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Abstract:

Introduction/purpose: The paper presents the application of modern
methods in the diagnostics of sliding bearings and the analysis of
influencing factors that can cause errors in such an application.
Possibilities to determine with certainty when and where problems affect
sliding bearings during system operation are presented. It is also shown
how the system will continue to function over time. Causes of failures and
the manner of their elimination are predicted, as well as the time for
planned maintenance of technical systems.

Method: The new method solves the problem of sliding bearing
diagnostics by measuring the dynamic trajectories of the sleeve in the
sliding bearing and by measuring vibration parameters on the inner and
outer surfaces of the technical system. The dynamic trajectories of the
bearing sleeve are measured with non-contact probes; therefore, the
centering of probes in relation to the geometric center of the bearing is
very important. Vibration parameters, directly related to the clearance in
the sliding bearing, are measured on the inner and outer surfaces of the
system. The choice of vibration parameters and measuring points is very
important. This method has a number of advantages over other diagnostic
methods, as it is easy to access measuring points.
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Results: By measuring the dynamic trajectory of the sleeves in the plain
bearing and vibration parameters on the inner and outer surfaces, the
bearing clearance quantities are determined, including: normal condition,
initial clearance size, its further increase, bearing clearance sizes, and the
moment when the condition parameters are close to the upper limit of the
permissible bearing clearance.

Conclusion: New diagnostic methods and monitoring systems can be
widely applied to: internal combustion engines, all piston machines,
hydroelectric power plants, thermal power plants, processing plants, and
many other systems.

Keywords: technical diagnostics, sliding bearing, bearing clearance,
bearing wear, bearing sleeve, dynamic trajectory.

Introduction

Modern methods of technical diagnostics enable fast and reliable
measurement of the size of clearance (bearing wear) in sliding bearings,
measurement of vibration parameters, vibration analysis, measurement
of speed, measurement of lubricating oil temperature, lubricating oil
analysis, measuring coolant temperature, positioning the top dead center
in the case of internal combustion engines, etc. Since these are multi-
channel measuring systems, a large number of diagnostic parameters
can be monitored and measured.

Based on the measured quantities, diagnostics of the condition of
mechanical and electrical systems is performed. Data are obtained on
the degree of wear and damage of machine elements (gears, shaft
sleeves and shafts, sliding and roller bearings) as well as on imbalance
which is very important for balancing the system in accordance with the
prescribed standards. The selected failure symptoms mark relevant
frequency components and create failure symptom sizes whose trend
can be monitored. Alarm conditions can also be based on statistical
estimates of the selected parameters.

During production, there are deviations from the manufacturing
tolerances prescribed by the technical documentation due to various
influences and installation errors. During operation, certain operating
characteristics deviate more and more from the initial values so that
proper operation is disrupted and the system working capacity is
reduced. Therefore, it is very useful to pay special attention to these
problems and do some research.

In recent years, there has been a significant increase in the share of
diagnostics in the maintenance process, which is associated with safer
operation, durability, reduced work, and maintenance costs.
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According to some research (Miroshnikov, LV, & et al. 1977),
(Genkin, MD, & Sokolova AG, 1987), (Vasil'ev, Yu.N., & et al. 1987),
diagnostic works account for over 35% of the scope of technical
maintenance work.

The largest number of papers in the field of technical diagnostics
has been published in the Russian Federation, the USA and Japan,
regardless of whether it is a vibration method or some other diagnostic
method. In the professional literature of Western countries, specific
studies are rarely given, although it is well known that a large number of
manufacturers of internal combustion engines allocate huge financial
resources for the development and research of engines. The basic
principles (Cohn et al, 1975), (Zhdanovsky, NS 1966), (Thomson, 1983),
(Fertis, 1973), (Schiffbanker & Gerhard, 1988) are usually presented so
that data on the results and possibilities of application of technical
diagnostics for engines are very scarce.

Since technical diagnostics needs increasing financial and other
costs, expensive measuring equipment and automation, it is necessary to
pay attention to the convenience for modern control and monitoring
requirements in system development and design.

Increasing control convenience for which there must be evaluation
indicators leads to a reduction in the diagnostic work scope, which
means that it is necessary to ensure and improve the availability of
diagnostics, comfort, ease and accuracy of measurement, unification of
control points, number of control points, measuring equipment, diagnostic
methods, continuous registration of measured values and collection of
information on the technical condition of systems.

