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Abstract: The article discusses the method and results of processing statistical data from an experi-
mental study of vibrations in marine diesel engines caused by the operation of cylinder-piston groups.
The results of the application of a ranking method for identifying factors that influence vibration in
marine diesel engines are presented to determine the most significant ones. A series of experiments
were conducted according to special plans to actively implement the random balance method. This
helped to establish the correctness of selecting the most significant factors from a variety of factors
that influence the process under study. The article presents a mathematical model that enables the
calculation of current values and prediction of changes in the most significant indicators, with the
clearance between the piston and the cylinder liner being the most important.
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1. Introduction

The efficiency of marine fleet utilization is closely linked to reducing transportation costs,
which are steadily increasing. A significant portion of total transportation costs is attributed to
fleet operation, making cost reduction in this area a key strategy for reducing transportation
expenses. Therefore, the problem of increasing ship operation efficiency is closely tied to
reducing maintenance and repair time, and is currently considered an urgent task.

The existing system of scheduled preventive maintenance and repair involves pre-
serving and restoring the normal technical condition of ship components at pre-planned
intervals. However, transitioning ships to extended overhaul periods requires a compre-
hensive approach that includes engineering and technical measures, as well as scientific
research aimed at improving repair quality, technical operation levels, logistics, and other
related factors. Modern methods and tools for determining the technical condition of ship
devices and mechanisms, particularly marine diesel engines, without dismantling them,
play a significant role in achieving this goal.

High vibration loads on parts can lead to fatigue stress, accelerated wear of contacting
surfaces, and reduced reliability and service life of marine diesel engines. Therefore, moni-
toring their vibration activity during operation is crucial. Currently, experimental research
and modeling of complex technical systems and processes are widely used in various fields
of human activity [1,2]. The scientific, methodological, and mathematical apparatus for
research is constantly evolving based on the level of development of information [3,4]
and digital technologies, leading to the introduction of new methods and information
processing tools into the practice of planning and conducting research on complex technical
systems and processes [5,6].
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The construction of a model is preceded by the identification of factors that influence
the studied process, and therefore the problem of assessing, selecting, and substantiat-
ing the most significant and suitable parameters for building models is relevant [6,7].
Various approaches exist for identifying the most significant factors, such as empirical
methods based on expert opinions [8], and experimental methods that utilize the theory of
experiment planning [9,10].

The aim of this study is to develop a methodology for substantiating the choice of
the most significant factors that affect the vibration of a marine diesel engine caused by
the operation of the cylinder-piston group. The goal is to establish the relationship and
mathematical model between the vibration level and its causes, particularly the dependence
of vibration velocity on the size of the diametrical gap between the cylinder liner and
piston bore. This methodology will enable the assessment of the technical condition
of marine diesel engine cylinder-piston groups, prediction of residual life, and prompt
the specification of scheduled preventive maintenance and repair based on the technical
condition.

2. Materials and Methods

One of the indicators that helps to assess the technical condition of a marine diesel
engine is the level and nature of changes in its vibration [11,12]. Any deviations from normal
operating conditions in marine diesel units are reflected in their vibration characteristics [13,14],
which can be used to diagnose the condition of parts of a cylinder-piston group using on-site
methods based on vibration indicators [15,16]. Previous studies on engine vibration have
estimated the relative significance of different sources of sound vibration, indicating that
piston impacts during shifting are among the most significant sources [13].

Vibration is a significant issue in the operation of diesel engines, as it can affect
their performance and reliability. Researchers have studied the sources of vibration in
diesel engines and developed methods for using vibration indicators to diagnose the
technical condition of ship mechanisms [17,18]. Vibrodiagnostics has been recognized
as one of the most promising methods for assessing the technical condition of marine
diesel engines and mechanisms [19,20]. However, vibration processes are complex and
require adequate mathematical models for successful analysis of the results obtained using
vibration diagnostics [12,13].

Most studies related to the construction of mathematical models for studying vibration
are based on differential equation theory, statistical information processing methods, and
experimental planning [21,22]. This approach yields specific numerical data obtained from
experiments or numerical solutions. However, in order to obtain the results of problem-
solving, the initial parameter values must be known, which cannot always be determined
by theoretical methods.

In some cases, methods of similarity theory and dimensional analysis can be effectively
applied when modeling the operation of complex objects or processes [23,24]. Furthermore,
to obtain an adequate and informative model, it is necessary to determine the required
number of factors (quantities) that affect the process under study. Therefore, future research
should focus on developing more complex models for analyzing vibration diagnostics,
which will improve the accuracy and reliability of this method.

