability of which depends on the overall reliability of 
the engine. Reliability of system elements mainly de-
pends on random failures, basic wear and tear during 
operation, additional wear and tear during start-ups.

Accidental failures of diesel engine system elements 
are the primary danger during operation, because some 
parts (for example, cylinder liners and pistons) are replaced, 
as a rule, during repairs. On the other hand, accidental fail-
ures are not eliminated by the preventive service. That is 
why, in the general problem of diesel engine reliability as-
sessment, the mathematical problem of reliability and du-
rability assessment taking into account only random fail-
ures of its elements has the greatest practical importance.

The law of the distribution of random failures of 
elements is expressed by the reliability function - the 
probability of failure-free operation P(t) for the time 
from 0 to the moment t:

P(t)=exp(-αt),                             (1)

where t – time in thousands of hours; α – coefficient of 
the exponential law of parking time distribution.

The rate of wear of the cylinder liners during opera-
tion will be assumed to be constant and independent of 
accidents, which is natural for the period of normal oper-
ation. The amount of wear ξ during one transition is a ran-
dom variable (ξ=v·τ) with an exponential distribution law:

f(x)=λexp(-λx).                            (2)

Here 𝜆𝜆𝜆𝜆 = 𝛽𝛽𝛽𝛽
𝑣𝑣𝑣𝑣
  , x≥0; β – the coefficient of the exponen-

tial law of the transition time distribution.
For the following decisions, it is necessary to have 

the value of α, which refers to the details we need un-
der different conditions. Note that the failure expo-
nent should be determined for the relative proportion 
of parts that fail. If there is an information about zs of 
ships, and the ship’s engine has zc of parts of this type, 
then their total number is equal to the product of zs

 zc. 
The number of failures in any interval of the statistical 
series is determined by the ratio mi

 /(zs
 zc).

The final expression will be written in the follow-
ing form:

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(− 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼) = 1− 𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖
𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐

 .                       (3)

Hence, for the given value of t, there is an opportu-
nity to find the value of α for the following cases:

1. Rejection with replacement of αz. It is possible to 
determine the time after which all the initially supplied 
parts will fail, i.e. the term of their operation.

2. Failure with replacement and restoration of αv. 
The parts that failed are replaced with new ones, so 
there will be mixed parts in the work. This will make 
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it possible to calculate the number of failures of parts 
of this type for a given period of time (mixed failures).

The value of α for the main engines of some types 
of vessels is given in Table 1.

Table 1. The value of α for the main engines of some types of ships

Note: The numerator is the value of αz , the denominator is αv

Source: author's development

Ships series
Value α·10–2, 1/thousands of hours

cylinder liners pistons cylinder covers

“Simferopol” 2.08/3.38 2.08/2.40 –

“Murom” 2.80/3.38 2.70/3.04 3.13/3.46

“Lysychansk” 1.75/2.38 – –

ТR “Ostriv Rosiyskiy” 0.47/0.74 0.75/1.21 0.87/0.87

Currently, shipping companies and administrations 
have introduced a four-year period of operation of ships 
between factory repairs, so the reliability calculation 
for this period is of undoubted interest. The working 
time corresponding to this period will be determined, 
as it is called, normative.

Knowing the laws of distribution of the value of ηm 
(the number of accident-free transitions during the reg-
ulatory period):

𝑃𝑃𝑃𝑃(𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑘𝑘) = 𝑎𝑎𝑎𝑎𝑘𝑘𝑘𝑘(1−𝑎𝑎𝑎𝑎)
(𝑘𝑘𝑘𝑘−1)!

[𝑘𝑘𝑘𝑘, (𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛)𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛] +  

+𝑎𝑎𝑎𝑎 (𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛)𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘!
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[−(𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛)𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛] ;  

      (4)

𝑃𝑃𝑃𝑃(𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚 = 0) = 𝛼𝛼𝛼𝛼
𝛼𝛼𝛼𝛼+𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[−(𝛼𝛼𝛼𝛼 + 𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛)𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛]  .         (5)

There is an opportunity to find the mathematical 
expectation – the average number of error-free tran-
sitions:

𝑀𝑀𝑀𝑀𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚 = 𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼

[1− 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼)]  .                   (6)

Formulas (4) and (5) give the final solution to the 
problem. The first formula gives the probability that 
there will be no failures during the entire period, and the 
second – that the failure will occur on the first transition.