The technical condition of a plant is characterized by a large number
of operating process parameters. At the same time, not all parameters of
the operating process affect the state of the system equally. Therefore, it
is necessary to take as many parameters as possible during control in
order to more completely determine the condition of the plant. When
choosing the diagnostic parameters of the plant, it is necessary to
determine the character of their relation with the parameters of the
technical condition. In order for the output process parameter to be
applicable in technical diagnostics, it must meet certain requirements:

- uniformity,

- width of the field of application, and

- availability of parameter measurement.

Damage to plain bearings in operating conditions can be classified
into the following groups:
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- damage caused by material fatigue,

- damage due to increased bearing wear,

- damage caused by changing the size of the clearance between the
sleeve and the plain bearing, and

- damage due to lack or interruption of the supply of bearing
lubricating oil.

There are two concepts of monitoring systems in technical
diagnostics:

The ON-line monitoring system intended for continuous
measurement and analysis of technical conditions. Measuring sensors
and systems are permanently installed on machine and electrical plants.

The OFF-line monitoring system intended for periodic
measurements and analyses of technical conditions of plants. Some
sensors are permanently built into the system (depending on which
parameters are measured), and other sensors are placed together with
the portable part of the monitoring system when measurements are to be
performed.

Sliding bearing dynamics and vibration generation

Clearance in plain bearings occurs as an important indicator of the
technical condition. It enables the assessment of significant movement of
the sleeve when measuring dynamic trajectory and vibrations on the
bearing housing. Related to this are the bearing structural parameters
which include the shape, dimensions, clearances, material properties and
other properties that characterize normal operation. The bearing-sleeve
system must meet certain criteria so that the structural parameters of the
assembly as a whole are within the prescribed limits, which determines
the possibility of using the assembly.

Operation of a system with increased working clearance in the
bearing causes a violation of lubrication conditions and increases the
coefficient of friction, which is ultimately associated with damage to the
bearing. Therefore, bearing wear is one of the basic parameters for
diagnosing the technical condition. It is almost impossible to determine
the laws of wear and tear exactly. It is possible to predict only one part of
the type of wear based on the load forces on the sleeve and the sliding
bearing.

The main types of wear observed during the system operation are
adhesive and abrasive wear, material surface fatigue, and, to a lesser
extent, wear due to erosion, fretting and corrosion. Normal wear and tear
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occurs due to the damage caused by tribological processes, as inevitable
companions of the work of sliding bearings, while extremely intensive
material surface wear occurs in extreme cases. Complete elimination of
damage due to wear is impossible. Researching relevant parameters and
offering a constructive solution ensure the smallest possible impact of
unknown quantities and reduce damage due to the wear process to the
smallest possible extent, thus increasing the reliability and durability of
bearings. An important constructional dimension when designing a
bearing is bearing clearance.

The absolute clearance (diametrical bearing clearance) is denoted
as the difference between the bearing diameter (D) and the sleeve
diameter (d):

Z,=D-d (1)

The radial bearing clearance is defined as the difference between
the bearing radius (R) and the sleeve radius (r):

Z=R-r 2)

The relative bearing clearance () is the ratio of the clearance (Zp)
to the sleeve radius unit (d):

p="D-——— - -2 )

Small bearing clearances increase the thickness of the oil film, while
too small clearance values reduce oil flow, increase temperature and
significantly reduce oil viscosity, leading to mixed friction which causes
the oil to overheat and ultimately damage the bearing.

Increased clearances reduce energy losses and contribute to lower
oil temperatures, and in local bearing locations where the maximum
hydrodynamic pressures are in the oil film, there is also an increase in
bearing temperature. Figure 1 shows the influence of the relative
clearance () on the minimum oil film thickness (ho) for various oil inlet

temperatures (V).
The optimal values of the minimum oil film thickness are in the range

v = (0,7 - 1,2) 0/00, which means that during the operation time the
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values of the oil film thickness in the bearing will decrease, although the
bearing construction was performed optimally at the very beginning.
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Figure 1 — Minimum thicknesses of the oil film depending on the relative clearance of the
bearing
PucyHok 1 — MuHumanbHasi monuwuHa MacrsHol nreHKU 8 3agucumocmu om
OmMHoCcUMesIbHO20 3a30pa NMooOWUrNHUKa
Cnuka 1 — MuHumanHe debrbuHe yrbHoe ¢hunma y 3agucHocmu 00 peniamugHoe 3a3opa
nexaja

The parameters that define the vibration process in a plain bearing
are: amplitude, phase shift, frequency, attenuation, etc. These
parameters can show the wear of the sliding bearing which causes
vibrational processes that increase or change when a defect occurs.