2.1. Methodology for Evaluating Factors Influencing Vibration of Marine Diesel Engines due to
Operation of Cylinder-Piston Group

It is well-known that evaluating and ranking factors involves ordering them according
to their expected degree of influence on the process being studied [25]. During the prelimi-
nary analysis of the primary data, a literature review was conducted to compile a list of
factors, including technological, structural, and dynamic factors, etc. The degree of impor-
tance of factors can be assessed through a survey of a group of specialists or experts [26,27].
Figure 1 illustrates a structural-logical scheme for evaluating the factors that affect the
vibration of a marine diesel engine caused by the operation of the cylinder-piston group.
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Step I. Analysis of the design and operational characteristics of the cylinder-piston group.
affecting the magnitude of the shock impulse when the piston is shifted

Il

Step II. Ranking of factors according to the findings of an expert survey

Iut

Step III. Clarification of the factors influence degree through the application of experimental
design methods, which allow the establishment of the most significant indicators for vibration
diagnostics of the cylinder-piston group operation in a marine diesel engine

{0

Step IV. Development of a ranked list of factors that determine the vibration level of a marine

diesel engine, caused by the operation of its eylinder-piston group

Figure 1. Structural and logical diagram for evaluating the factors that influence the vibration of a
marine diesel engine caused by the operation of the cylinder-piston assembly.

Step 1. The assessment is based on the results of a study presented in [26], which
assessed the impact of various factors on the vibroacoustic signal to identify which ones
that influence the parameter under study can be neglected. To build a model that enables
the calculation, analysis, and prediction of the technical condition of parts and assemblies
of a marine diesel engine, including a cylinder-piston group, it is necessary to determine the
most significant factors. To identify the degree of influence of factors on the vibroacoustic
signal and select the most significant of them, it is necessary to rank the factors.

The primary factors that affect the magnitude of the shock impulse when the piston
shifts on a running engine are as follows [28]:

f;—the clearance between the bushing and the piston;

fo—the amount of air leakage in the valves, piston rings, gasket under the cylinder
head;

f3—the piston material;

f;—the fixed angle of rotation of the crankshaft;

fs—the value of the compressed air pressure supplied to the cylinder;

fs—the degree of rarefaction in the cylinder;

f;—the mobility of the piston rings;

fs—the elasticity of the piston rings;

fo—the diametrical clearance between the piston bosses and the piston pin;

f1p—the diametrical clearance between the bushing of the upper head of the connecting
rod and the pin;

f11—the diametrical clearance between the neck of the crankshaft and the lower head
of the connecting rod;

f1p—the lubricant properties;

f13—the ambient temperature;

f14—the sensor installation location.

Step II. The results of the study presented in [28] are based on a survey of various
specialists, each of whom assigned a rank to a factor depending on the contribution it makes
to the optimized parameter. Based on the survey data, a summary matrix of ranks [26] was
compiled and is presented in Table 1.

Table 1 was constructed by compiling a questionnaire in which each expert filled out
three columns: the upper value that the estimated factor can take, its lower value, and the
ranking of the factor according to its importance. The results of 10 questionnaires were
analyzed to construct Table 1. Additionally, each interviewed specialist had the option to
add any additional factors that were not listed. If the expert believed that some factors had
the same effect on the output value (diesel vibration caused by the operation of the cylinder-
piston group), these factors were assigned the same rank. In case the expert assigned the
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same rank to multiple factors, the “related” ranks were calculated as the arithmetic mean
of the numbers indicating the ranks of the factors in the series.

Table 1. Summary table of expert ranks.

Experts
f R a2
1 2 3 4 5 6 7 8 9 10

f 1 1 1 1 1 4 8.5 3 1 2 23.5 2652.25
f 4 5 9.5 2.5 2 6 3.5 15 5 9 48 729
f3 7 3 2 7 3 4 6 4 10.5 2 48.5 702.25
f4 2 6 9.5 4 4 4 3.5 7 13 4.5 57.5 306.25
f5 3 3 3 5.5 6 11.5 1 15 2.5 2 39 1296
fo 8 3 11.5 5.5 7 11.5 3.5 8 2.5 11 71.5 12.25
f7 5 7.5 4 2.5 5 15 3.5 5.5 5 4.5 44 961
fs 6 7.5 5 8 8 11.5 11.5 5.5 5 13.5 81.5 42.25
fo 9 10 7.5 12.5 10 7.5 8.5 9 8 6.5 88.5 182.25
f10 10 10 7.5 9 9 7.5 8.5 10 8 6.5 86 121
f11 11 10 6 10 12 11.5 8.5 11 10.5 11 101.5 702.25
f12 13 12 115 12.5 13 15 11.5 12 8 8 103 784
f13 14 13 13 14 14 11.5 14 13 12 11 1295  2970.25
f14 12 14 14 11 11 11.5 13 14 14 13.5 128 2809

To evaluate the level of agreement among the specialists involved, the following
characteristics were calculated for each parameter: the sum of ranks (R), the squared
deviation (d?), and the concordance coefficient W.

The value of the concordance coefficient, which takes into account the “connected” ranks,
is 0.641. This indicates that there is a correlation between the opinions of experts [28,29]. The
agreement among the interviewed experts was established based on the x? criterion (Pearson).