Expression (6) can be represented in the form:

Mηm=Q(T)·Mη.                            (7)

That is, the average number of failure-free transi-
tions for the normative period T is equal to the multi-
plication of the probability of a random failure during 
this period by the average theoretical number of fail-
ure-free transitions.

In formulas (6) and (7), the time interval T is con-
sidered random, since its selection did not require the 
condition that T is the standard service life, and it can 
be replaced by any time interval from the start of oper-
ation to the moment t.

For cylinder liners of vessel engines, the calcula-
tion according to formula (8) gives the result (values of 
coefficients α, β, b and λ are given in Table 2).

Table 2. Values of coefficients α, β, b, λ

Source: author's development

That is, at the current rate of bushing failure, none 
of them will reach the wear limit. This statement is also 
true for pistons.

As you know, significant wear and tear occurs when 
starting and revving the engine. This additional wear is 
quantified based on the number of starts and reverses. 
For example, for transport refrigerated vessels (TR) of 
the “Kamchatka Mountains” type, the additional time 
proportional to wear on maneuvers (during docking) is 

870 hours or 38% of working time. This value is 800 
hours or 20% of the average annual working hours on 
dry cargoes of the “Morom” series.

The probability of failure-free operation of the ele-
ment before its replacement at the specified level “b” of 
the wear limit is:

𝑃𝑃𝑃𝑃(𝑏𝑏𝑏𝑏) = � 𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼+𝛽𝛽𝛽𝛽

� 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼+𝛽𝛽𝛽𝛽

�  .                  (8)

Ships series αz, 1/(thousands of 
hours)

β, 1/(thousands of 
hours) b, mm λ, 1/mm

“Simferopol” 0,0208 5,75 6,5 261

“Murom” 0,0280 7,00 6,5 279

“Lysychansk” 0,0175 3,40 7,0 170

ТR “Ostriv Rosiyskiy” 0,0047 7,40 4,5 7350
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Indeed, the average time to reach the wear limit, ex-
pressed in the number of transitions, can be defined as:

M(b)=λ·b.                               (9)

The calendar time of reaching the wear limit (in hours 
and thousands of hours) is found from the expression:

𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘 = 𝑀𝑀𝑀𝑀(𝑏𝑏𝑏𝑏)
𝑘𝑘𝑘𝑘

,                               (10)

where k is the average annual number of conversions.

Finally, there will be a period of random failure of 
the cylinder liners due to accidental breakages:

𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 4.6
𝛼𝛼𝛼𝛼𝑧𝑧𝑧𝑧

  .                              (11)

The values of the numbers included in formulas 
(9)-(11) are given in the Table 3.

The time to reach the limit of wear is such that the 
bushings are discarded much earlier than necessary, 
and their wear period will exceed another period be-
tween factory repairs (four years).

Table 3. Values of quantities M(b), Tk , Tvc

Source: author's development

Ships series M(b), transitions
Tk

Tvc , thousands of hours
years thousands of hours

“Simferopol” 1700/1410 69.0/57.0 290/240 221

“Murom” 1830/1500 65.5/53.5 262/214 164

“Lysychansk” 1190/995 59.0/49.3 352/294 263

Thus, the main safety during operation, in particular 
directly during transitions, is created by accidental (emer-
gency) failures that cause stops (delays) at sea to elimi-
nate them. This leads to an unproductive waste of time, 
increasing the transition time. In addition, sometimes it 

is necessary to finish the transition or even travel at a 
reduced speed after eliminating a malfunction at sea.

Various parts and assemblies can fail in main en-
gines at sea. An example of indicators for transporta-
tion of refrigerators and dry cargo is given in Table 4.