During working processes in mechanical and electrical plants, there
are variable excitation forces, deformations, variable temperatures,
different oil film thicknesses, different stiffnress and damping.
Consequently, different energies and vibration intensities will occur.

In the case of plain bearings, the reduction of vibration energy is
influenced by friction forces. The coefficients of friction change values
with the change of the oil temperature in the bearing. The coefficients of
friction are significantly influenced by the lubrication conditions and the
speed of rotation of the sleeve in the bearing. In real working conditions,
damping is nonlinear so that the whole problem of a damping analysis
becomes more complicated.
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Complex diagnostic objects, such as internal combustion engines,
should be evaluated with a large number of structural parameters that
change over time and cause system failures. One of the important
components in the structure of the vibration signal is its intensity which
can be expressed through three quantities: displacement, velocity, and
acceleration. Displacement as a vibration parameter is suitable for
investigating the complex movement of the bearing sleeve during normal
wear, all the way to complete wear when the bearing must be replaced.
For measuring points that are further away from the vibration source
(bearing - sleeve), speed and acceleration can be used as parameters
for describing vibrations.

Vibrations generated in coupled parts cannot be described by exact
mathematical models (Fertis, 1973), (Schiffbdnker & Gerhard, 1988),
(Zhdanovsky et al, 1977). These are non-periodic vibrations in which the
rms values of the vibration parameters change by transmission through
the system. Vibration signals are modulated. An overview of such
changes is given in Figure 2.
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Figure 2 — Changes in the input signal through the system with the corresponding spectra
PucyHok 2 — VI3meHeHus1 80 8XO0HOM cuaHare 4epes cucmemy ¢ COomeemcmesyowumu
criekmpamu
Cnuka 2 — lNpomeHe ynasHoe cugHarna Kpo3 cucmem ca odzosapajyhum criekmpuma
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Theoretical settings, calculation of sliding bearing
diagnostic parameters and analysis of influencing factors
that can cause certain errors in the application of
diagnostic methods

In order to examine the influence of the clearance on the dynamics
of the sliding bearing, it is necessary to develop a theoretical model of
the movement of the sleeve in the bearing with all the influencing factors.
The theoretical model of sleeve movement is also a diagnostic model
that will contain important settings for diagnostics.

When mathematically describing the theoretical model of backlash
movement, it is necessary to give a connection between structural and
diagnostic parameters, which represents a scientific contribution in this
area.

The theoretical foundations of the calculation of a nonstationarily
loaded sliding bearing are described by the Reynolds differential
equation (Lang & Steinhilper, 1978). The equation describes the
pressure distribution in the direction of bearing volume and width.
Considering the problem of lubrication of plain bearings, Reynolds
started from several assumptions that greatly simplify the equation:

- along the entire cross section of the bearing there is no change in
the viscosity of the observed fluid,

- the observed fluid is an incompressible liquid,

- external forces acting on the fluid can be neglected because they
are very small in relation to the tangential forces acting in the fluid layers,
- the fluid flow in the bearing is laminar, the flow rate is constant,

- the curvature of the sliding surfaces can be neglected, since the
dimensions of the body between which the oil film is formed are
significantly larger compared to the dimensions of the oil film, so that
instead of rotation there is a plane motion, and

- the weight and inertia of the fluid are neglected.

These simplifications of the Reynolds equation allow the calculation
of the nonstationary force loading the bearing. This force contains the
component due to rotation (Fg) and the component due to pressing the
sleeve (Fp) in the bearing, (Figure 3).
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a) rotation b) pressure

Figure 3 — Display of a radial bearing with dynamic load forces
PucyHok 3 — OmobpaxeHue paduanbsHo20o nodwurnHuka ¢ QUHaMu4eckuMu Hazpyskamu
Cnuka 3 — lNpuka3 padujanHoe nexaja ca duHamMu4kum cunama onmepehera

This paper presents internal combustion engines as complex
diagnostic objects. A special problem is the procedure for determining
dynamic forces acting on plain bearings in multy-cylinder engines. For
theoretical and experimental research, an in-line marine diesel four-
stroke  6-cylinder engine type 6ASL-25D, manufactured by
JUGOTURBINA - SULZER, was used.