2.2. The Results of the Analysis of the Most Significant Parameters Affecting the Vibration of a
Marine Diesel Engine

According to the data presented in Table 1, the weight of each parameter was calculated
based on the sum of the ranks of all experts using the following formula:

1 i=l4 4
Kyvghti = E/ Z% ﬁia =1 (1)
1=

As aresult:

nghtl = 18.210/0,' nghtz = 8.890/0,' nght3 = 8.800/0,' nght4 = 7.440/0;

nght5 = 10.940/0,' nght6 = 5.980/0; nght7 = 9.700/0,' nghtS = 5.260/0;

nght9 = 4.830/0,' nghth = 4.960/0; nghtll = 4.23(70,' nghtlZ = 4.150/0,'

nght13 = 3.290/0,‘ nght14 = 3.33%.

It is worth noting that a model for comparative assessment of indicators for 14 factors
can be constructed based on the study.

This allows for the evaluation of the level of vibration of a marine diesel engine:

y = 0.1821f; + 0.0889f, + 0.088f3 + 0.0744f; + 0.1094f5 + 0.0598f5+
+0.097f; + 0.0526fg + 0.0483fg + 0.0496f; + 0.0423f1; + 0.0415f1,+ @)
+0.0329f13 + 0.0333f4

The constructed predictive model can be used for theoretical analysis of the relation-
ship between vibration and the reviewed earlier factors were studied.

By utilizing the methodology for assessing factors, the parameters that have the most
significant impact on the vibration of a marine diesel engine were identified (refer to Table 2).
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Table 2. The most significant parameters affecting the vibration of the marine diesel engine.
Factor Parameter . Levels of Factor Variation
Notation Name Parameter Weight Bottom (—1) Top (+1)
X1 Gap between sleeve and piston (f;) 0.1821 ultimate mounting
The amount of air leakage: in . S
. - maximum leaks leakage is minimal
X2 valves, piston rings, gasket under 0.0889 (limit wear) (corresponds to a new engine)
the cylinder head (f,) P &
X3 Piston material (f3) 0.0880 aluminum cast iron
X4 Fixed crank angle (fy) 0.0744 110 90
The amount of pressure of
X5 compressed air supplied to the 0.1094 7 5
cylinder (f5)
Xg Vacuum degree in the cylinder (fg) 0.0598 1.0 0.5
X7 Piston ring mobility (f7) 0.0970 coked mobile
Xg Elasticity of piston rings (fs) 0.0526 more than the less than the allowable value

allowable value

Based on the obtained results, it can be concluded that the size of the gap between the
piston and cylinder liner mirror has the greatest influence on the studied process, followed
by the pressure of the compressed air supplied to the cylinder, and the mobility of the
piston rings in third place.

Step III. To validate the empirically obtained results, an evaluation of the vibrational
activity of a marine diesel engine was conducted using the theory of experimental design.
To simplify the analysis, non-essential factors were excluded, leading to a more concise and
accurate description of the factor space and response surface.

When conducting a full factorial experiment (FFE) of type 2X, an increase in the
number of factors by just one unit entails a doubling of the number of experiments. In
our case, with 8 factors, it would be necessary to carry out 28 =256 experiments. This is
time-consuming and costly. The random balance method allows for a reduction in the
number of experiments compared to the fractional factorial experiment. Therefore, to
conduct screening experiments, the random balance method was used since it is the most
effective method for identifying and independently evaluating dominant variables with
high reliability.

The random balance method involves taking random samples instead of systematic
orthogonal samples from fractional replicas (PFE), resulting in uncorrelated or weakly
correlated columns of the planning matrix. The joint estimates obtained using this method
are randomly shuffled, which makes it possible to isolate and independently estimate all
dominant variables with high reliability [30,31].

2.3. Numerical Example

The initial data for this study include results from a physical experiment measuring
the vibration level of a diesel engine, as reported in [28].

The study was conducted on a ‘cold” (non-operating) engine 1Ch 410.5/13. To obtain
a vibration signal on an idle engine, a tip was installed instead of a nozzle, which created
alternating vacuum and air compression in the over-piston space. The crankshaft of the
engine was fixed in a specific position, and as a result, the piston struck the cylinder liner
due to a change in the sign of the normal component of the force. The resulting vibrations
were transmitted through the block to the sensor installed on it, and then to the electronic
equipment for recording and analyzing vibrations.

The parameters of the air transferred to the cylinder (vacuum and pressure) were
determined experimentally and chosen to be minimal but sufficient to create a shock pulse
from the recorded piston shift. The fixed angle of rotation of the crankshaft was chosen to
ensure stable relocation of the piston and that the piston was at the top dead center.

Sensors were installed on the piston to measure its movement, and sets of bushings
and pistons with different levels of wear, representing different working lives, were used.
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Additionally, plugs of various sizes were installed instead of valves to assess the degree of
influence of leaks.

The experimental part of the study was conducted using the method of experimental
design, as per the theory of experiment planning.