Table 4. Indicators for transport refrigerated and dry cargo vessels

Parts and assembly units of main engines
Refusals in the sea

Quantaty Percentage of the total

TR “Ostriv Rosiyskiy”:

High pressure fuel pumps 396 53.0

Injectors 227 30.0

TR “Sea of Okhotsk”:

Injectors 102 16.0

Cylinder cover 89 14.0

High pressure fuel pumps 84 13.5

“Murom”:

Injectors 56 26.0

Bearings 51 24.0

Source: author's development

The average indicators of the number of failures, 
warnings and disclosure of the main parts and assem-

bly units of the main engines of the ships of the “Mo-
rom” series at sea are shown in the Table 5.
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They are obtained by calculations according to the 
formulas:

𝛥𝛥𝛥𝛥𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚
𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠⋅Т𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

;  𝛥𝛥𝛥𝛥𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠⋅Т𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎⋅𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐

;  

𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1
𝛥𝛥𝛥𝛥𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠

; 𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1
𝛥𝛥𝛥𝛥𝑛𝑛𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

.             (12)

Here, Δnms is the number of failures at sea for one 
vessel per 1,000 hours of operation; nm – the number 
of failures at sea; zs – number of vessels; Тavg – vessel 
operating time, thousand hours; Δntr – number of dis-
closures and warnings per element per 1,000 hours of 
work; ntr – number of cases of discovery, transfer and 
prevention on the dock; zc – the number of parts of this 

type of engine; Tms – the average operating time of the 
vessel between element failures, thousand hours; Ttr – 
the average operating time of the element between 
opening and warning, thousand hours.

The probability of failure-free operation of the 
part during the standard time is determined by the 
formula:

P(Tn)=exp(-αvTn),                        (13)

where αv is the rate of failures with replacement and res-
toration, 1/(thousand hours), see Table 1; Tn – standard 
time, thousands of hours. The values of parts of the cyl-
inder-piston group of ships of the “Simferopol”, “Murom” 
and “Ostriv Rosiyskiy” series are given in the Table  6.

Table 5. Average indicators of the number of failures, prevention of parts  
of the main engines of the “Murom” series ships at sea

Source: author's development

Detail of the assembly unit Injectors
Values

Δnms Δntr Tms Ttr

Bearings 0.3800 0.1680 2.63 5.95

Piston-sleeve 0.3460 0.2380 2.89 4.20

Fuel pumps 0.2720 0.7760 3.67 1.29

Cylinder covers 0.1360 0.1145 7.35 8.74

Outlet valves 0.1220 0.2415 8.20 4.15

Gas turbochargers 0.0952 0.1350 10.50 7.40

Telescopic pistons 0.0340 0.2210 29.40 4.53

Detail of the assembly unit 0.0340 0.1520 29.40 6.58

Table 6. Values of P(Tn) for parts of the cylinder-piston group  
of ships of the “Simferopol”, “Murom” and “Ostriv Rosiyskiy” series

Details Time intervals, 
thousands of hours

P(Tn)

“Simferopol” “Murom” “Ostriv Rosiyskiy”

Cylinder bushings
0-8

0-16
0-32

0.763
0.583
0.340

0.763
0.583
0.340

0.943
0.888
0.790

Pistons
0-8

0-16
0-32

0.825
0.682
0.464

0.784
0.616
0.379

0.908
0.823
0.678

Cylinder covers
0-8

0-16
0-32

–
–
–

0.758
0.574
0.330

0.880
0.774
0.599

Source: author's development
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The average number of accident-free transitions 
during the standard period is determined by formula (6). 
The average number of transitions for the established 
period between factory repairs is based on statistical 
information about the operating experience. It is equal 
to 112 and 32, respectively, during the four-year peri-
od of operation of the ships of the “Murom” and “Ostriv 
Rosiyskiy” series. The above dependencies allow you to 
calculate the number of failures.

The number of element failures that may occur dur-
ing the established repair period can be determined by 
the formula:

𝑧𝑧𝑧𝑧 = 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑀𝑀𝑀𝑀𝜂𝜂𝜂𝜂𝑡𝑡𝑡𝑡
= 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝛽𝛽𝛽𝛽
𝛼𝛼𝛼𝛼�1−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(−𝛼𝛼𝛼𝛼𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛)�+1

  .              (14)

The values of the average number of accident-free 
transitions and the number of failures of engine parts 
of the above-mentioned vessels are given in the Table 7.