In the scientific research work, the diagnostics of the main bearings
of the engine crankshaft was considered. The load on the sliding
bearings of the engine crankshaft is caused by the action of combustion
forces and inertial forces. Inertial forces arise from rotating and oscillating
masses. In this paper, a detailed analysis of the action of all forces on the
engine piston mechanism and on the crankshaft as a whole was
performed in a completely new way. Previous calculations have been
made on the basis of approximations of quantities, for example that 1/3
of the mass of the connecting rod is in a rectilinear motion and 2/3 of the
mass is in a circular motion. It was also not taken into account that the
connecting rod makes a complex movement during engine operation.
Based on the new procedure for calculating the piston mechanism,
kinetostatic and dynamic models were developed and used to determine
all kinematic and dynamic quantities (Zegarac, 1989). The deformations
of the bearing housing were not taken into account in the calculation,
which later turned out to have no special effect.
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The calculation of the dynamic parameters was performed for
different values of radial clearances in the main bearings: a clearance
size of Z = 84 ym when a new clearance bearing was installed in the
engine, a clearance size of Z = 124 um when the engine was running half
of the working resource, and a clearance size of Z = 144 ym when the
engine ran for the entire working life and the bearing had to be changed.

The time-varying dynamic trajectory of the main sleeve is caused by
dynamic non-stationary load. The first computational dynamic model for
plain bearings was developed by scientists (Lang & Steinhilper, 1978).
Significant improvements have been made according to (Zegarac, 1989).

The method of calculating the dynamic parameters used for the
diagnosis of sliding bearings is based on the balance of the external
force (F) and the hydrodynamic forces due to the rotation of the sleeve
(Fo) and the pressing of the sleeve (Fp). Based on the results of the
calculation of dynamic quantities, it was shown that the 5th foundation
bearing, located between the 4th and 5th cylinder, is the most loaded on
this engine. Figure 4 shows the polar load diagram of that bearing, when
the value of the radial clearance is Z = 84 um.

bearing 5.
force (F), angle (o)
bearing clearance Z=84 um

Figure 4 — Polar load diagram of the main sleeve of the 5th bearing depending on the
angle of rotation of the engine crankshaft, bearing clearance Z = 84 um
PucyHok 4 — Cxema nonsipHoU Haz2py3ku 2r1asHol emyriku 5-20 nodwunHuUKa e
3agucumMocmu om yafia oeopoma KosieH4amozo easna dgueameris, 3a3opa 8
nodwunHuke Z = 84 um
Cnuka 4 — lNonapHu dujazpam onmepehera enasHoe pukasua 5. nexaja 3a8UCOHO 00
yarna 3aokpema KosieHacmoe epamusia Momopa, 3a3op nexaja Z = 84 um
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In Figure 5, a graphical representation of the dynamic force (F)
loading the bearing is given. Two dynamic pulses originating from the 4th
and the 5th cylinder of the engine can be observed.

—

.10’

bearing 5.

Figure 5 — Change of the angle ((y) and the load intensity of the main sleeve of the 5th
bearing depending on the angle of rotation of the engine crankshaft
PucyHok 5 — MiameHeHue yena ((y) U UHmeHcU8HOCMU Hazpy3KU 2i1asHo20 pbidaza 5-20
rnodwunHuUKa 8 3agucuMocmu om yana rnogopoma KosieH4amoeo easa 0gueamerisi

Cnuka 5 — lpomenra yana (y) u uHmeH3umema onmepehera anasHoe pykasya 5. nexaja
3a8UCHO 00 yeria 3aoKkpema KofieHacmoe epamusa Momopa

Figure 6 shows the dynamic trajectory of the main bearing of the 5th
bearing, on which the parameters of the dynamic trajectory are most
pronounced, since it is the most loaded bearing.

The value of the radial clearance is Z = 144 um.
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bearing 5.
eps(e), delta (8)
Z =144 um

upper half of the
bearing

lower half of the
bearing

Figure 6 — Dynamic trajectory of the main sleeve of the 5th bearing, the radius of the
radial clearance Z = 144 ym

PucyHok 6 — [JuHamuyeckasi mpaekmopusi 2nasHoli emyriku 5-20 NOOWUNHUKA, 3HaYeHue
paduanbHozo 3a3opa Z = 144 um

Cnuka 6 — [JuHamuyka nymarba 2nasHoe pykasua 5.n1exaja, eepoHocm padujanHoz
3a3opa Z = 144 um

Figure 7 shows the parameters of the dynamic trajectory of the main
sleeve of the 5th bearing, the value of the eccentricity (e) for various
bearing wear values (Z = 84 um, Z = 124 um, Z = 144 um) depending
on the crankshaft rotation time. The displayed (e) values differ
significantly depending on the bearing wear. The crankshaft rotation
angles (a = 0° - 720°) are marked on the dynamic trajectory.