Before constructing a matrix of screening experiments, it is necessary to establish the
levels of variation for each factor and encode them as either a positive (+) or negative (—)
sign. A value of (+1) is assigned if the current value is greater than the average, while a
value of (—1) is assigned if the current value is less than the average. Table 2 presents the
levels of variation for each factor.

To construct the matrix of screening experiments (Table 3), we randomly mixed two
half-replicas, dividing the factors into two groups. We then created one half-replica from
each group. In this work, two half-replicas of the type were mixed to conduct a screening
experiment 241, One half-replica was assigned to factors x; — x4, the other—to factors
x5 — Xg. For three factors x;:x; and x3, a PFE plan was drawn up from 8 experiments; the
fourth column was obtained using the generating ratio x4 = Xx;x2x3. For factors x5, xg, and
x7, similarly, a plan for a full factorial experiment of 8 experiments was drawn up; the
eighth column was obtained using the generating ratio xg = —Xs5X¢X7.

Table 3. Matrix for designing screening experiments.

Experience Factors B
Number x1 X2 X3 X4 X5 X6 X7 x5 y
1 _ _ — — + - + + 4.6
2 + + - - - + + + 53
3 + _ + _ + — — — 6.3
4 + _ — + + + + — 5.0
5 - + + — - - - + 7.3
6 — + — + + + - + 11.5
7 _ _ + + — + - — 11.7
8 + + + + - - + - 8.1
9 _ + _ + + — + + 9.5
10 + + - - - - - + 6.1

2.3.1. Experiment 1

The screening experiment’s planning matrix, which shows the experiment plan and
the coded value of the optimization criterion, is presented in Table 3. Rows 9 and 10 were
selected randomly from both half-replicas to reduce the number of experiments required

for the screening experiment.

Kk
Ly;

After the experiments, the results were recorded in the }7 = lk matrix column, where

y is the average value of the vibration amplitude, and k is the number of experiments.
The optimization criterion was used to evaluate the results and select the most significant
factors for further research.

The screening experiment design matrix, which includes the experiment plan and the
value of the optimization criterion in coded form, is an effective tool for evaluating the
most significant factors. Randomly selected rows from both half-replicas help to reduce the

number of experiments required. The y column of the matrix is used to record the results of
the experiments, allowing for a quick evaluation of the effectiveness of the selected factors.

The influence of each factor is estimated by calculating the difference between the
average values of their levels. This method is used to determine the most significant factors
that have a significant impact on the experiment’s outcome. The greater the difference
between the means, the more significant the factor is considered to be.

The median value is used as the central tendency measure, which is the value of the
variable attribute that falls in the middle of the ordered variation series. This method is
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useful in cases where the data are not normally distributed or contains outliers. The median
is a reliable measure of central tendency that is not affected by extreme values.

If there is an even number of occurrences in a series, the median is the arithmetic mean
of the two middle values. The factors and x4 are distinguished primarily by the difference
in medians x;. The scatterplot constructed from the initial experimental data (Figure 2)
visually shows that the effects of the first and fourth factors should be evaluated first, as
they have the largest differences in medians.

Aym
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Factorz

Figure 2. Scatterplot of observational results by factor levels (compiled by the authors according
to [28]).

The effects of the factors x; are calculated by the following:

-

LY LV

Kk
ky k;

Xj =

®)

_+
where y, — are the average values of the optimization criterion in each cell of the table

for the factor level (+); y, — are the average values of the optimization criterion in the
corresponding cell of the table for the factor level (—); k; is the number of average values of
the optimization criteria }_,ki [26].

To quantify the effects of the factors x; and Xy, let us construct Table 4 (table with two
inputs). In Table 4, the estimated factors with levels of variation and the calculated average
values of the optimization criterion (vibration amplitude) are recorded in each cell of the table.

Table 4. Table with two inputs for calculating the effects of factors xq, x4.

Factors Assessed +Xgq —Xq

+xq y, = 655 y, =59

X y; =109 y, =595
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Thus, at the intersection of row +x; and column +x4, the average value of the opti-

mization criterion y is written, obtained by summing the results taken from Table 3, where
factors x; and x4 were at the upper levels (+), and dividing this sum by the number of
such experiments. In Table 3, where the factors x; and x4 were at the upper levels (+), the
experiments numbered 4 and 8 corresponds to this. Thus, for the case when the factors x;
and x4 were at the upper levels (+), the average values of the optimization criterion are

_ 50+81

v, S =655

At the intersection of row +x; and column —x4 the average value of the optimization

criterion }_12. is written. For this, we took the results of experiments 2, 3, and 10, and as a

result we obtained
- 53+63+6.1
Y, = —5 = 5.9

At the intersection of row —x; and column +x4, the average value of the optimization
criterion §3 is written. For this, we took the results of experiments 6, 7, and 9 (the value of

the vibration amplitude y), and we obtained

~ 1154117495

V3 3 =109

At the intersection of row —x; and column —xy, the average value of the optimization

criterion }_1 4 is written. For this, we took the results of experiments 1 and 5, and received

the follows:

~ 46473
V= % =595

Using Formula (3), the effects of the factors were calculated. Note that for x; for the
factor level (+), the average values of the optimization criterion will be y, and y,, and for

the factor level (—) they will be y; and y,.
For x4 the average values of the optimization criterion for the factor level (+) will be

y; and y,, and for the factor level (—) they will be y, and y,.