Table 7. The value of the average number of accident-free transitions  
and the number of failures of engine parts of dry cargo and transport refrigerated ships

Time intervals, 
thousands of hours

M(Tn) z, pcs

“Simferopol” “Murom” “Ostriv 
Rosiyskiy” “Simferopol” “Murom” “Ostriv 

Rosiyskiy”

Cylinder bushings

0–8 40.2 49.0 57.2 2.40/2.0 2.30/2.0 0.55/1.0

0–16 71.0 86.5 113.0 1.40/1.0 1.30/1.0 0.28/0

0–32 112.0 137.0 212.0 0.88/1.0 0.82/1.0 0.82/1.0

Pistons

0–8 42.0 49.7 56.0 2.36/2.0 2.25/2.0 0.56/1.0

0–16 76.0 88.5 108.0 1.30/1.0 1.27/1.0 0.28/0

0–32 128.0 143.0 196.0 0.78/1.0 0.78/1.0 0.16/0

Cylinder covers

0–8 – 48.0 56.0 – 2.33/2.0 1.57/1.0

0–16 – 86.0 104.0 – 1.30/1.0 0.31/0

0–32 – 136.0 181.0 – 0.83/1.0 0.17/0

Note: in the denominator is the number of refusals accepted for calculation
Source: author's development

Comparing the calculation based on the expo-
nent for cylinder sleeves with the average data in the 
Table 5. The running time of the “Murom” series ves-
sel over four years of operation is Tn  =16 thousand 
hours. Then the probability of failures will be Q(16)= 
=1-exp(-0.28·16)=0.36. So, out of six engine bushings 
(on one vessel),  bushings will fail and need to be re-
placed. This will cause two vessel delays at sea. The 
average time between exits is  thousand hours. Ac-
cording to the Table 5, it is possible to calculate that 
bushing and piston failures are distributed equally, the 
average working time between failures will be equal to 

2·3.67=7.34 thousand hours, that is, a little more than 
the calculated one. This ratio is also valid for pistons.

For cylinder covers, the ratio between the calcu-
lation results and the data in the Table 5 will be dif-
ferent. Indeed, for Tn =16 thousand hours there will be: 
Q(16)=1-exp(-0.0313·16)=0.39.

Therefore, 0.39·6=2.34 covers need to be replaced. 
The average time of operation of the cover between 
failures will be 16·2.34=6.85 thousand hours, which is 
less than the data in the Table 5. This is explained by 
the fact that covers that have received water flow can 
be replaced at the parking lot, and this does not lead to 
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delays at sea. At the same time, it should be noted that 
the calculation results and the data in the Table 5 are 
close to each other.

Estimated data for the “Ostriv Rosiyskiy” TR (at the 
value of running time for 4 years of operation Tn

 =10 
thousand hours) are given in Table 8.

Table 8. Calculation data for TR type “Ostriv Rosiyskiy”

Indexes
Cylinder-piston group of ships

Cylinder bushings Piston cylinder covers Piston cylinder covers

Failure probability Q(10) 1-e-0.0087·10=0.09 1-e-0.0075·10=0.073 1-e-0.00787·10=0.05

Number of failures 0,09·24=2.16 0.073·24=1.75 0.05·24=1.2

Average time between failures, 
thousands of hours 10/2.16=4.64 0/1.75=6.45 10/1.2=8.30

Source: author's development

The main negative result of failures at sea is the 
loss of operational time. For example, the average time 
of forced stops, obtained by averaging information on 
vessels of the “Murom” series, ranges from 0.5 to 4 
hours. The loss of time due to failures of each part for 
the entire inter-repair period is (in hours) τеі = zі · τi . Here 
zi is the number of part failures.

The total cost of operational time for failure at sea 
(in hours):

𝜏𝜏𝜏𝜏𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴𝛴 = �𝑧𝑧𝑧𝑧і ⋅ 𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1

 .                          (15)

Damage (thousand hryvnias) arising from forced 
downtime at sea due to failures:

R = C · τΣtl .                             (16)

Here С – the cost of maintaining one vessel during 
the day, thousand hryvnias.

As an example, let’s calculate the damage only 
for parts of the cylinder-piston group (piston, bushing, 
cover) of vessels of the “Murom” series over a period 
of 4 years. Taking into account that two of the named 
parts fail in a year, and the time spent on each out-
put for bushings and pistons is 4 hours, for covers – 
2.3 hours, we get for a four-year period: R=2.98 

4—24 
(2·4+2·4+2·2.3)=10.23 thousand UAH.

DISCUSSION
The researchers Xu et al. (2020) proposed a multi-mod-
el fusion system for more accurate identification of 
wear defects. Authors agree that it is necessary to con-
sider marine diesel engines, which consist of many 
tribological systems, such as cylinder liner-piston ring 
system, main bearing system, and that almost 50% of 
engine failures are caused by abnormal wear of fric-
tion pairs, the authors also consider a chain sequence 

of N elements (parts or assembly units), the reliability 
of which depends on the overall health of the engine.