The eccentricity of the sleeve (e), measured in (um), represents the
distance of the center of the sleeve in relation to the geometric center of
the bearing. The rotation time is measured in (ms). The eccentricity of the
sleeve (e) and the parameter (0), which represents the angle of the
smallest thickness of the oil film (hgmin), are the basic parameters for the
bearing wear diagnostics.
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Figure 7 — Changing the eccentricity of the main bearing of the 5th bearing for various
bearing wear values, depending on the rotation time of the engine crankshaft
PucyHok 7 — VIsmeHeHue aKcuyeHmpucumema OCHO8HO20 MoOWUNHUKa 5-20 nodwurnHuUKa
rpu pasnuYyHOM U3HOCE MOOWUINHUKa 8 3a8UCUMOCMU OM 8PeMEHU 8pauieHUs
KoreH4Yamoeo easa 0guzamernsi
Cnuka 7 — lpomeHa ekcueHmpuyumema 21asHo2 pykasua 5. niexkaja npu pasHum
ucmpouweruma fexaja, 3a8UCHO 00 8peMeHa pomauuje KorleHacmoa epamusa Momopa

Experimental research and the analysis of diagnostic
parameters of plain bearings

The experimental research and the analysis of the diagnostic
parameters related to the wear of plain bearings were performed on a
marine diesel engine type 6ASL-25D, manufactured by SULZER -
JUGOTURBINA - Karlovac.

The engine is in-line, 6-cylinder, four-stroke, turbocharged and
water-cooled. The rated motor power at speed N=720min™" is Pe=927kW.

In the research program, the influence of the clearance of the main
sliding foundation bearings of the engine crankshaft was examined. On
the same motor, 3 sets of bearings with radial clearance values of
Z=84um, Z=124um, and Z=144um were replaced in order to determine
exclusively the influence of clearance on dynamic parameters and
vibrations on the internal and external surfaces of the engine.

The test program was prepared in detail, setting out the general
requirements that had to be met before and during research:

- before the start of the diesel engine, the hydraulic brake was
calibrated in the engine test station,
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- the crankshaft sleeves of the engine must not have residual
magnetism, since non-contact probes for measuring the displacement of the
sleeve work on the inductive principle,

- the fuel supply system was set on the engine to have a more even
supply of fuel in order to achieve a minimum difference in pressure on the
engine cylinders, due to fuel combustion,

- compression pressure was measured in all engine cylinders,

- pressure measurement was performed at the end of the combustion
process in all engine cylinders,

- all electronic measuring equipment was calibrated before and during
the measurements and the analysis. For this purpose, the characteristics of
the measuring equipment and the calibration factors were determined, which
were taken into account during the measurement and the analysis, and

- during the measurement, the temperature of oil and water was
constantly maintained. The data were entered into measurement protocols. In
this way, other influences on the results of measuring diagnostic parameters
were eliminated.

The measuring points on the engine were determined and the diagnostic
parameters to be measured were defined, which can be seen from the
illustration in Figure 8.

&) ENGINE ¥ 3
5 m g 5
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151Ver 21 fre -]
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gb 7 T 1

Xp1 - vibrations on the 1st main bearing, horizontal airecuon

Yp1 - vibrations on the 1st main bearing, vertical direction

Xb1 - vibrations on the side bolt of the 1st main bearing, horizontal direction

Ap, Bp - displacement of the center of the sleeve of the 1st main bearing, direction of
the probes Ap and Bp

Xb4 - vibrations on the side screw of the 4th main bearing, horizontal direction

Xz1 - vibrations on the 7th main bearing, horizontal direction

Yz1 - vibrations on the 7th main bearing, vertical direction

Xb7 - vibrations on the side bolt of the 7th main bearing

Az, Bz - displacement of the center of the sleeve of the 7th main bearing, direction of
the probes Az and Bz

Figure 8 — Arrangement of the measuring points on the engine 6 ASL-25D
PucyHok 8 — PacrionoxeHue moyek 3amepa Ha dsusamere 6 ASL-25D
Cniuka 8 — Pacrnioped mepHux mecma Ha momopy 6 ASL-25D
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Figure 9 specifically shows the measuring points on the engine
crankshaft on which the probes for measuring the dynamic trajectory of
the sleeves on the 1st and 7th main bearings are placed. The dashed
line on the cross section of the sleeve "C - C” shows the deviation from
the circular shape of the sleeve.