Thus, the effects of factors x; = —2.2 and x4 = 2.8.

The significance of the identified effects was checked according to the t-criterion
(Student), the numerical values of the t-criterion were

_ (1Y) - (yatys) _ (655+59)—(1094595) _
tXl - ani - 1812 — 2006, (4)
' (655+109)—(594595) _
ty, = Y5 = 2.553.

Tabular value of t-criterion with the number of degrees of freedomf =Y n; —k =6
for a significance level of 0.05, it is 2.447, and for a significance level of 0.1 it is 1.943.
Factor Effect x4 significant with 95% confidence probability, and x;—with 90% confidence
probability.

To remove the selected effects, the experimental results were corrected. The correction
consists in adding the effects of the selected factors with the opposite sign to the results
of screening experiments [29,30]. For this, we add 2.2 to all results at the level +x; and

subtract 2.8 from all results at the level 4+x4. The data after adjustment (;’zexpl) were
entered in Table 5.



Inventions 2023, 8, 71 9 of 19

Table 5. Matrix for designing screening experiments developed on the experiment 1 results.

Experiment Factors y v
Number Vexpt
X1 X2 X3 Xq X5 X6 X7 X8
1 — — — — + — + + 4.6 4.6
2 + + — - — + + + 53 53+22=75
3 + - + — + — — — 6.3 63+22=85
4 + — — + + + + - 5.0 50+22—-28=44
5 — + + — - — — + 7.3 73
6 - + — + + + - + 11.5 115 -28=87
7 — — + + — + — - 11.7 11.7 - 2.8=89
8 + + + + - - + — 8.1 81+22—-28=75
9 — + — + + — + + 9.5 9.5-28=67
10 + + - - - - - + 6.1 6.1+22=83

2.3.2. Experiment 2

After adjusting the first and fourth factors, a second experiment was set up, consisting
of 10 experiments. The results obtained after adjusting the influence of the first and fourth
factors are shown in Figure 3.

i

']
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-
> ]
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d * A & - L * * h
e

4

+ Xr - + X - + X: - + Xs - + X5 - + Xs = + Xr - + X% =~ Factors

Figure 3. Scatterplot of the results obtained after the first adjustment of the experimental results.

From the scatterplot of the results obtained after the first adjustment (Figure 2), factors
are visually distinguished as x; (the difference between the medians is 1.1) and x7 (the
difference between the medians is 2.9). An auxiliary table with two inputs was similarly
constructed (Table 6).

Table 6. Table with two inputs for calculating the effects of xp, x7.

Factors Assessed +X7 —Xy

+x2 v, =72 y, =81
X2 vy =45 v, =87
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To fill in the cell in Table 6 at the intersection of row +x; and column +xy, it is

necessary to take the results of experiments ({zexpl) numbered 2, 8, and 9 from Table 5. As a
result, the average values of the optimization criterion will be equal to

- 75475467
e e 7.2
To fill in the cell in Table 6 at the intersection of row +x; and column —xy, it is necessary

to take the results of experiments (?expl) numbered 5, 6, and 10 from Table 5, then

_  73+87+83

A1
Y2 3 8

To fill in the cell in Table 6 at the intersection of row —x; and column +xy it is necessary

to take the results of experiments (§exp1) under numbers 1 and 4 from Table 5, and for the
cells at the intersection of row —x; and column —xy, it is necessary to take the results of

experiments (§exp1) under numbers 3 and 7 from Table 5. As a result, we obtain

- 46+44 - . .
_ 6+ _45,y :85+89:

3=y s > 8.7

The magnitudes of the effects of the corresponding factors were calculated:

SO AT B £ T SR T DURIP PRV £ B £ D - fasb £ W Y JORRP R

2 2 2 2

Calculated values of t-criteria: ty, = 2.893; ty, = —6.887.

Factor Effects xp and xy are significant with a 95% confidence level.

To remove the selected effects, the second correction of the experimental results was
made. For this, all level results 4+x; were increased by 2.5, and all level results +x; were

reduced by 1.1. The data after adjustment (}7 eXpZ) were entered in Table 7.

Table 7. Matrix for designing screening experiments developed on the experiment 2 results.