The authors Sánchez-Herguedas et al. (2022) pro-
posed a method for detecting and eliminating ship 
diesel engine failures, based on real-time diagnostic 
signals and on the basis of human expert heuristic 
knowledge, which may not provide fully accurate infor-
mation about the true state of the parts and underesti-
mate the period of trouble-free operation. However, the 
authors of the study derived dependencies that allow 
determining the probability of fault-free operation of 
elements based on statistical data.

In the research paper (Vera-García et al., 2019), au-
thors use a methodology that combines expert knowl-
edge of the object and modeling of technical inspection 
to obtain an accurate and reliable database for predict-
ing diesel engine failures based on a failure simulator. 
Lazakis et al. (2018) proposed a systematic approach 
to the identification of critical systems, components 
of the ship’s main engine are used as input data to a 
neural network of dynamic time series for monitoring 
and forecasting future values of physical parameters 
related to critical ship systems. Zhang et al. (2022) pro-
pose a method for reconstructing dynamic fault trees 
to find weak links at the component level. Basurko et 
al. (2022) presented engine performance monitoring 
and fault detection to create a three-layer forward neu-
ral network of engine operation. Kowalski et al. (2017) 
presented an experiment consisting of measurements 
made during the operation of a laboratory engine with 
simulated faults to create a classification of fault pat-
terns. The authors Rao et al. (2022) propose online con-
dition monitoring and self-healing for in-service diesel 
CLPRs from a tribosystem perspective in a real-time 
maintenance context. However, the authors of the study 
use a probabilistic statistical method, which is a faster 
way to determine the prediction of diesel engine fail-
ures. The study of the operational reliability of the main 
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Анотація. Морські перевезення є суттю міжнародної економіки. Сьогодні близько дев’яноста відсотків світової 
торгівлі здійснюється морським транспортом через 50000 торгових суден. Більшість цих суден приводиться в 
рух головними дизельними двигунами завдяки їх надійності та паливній ефективності. Надійність елементів 
системи в загальному випадку залежить від випадкових відмов, значного зносу в процесі експлуатації, 
додаткового зносу при пуску. Випадкова поломка компонентів дизельного двигуна є великою небезпекою під 
час експлуатації, оскільки деякі деталі (наприклад, втулки циліндрів і поршні) зазвичай замінюються під час 
ремонту. З іншого боку, профілактична служба не усуває випадкові несправності. Тому в загальній проблемі 
оцінки надійності дизеля – математична задача оцінки надійності і довговічності з урахуванням тільки 
випадкових відмов її елементів, що мають найбільше практичне значення. Метою роботи є математичне 
дослідження надійності деталей циліндро-поршневої групи головних двигунів суховантажних суден. 
Використовуючи системний підхід та ймовірносно-статистичний метод, було встановлено, що найбільш 
загальним і важким є випадок одночасної дії на елемент системи (наприклад на гільзу циліндра) факторів, 
що викликають зноси в період експлуатації (в тому числі в період пусків) і випадкові відмови. Визначено, що 
якість циліндро-поршневої системи у суден типу «Острів російський» вища, ніж у суден типу «Сімферополь» 
і «Муром». Отримано емпіричні формули оцінки ймовірності аварійної відмови елементів системи головних 
двигунів за період експлуатації між заводськими ремонтами, де основну небезпеку в період роботи несли 
випадкові відмови. За результатами дослідження можна встановити графік періодичності проведення 
технічного обслуговування головного суднового двигуна та вартість збитків простоїв судна внаслідок відмов, 
а також можуть бути використані при дослідженні надійності інших типів суднових головних двигунів. 
Результати дають можливість визначити надійність роботи деталей циліндро-поршневої групи головних 
двигунів суховантажних суден. і, зокрема, встановити графік проведення технічного обслуговування 
головного суднового двигуна та вартість збитків внаслідок простоїв судна через відмови, а також можуть бути 
використані при дослідженні надійності інших типів головних двигунів інших серій суден

Ключові слова: знос; експлуатаційний час; втулка циліндра; поршень; кришка циліндра
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