zuui_' 008

@.
1. ENGINE CYLINDER

1. Bearing

ENGINE FLYWHEEL SIDE

_D—l 7. Bearinig

Figure 9 — Display of the measuring points with the positions of the probes for measuring
the dynamic paths of the main sleeve
PucyHok 9 — OmobpaeHue moyek usmepeHusi, 20e pacronoxeHbl amyuku 05s
u3mMepeHusi OUHaMUYeCKUX mpaekmopull 2naeHbIX pbl4a2oe
Cnuka 9 — lNpuka3 MeEpHUX Mecma Ha Kojuma Cy nocmaessbeHe COHOe 3a Meper-e
OuUHaMUYKUX nymarba efiaeHUX pykasaua

The probes for measuring the dynamic trajectory are centered using
a centering device (Zegarac, 1989), (Zegarac, 1993) or using an
electronic centering device from the Swedish company Damalini (Easy-
Laser, 2020). Centering non-contact probes is very important for the
measurement procedure and for obtaining accurate results.

Probes for measuring the temperature of all bearings are placed in

the lower covers of the main bearings. An overview of the measuring
points is given in Figure 10.
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The measuring device Hotinger Boldwin - Messtechnik UPM - 60
and thermometers PT-100 ATM - Zagreb were used for temperature
measurement. The symbol (Tu) indicates the coolant temperature at the
engine inlet and (Ti) indicates the fluid temperature at the engine outlet.
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Figure 10 — Overview of the measuring points where the temperature measurement of the
main bearings of the engine crankshaft was performed

PucyHok 10 — O630p moyek usmepeHusi, 20e npo8odusiock U3MepeHuUe memnepamyphbl
2nasHbIX MOOWUMNHUKO8 KofleH4Yamoeo 8ana dsuzamerisi

Cnuka 10 — lNpeaned MepHUX Mecma Ha Kojuma je U3eplieHO Meper-e memrepamype
2f1asHUX fiexajesa KosieHacmoe spamusia Momopa

Temperature was measured on the main bearings in all engine
operating modes. In the no-load mode, at various speeds, the
temperature values were in the range of 60 - 70 °C, on almost all
bearings. In the engine load mode of 20 - 110%, the temperature values
were from 65 - 80 °C.

The temperature values in this case were almost the same, even on
the busiest 5th main bearing.

The temperature change is shown in Figure 11. The temperature

regime of the engine was under strict control, since the engine was
tested at the maximum bearing clearance of Z = 144 um.
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Figure 11 — Temperature change on the 5th main bearing depending on the engine load
PucyHok 11 — UsmeHeHue memnepamypbl Ha 5-M enagHoM nodwunHUKe 8 3agucumocmu
om HazpysKu 0guzamersi
Cnuka 11 — lNpomeHa memnepamype Ha 5. anasHoM nexajy 3agucHo 00 onmepehera
momopa

Figure 12 shows a scheme for measuring the vibration
characteristics of the engine.
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Figure 12 - Scheme of measuring the vibration characteristics of the engine 6ASL -25D
PucyHok 12 - Cxema uamepeHust subpayuoHHbIX xapakmepucmuk dguzamens 6ASL-25D
Cnuka 12 - Lllema mepera subpauyujckux kapakmepucmuka momopa 6ASL -25D
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Figure 13 shows the non-contact probes of the German company
"Schenck” for measuring the dynamic trajectory of the main sleeve
bearing. The probes are of different sizes so that measurements can be
carried out depending on the dimensions and the place where they are
placed. They can be standard versions or with built-in oscillators.

Figure 13 — Non-contact probes for measuring the dynamic paths of the main sleeve
PucyHok 13 — BeckoHmakmHble damyuku 05 usmepeHus duHaMu4yeckux mpaekmopud
2/1a8HbIX pbl4azoe
Cniuka 13 — beckoHmakmHe coHOe 3a Mepere OUHaMUYKUX Mymar-a 2/1a8HuUxX

pykasaua

Starting from the theoretical bases, the defined methods of testing
and the analysis, the engine tests provided by the program were carried
out and the experimental research results were obtained.

In the first moment, no agreement was reached between the
measured dynamic trajectory on the 1st main bearing and the calculated
trajectory. A detailed analysis was performed, based on which it was
concluded that, when measuring and processing the signal, the
irregularity of the circular shape of the sleeve, marked in Figure 9 with a
dashed line at the cross section of the sleeve "C - C”, should be taken
into account.