Experiment Factors y y
Number Xl . s x4 xs X6 X7 x5 expl exp2

1 — — — - + — + + 4.6 46+25=71

2 + + — — - + + + 7.5 75+25—-11=89
3 + — + — + - — — 8.5 8.5

4 + — — + + + + - 4.4 44+25=69

5 — + + — — — — + 73 73—-11=6.2

6 — + — + + + — + 8.7 87—-11=76

7 — - + + — + — — 8.9 8.9

8 + + + + - — + — 7.5 75+25—-11=89
9 — + — + + — + + 6.7 6.7+25—-11=8.1
10 + + - - — — - + 8.3 83—-11=72

2.3.3. Experiment 3

After adjusting the second and seventh factors, a third experiment consisting of
10 trials was conducted. The results obtained after adjusting the influence of the second
and seventh factors are shown in Figure 4. From the scatterplot of the results obtained after
the second adjustment (Figure 4), factors are visually distinguished as x3 (the difference
between the medians is 1.2), x4 (the difference between medians is 1.0), x5 (the difference
between the medians is 0.5), and xg (the difference between the medians is 1.2). However,
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in the case of x4 there has already been an attempt to take into account the influence of the
factor, so an auxiliary table with three inputs was built.
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Figure 4. Scatterplot of results obtained after the second adjustment.

A supersaturated plan allows a more accurate assessment of the effects, but often does
not make it possible to fill in all the cells of the table [25,30]. This situation arose when
constructing a table with three inputs for factors x3, x5, and xg(Table 8). Therefore, we had
to limit ourselves to building a table with two inputs (Table 9).

Table 8. Table with three inputs for calculating the effects x3, x5, and xg.

Factors +Xg —Xg

Assessed +X5 —xs +X5 —xs
+x3 - y, =62 y; =85 vy =89
—X3 y5 =76 ye = 8.05 y; =69 -

Table 9. Table with two inputs for calculating the effects of x3, x5.

Factors Assessed +Xx5 —X5
+x3 }71 =85 §2 =38
—X3 y; = 7425 y, =805

The experiment, at +x3 and +xg for the case when x5 was at the upper level (+), was
not planned; therefore, in Table 8, a dash is put in the first cell.

To fill in the cell in Table 8 at the intersection of row +x3 and column +xg, for the case
when x5 was at the lower level (—), we take the result (y esz) of experiment 5 from Table 7.

In the cell (Table 8) at the intersection of row +x3 and column —xg, for the case when x5

was at the upper level (+), it is necessary to take the result (y exp2) of experiment 3 from Table 7.
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To fill in the cell at the intersection of row +x3 and column —xg, for the case when

x5 was at the lower level (—), it is necessary to take the results of experiments (§exp2)
numbered 7 and 8 from Table 7. We obtain that

~ 89489

Va4 > 8.9

To calculate the average value of the optimization criterion y; (the intersection at row
—x3 and a column +xg, for the case when x5 was at the top level (4), from Table 7 we take

the results of experiments (}_Iexpz), numbered 1, 6, and 9. We obtain that

~ 71476481

Vs 3 7.6

To fill in the cell at the intersection of row —x3 and column +xg, for the case when x5

was at the lower level (—), it is necessary to take the results of experiments (§exp2) with
numbers 2 and 10 from Table 7. We obtain that

~ 89472

Ve S =805

To fill in the cell at the intersection of row —x3 and column —xg, for the case when x5

was at the top level (+), it is necessary to take the result of the experiment (§exp2) number 4
from Table 7.

The experiment when —x3 and —xg for the case when x5 was at the low level (—), was
not planned, therefore, in Table 8, a dash is put in the last cell.

To further study the effects of factors, we built a table with two inputs (Table 9).

In accordance with Formula (3), the magnitudes of the effects of the corresponding
factors were calculated: x3 = 0.5125 =~ 0.5 and x5 = —0.0625 ~ —0.1.

Calculated values of t-criteria: ty, = 0.81; ty; = —0.10.

Factor Effects x3 and x5 are not significant either for the 5% or for the 10% significance level.

During the third adjustment of the results of the experiment, all results at the level
+x3 were reduced by 0.5, and all results at the level +x5 were increased by 0.1. The data

after adjustment (§exp3) were entered in Table 10.

Table 10. Matrix for designing screening experiments developed on the experiment 3 results.

Experiment Factors g,
Number X1 X2 X3 Xq X5 X6 X7 X8 exp3

1 _ _ — — + — + + 7.2

2 + + - - - + - + 8.9

3 + — + — + - — - 8.1

4 + - - + + + + - 7.0

5 — + + — — — — + 5.7

6 — + - + + + — + 7.7

7 - - + + - - - - 8.4

8 * + + + - - . - 8.4

9 _ + — + + - + + 8.2

10 + + — — — — - + 7.2

2.3.4. Experiment 4

After adjusting the third and fifth factors, the fourth experiment was set up, consisting
of 10 experiments. The results obtained after adjusting the influence of the second and
seventh factors are shown in Figure 5.
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Figure 5. Scatterplot of results obtained after the third adjustment.

To calculate the magnitude of the effects of the factors x4 and xg, an auxiliary table
with two inputs (Table 11) was built based on the data in Table 10.