This part of the sleeve is not intended to be machined more
precisely during machining, as it is located outside the plain bearing.

The part of the sleeve that is inside the bearing is very precisely
processed. Its deviation from the circular shape is 5 um.

862




The deviations from the circular shape of sleeve 1 of the main
bearing are shown in Table 1, on the basis of which the results of the
dynamic trajectory measurements were corrected.

Based on the results of the research, engine manufacturers could be
recommended to precisely process these parts of the crankshaft, in order
to simplify the procedure of diagnosing the engine.

More precise machining would not make the production process
more expensive.

Table 1 — Deviations from the circular shape of the sleeve of the 1st main bearing of the
engine crankshaft in (mm)
Tabrnuya 1 — OmkoHeHUs om Kpyernou ¢popMbl 8myrnKu 1-20 enagHo20 NOOWUNHUKa
KoneH4Yamoeo eana dguzamerns 8 (Mm)
Tabena 1 — Odcmynara 00 KpyxHoe 0bruka pykasua 1. aragHoe fiexaja KorieHacmoe
epamusia momopa y (mm)

Nominal sleeve size & 198 mm

Crankshaft rotation Nominal Crankshaft rotation Nominal sleeve
angle (a°) sleeve size angle (a°) size
0%) +0.001 190 +0.012
10 +0.002 200 +0.035
20 +0.003 210 +0.039
30 +0.004 220 +0.031
40 +0.004 230 +0.031
50 +0.008 240 +0.028
60 +0.013 250 +0.026
70 +0.006 260 +0.020
80 +0.024 270 +0.018
90 +0.027 280 +0.017
100 +0.036 290 +0.011
110 +0.035 300 +0.008
120 +0.015 310 +0.003
130 +0.013 320 0.000
140 +0.035 330 -0.002
150 +0.023 340 -0.005
160 +0.012 350 -0.007
170 +0.013 360 -0.004
180 +0.033 *) The piston of the 1st cylinder of the engine
is located in the top dead center
(TDC)
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The results of the calculations and the measurements were not
particularly affected by crankshaft deformations and additional inertial
moments shown in Figure 13.

Figure 13 — Deformations of the engine crankshaft and the influence of additional inertial
moments

PucyHok 13 — [leghopmayuu KoreH4amoeo eana deuzamernis U 8usHue
BGoroIHUMe bHbIX UHEPUUOHHbBIX MOMEHMO8

Cnuka 13 — [Jegopmayuje kornneHacmoe eapamusia Mmomopa u ymuuaj 000amHux
UHEePUUOHUX MOMeHama

In Figure 14, the dynamic trajectory of the 1st main bearing is
shown.

In the graphical display of the dynamic path, several engine
operating cycles are shown.

The paths on the diagram are shown with several lines and the

crankshaft rotation angle is indicated (a= 0° — 720°). It can be seen that
there is very little difference in paths per engine cycle.
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The engine is well tuned, the engine speed is stable.

The agreement of the calculation and measurement results is in the
range of 5%.

upper half of the
bearing

lower half of the
bearing

Figure 14 — Display of the measured dynamic sleeve trajectory on the 1st main bearing of
the crankshaft, at the engine load of 100%,
n =720 min”, and the bearing clearance Z=124 (um)

Puc. 14 — U306paxeHue usmepeHHOU OUHaMU4ecKol mpaekmopuu pykasa 8 nepeom
2nnasHoM rodwurnHUKe dsueameris KOsieH4Yamoeo 8arna, npu Hagpy3ke Ha 0guzamersb
(100%), n = 720 MUK, 3a30p nodwurnHuka Z = 124 (um)

Cnuka 14 — lNpuka3 usamepeHe duHaMuyKe nymarbe pykasua Ha rp8om a/1a8HoM fexajy
Momopa KosieHacmoe epamusia Mmomopa rpu onmepeherwy momopa (100%), n = 720
min™", 3a3op nexaja Z=124 (um)

Based on the measurement results, the dependence of the
displacement of the center of the sleeve (e) and the clearance (Z) was
determined when driving the engine with and without load in the form
(Zegarac, 2020):

Z=101e+748+4 (4)

Previous research on the wear of vital parts of internal combustion
engines has shown that crankshaft bearings wear evenly provided that all
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engine lubrication conditions are met (Zegarac, 1989). An indicator of
bearing wear is sufficient, if diagnostic parameters are measured on any
bearing.