Table 11. Table with two inputs for calculating the effects of x¢, xg.

Factors Assessed +Xg —Xg
+Xg y, =83 Yo =77
—Xg y3 = 7.075 yy =825

For example, to calculate y (the cell located at the intersection of row —xg and column
+xg), it is necessary to take the results of experiments Vexp3) from Table 10 with numbers 1,
5,9, and 10. We obtain that

72457482472

Y3 1 =7.075

The magnitudes of the effects of the corresponding factors were calculated:
xg = 0.3375 ~ 0.34; xg = —0.2875 ~ —0.29.

Calculated values of t-criteria: ty, = 0.632; ty, = —0.539.

Factor Effects xg and xg are not significant for either the 5% or 10% significance level.

3. Results

Step IV. Based on the results of the calculations, an effect diagram was constructed,
which gives a visual representation of the degree of influence of each factor and allows us
to note the three most significant of them: x4, X7, and x; (Figure 6).
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Figure 6. Diagram of effects identified by the random balance method when studying the influence
of various factors on the magnitude of the vibroacoustic signal.

The following factors were chosen as those most strongly affecting the vibration of a
marine diesel engine: a fixed angle of rotation of the crankshaft (with an increase in the
angle, the normal force changes due to the action with which the piston is shifted), the
mobility of the piston rings, and the gap between the bushing and the piston.

Recommendations for the Practical Use of Research Results

As the crankshaft rotates, the normal force changes, causing the piston to move, but
this factor is not related to the wear of the cylinder-piston group. The mobility of the piston
rings depends on various properties, with coking being the most significant as it affects the
collision process between the piston and the cylinder liner. Currently, there are methods
for calculating and developing technical solutions for ring materials and shapes. Among
all the considered parameters, determining and diagnosing the factor f 3 (the gap between
the cylinder liner and the piston) on a running engine is the most challenging and requires
additional research.

For instance, the application of similarity theory and dimensional analysis resulted
in an equation that establishes the analytical relationship between the gap size and the
intensity of both mechanical and gas-dynamic effects on the engine components [13]:

V n
wop
_ Dczvt"rkD b _ Dczvt"rCD b _ P.
where K; = 7SP~D§-P:Z (Ko = =5 2, K3 = Sha

The designations adopted in Equation (6) are given in Table 12.

To determine seven unknown coefficients of Equation (1), it is recommended to use
the least squares method [13].

Figure 7 presents the results of calculating the gap between the bushing and the piston
of twelve studied diesel engines, main characteristics of which are given in Table 13. The
calculation was performed using the data provided in the technical guidance material
(RTM 212.0060-76) in [13].
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Table 12. Explanation of the symbols used in the Equation (6).

Designation Name
1 clearance between the piston bore and cylinder liner mirror
Dezb rigidity of the cylinder block
Devt bushing stiffness
Nmax the maximum value of the lateral force
P, maximum cycle pressure
Sp piston stroke
D¢ cylinder diameter
w angular frequency
\Y vibration velocity measured on the motor feet
h bushing thickness
) material density
n crankshaft speed

unknown coefficients depending on the design features of the marine

C nmrlkc diesel engine and the damping properties of its materials

Diesel number

w
12 &
11 |
10 |
.
.
7 |
5 |
.
Y
.
2 |
1 : . gap size, m
0 0.0001 0.0002 0.0003 0.0004 0.0005

B Row2 B Rowl

Figure 7. Calculated and experimental values of the gap between the mirror of the cylinder liner and
the piston of diesel engines, in meters: row 1 shows the calculated gap values (average frequency of
octave bands 500 Hz), while row 2 shows the average values of the actual gap.

Table 13. Main characteristics of the studied diesel engines.

No. p/p Brand Ne, kW n, min 7!
1 8NVD 36/45 662 375
2 8NVD36 220 360
3 8NVD 36A 309 375
4 8NVD 48A 736 375
5 8NVD48 493 350
6 6NVD 48AI 486 330
7 6NVD48 368 350
8 6L275Rr 276 500
9 6ChSPH15/18(3D6H) 110.4 1000

10 6H HSP18/22 165.6 750
11 6ChSPN18/22 110 750
12 6NVD26 132.4 750

Note. Ne—effective power, kW; n—nominal speed of the crankshaft, min~ L.
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From the results presented in Figure 7, it can be seen that the spread of the gap relative
to the average value does not exceed 7%.

4. Discussion

Modeling methods are effectively used for the correct solution of problems related to
the assessment, diagnostics, and control of complex processes [32,33]. Their application
allows for the construction of adequate, correct, and informative models [34,35], and they
are used to analyze processes in all areas of human activity [35,36].

The safe operation of transport fleet ships largely depends on the reliability of their
main engines [37,38]. However, the technical means of monitoring the performance of
marine diesel engines during their operation are currently not effective enough and need
to be improved.

The vibroacoustic index and the concentration of wear products in lubricating oil
are among the most informative diagnostic parameters of a marine diesel engine [37,38].
However, there are known difficulties in using the vibroacoustic indicator [39]. Therefore,
the development of new, more advanced and mobile hardware and software, as well as
the search for the new scientific and methodological approaches to the use of information
contained in the spectrum of vibration parameters, is relevant [40,41].

The study of internal combustion engines requires the application of methods from
the theory of experimental design, with the help of which it is possible to systematically
study the influence of various factors on the operation of the engine. Random experimental
designs are widely used for this purpose as they provide systematic control over variables
and maximize the accuracy of estimates.

One such randomized experimental tool is the random balance method, which has
been successfully applied in various fields of research, including agriculture, medicine,
and mechanical engineering [42,43]. The random balance method assumes a random
distribution of procedures between experimental units while ensuring the balance of
the scheme in relation to various factors that can affect the result [23,42]. Such balance
helps minimize the influence of variables that can lead to biased estimates of influence
effects [29,30].

The random balance method can be used to study the influence of various factors on
internal combustion engines, such as fuel type, compression ratio, ignition timing, air-fuel
ratio, etc. Using the random balance method, researchers can verify that the influence
of these factors is properly controlled. Additionally, the random balance method can be
extended to more complex experimental approaches, such as factorial designs, which allow
several factors to be examined simultaneously. Such approach could help researchers
identify the interactions between various factors and their influence on engine performance,
providing valuable insights into the underlying mechanisms of engine operation.

In summary, the random balance method is a powerful tool for studying complex
processes in internal combustion engines. Its use can help minimize the impact of variables
and maximize the accuracy of estimates, leading to more accurate and informative infer-
ences. The presented analysis of the factors influencing the diagnostic signal, as well as the
approach to establishing the degree of their influence based on the use of the considered ex-
periment planning method, made it possible to reduce the volume of experimental studies
and contributed to the adoption of the most reasonable decisions.

5. Conclusions

An analysis of the factors affecting the vibration of a marine diesel engine caused by
the operation of the cylinder-piston group has allowed for the determination of the most
significant parameters of its vibration activity. Based on the application of expert methods,
a priori ranking of the factors influencing the vibration level of a marine diesel engine was
carried out, identifying the 8 most significant factors out of the 14 studied. The results of
a full-scale experiment using the methods of experimental design theory, particularly the
random balance method, confirmed the ranking of the three most significant factors. The
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proposed approach enables a significant reduction in the volume of experimental studies
and the establishment of the nature and parameters of the relationship between the vibration
activity of a marine diesel engine and the processes occurring in its cylinder-piston group.

Based on the use of two different approaches, expert and mathematical, it has been
determined that the gap between the cylinder liner mirror and the piston bore is one of
the most significant factors determining the vibration level of a marine diesel engine. The
mathematical dependence (6) proposed in this study allows for the determination of the
value of the diametrical gap between the cylinder liner and the piston trunk based on the
measured level of vibration velocity, calculation of the current wear rate of the parts of the
cylinder-piston group, and more informed decision-making regarding the frequency of
maintenance and repairs of marine diesel engines.

The developed mathematical and methodological apparatus allows for the following:

e  Evaluation of the current technical condition of the cylinder-piston group of a marine
diesel engine based on its vibration parameters.
Forecasting of its residual resource.
Timely specification of the time for scheduled preventive maintenance and repair of
marine diesel engines in operation.

Based on the results of the study, the following conclusions can be drawn:

1. The use of methods of experimental design theory, similarity theory, and dimension
analysis using full-scale experimental data enables the determination and refinement
of the relationship between the vibration parameters and the technical condition of
the marine diesel cylinder-piston group through calculation.

2. The size of the gap between the cylinder liner mirror and the piston trunk is one of
the most significant factors affecting the level of vibration of a marine diesel engine
caused by the operation of the cylinder-piston group.

3. Measurement of the vibration level on the legs of a marine diesel engine and the use
of Equation (6) to calculate the gap between the cylinder liner and the piston trunk
enables the determination of its current values and prediction of the change in the
gap in such a complex tribocouple as a cylinder-piston group.

4. The practical implementation of the results of the conducted research requires more
detailed initial data on the parameters of the interaction between the piston and the
cylinder liner of a specific marine diesel engine.

The offered nondestructive control method is a powerful monitoring tool of a ship’s
power installation’s state during operation. It allows a considerable increase in the accuracy
and efficiency of the estimation of the most significant indicators of a ship’s diesel engine’s
vibration activity, caused, first of all, by the operation of a cylinder-piston group, and also
to reduce the number of expensive, difficult-to-reproduce full-scale tests.

The method’s effectiveness in application is illustrated in the example of vibration
level dependence research on a ship diesel engine’s design and technological characteristics.
Implementation of the proposed method in operation will increase the reliability of ship
diesel engine diagnostics, increase the speed of defect detection and, consequently, reduce
expenses for their operation and decrease the negative influence on the environment.
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