Figure 15 shows the measured dynamic trajectory of the main
sleeve on the 7th engine bearing. With increasing clearance, at different
speeds and motor loads, differences in dynamic trajectory are observed,
but there is no coincidence of the calculation and measurement results.

B o <

Figure 15 — Dynamic trajectory of the main sleeve on the seventh bearing of the engine
crankshaft, engine load 100%, bearing clearance Z = 144 um, rotation speed
n =720 min™

PucyHok 15 — [luHamuyeckasi mpaeKkmopusi OCHOBHO20 pbl4az2a Ha ce0bMOM
nodwurnHUKe KorneH4Yamozo eana 0guzamers, Hagpyska 0gueamerns 100%, 3a3op
nodwuriHuka Z = 144 um, yacmoma epaw,eHusi n = 720 muH™

Cnuka 15 — QuHamMuyka nymarba 2riasHo2 pykasuya Ha ceOMOM riexajy KoreHacmoa

8pamurna momopa, onmepehere momopa 100%, 3a3op nexaja Z = 144 um, 6p3uHa
epmrse n = 720 min’

The dynamic trajectory was measured on the part of the sleeve
located on the outside of the engine block.
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The shape of the dynamic trajectory was influenced by static and
dynamic deformations of the crankshaft due to the weight of the engine
flywheel.

The illustration is given in Figure 16. It would probably be possible to
measure dynamic trajectories on this part of the engine crankshaft in
multi-cylinder engines that do not have flywheels since such engines are
dynamically balanced due to a larger number of engine cylinders.

| 7797]

[ gceee B \3\ M
bearing 7. ()
" flywheel

Figure 16 — Deformations of the main sleeve on the 7th bearing of the engine crankshaft

PucyHok 16 — [Jecbopmayuu 2rnasHo20 pbidaza ce0bM0o20 NodWUNHUKa KosleH4amozao
gana dsusamerns

Cnuka 16 — [Jeghopmayuje enasHoe pykasua Ha 7. riexajy KoneHacmoa epamurna
momopa

The vibration parameters were measured at 7 measuring points, on
the inner and outer surfaces of the engine (shown in Figure 8):

Xp1 - vibrations on the 1st main bearing, horizontal direction,

Yp1 - vibrations on the 1st main bearing, vertical direction,

Xb1 - vibrations on the side bolt of the 1st main bearing, horizontal
direction,

Xb4 - vibrations on the side screw of the 4th main bearing, horizontal
direction,

Xz1 - vibrations on the 7th main bearing, horizontal direction,

Yz1 - vibrations on the 7th main bearing, vertical direction, and

Xb7 - vibrations on the side bolt of the 7th main bearing.

Based on the results of measuring the vibration parameters, it
was determined that the highest vibration levels are at measuring point 3,
(Figure 17), Xb1, horizontal direction, on the side screw that fastens the
lower cover of the main bearing in the engine block. Figure 17 shows the
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effective values of the vibration velocity Vef (mm/s), harmonic of the 1st
order, at different speeds and motor loads, when the bearing clearance is
Z= 144 um. It was concluded that the frequency components (harmonics)
of 0.5 and 1. order are most related to bearing wear. The harmonics of
1.5, 2, 2.5, 3 and 3.5 are less pronounced. The intensity of vibrations is
related to the variable excitation forces from the bearing to the bearing in
the horizontal and vertical planes of the engine. It was found that the
higher level of vibration is in the horizontal plane of the engine, on the
side of the 1st cylinder of the engine, which is significantly contributed by
large weights of the parts located on the engine crankshaft - torsional
vibration damper on the front of the engine whose weight is Gp = 3558
(N) and the parts on the side of the 6th engine cylinder - the gear that
drives the systems on the engine whose weight is Gzu = 1176 (N) and
the engine flywheel weight of Gz = 7106 (N).

3 / . Engine: RLP: Z=144 (um)
[l Harmonic: 1
f Vef = 107.00 (m / s)

Vef [ mm/s) —=

Figure 17 — Effective value of the vibration speed (Vef) for different measuring points at
different speeds and motor loads

PucyHok 17 — O¢hgpekmueHoe 3HavyeHue ckopocmu subpayuu (Vef) dnsi pa3nuyHbix
moyeK U3MepPeHUsT Npu pa3HbIX CKOPOCMSIX U Hagpy3kax dsuzamerisi

Cnuka 17 — EdbekmusHa spedHocm subpauujcke 6psuHe (Vef) 3a pa3Ha mepHa mecma
fipu paznuyumum 6p3uHama epmme u onmephery momopa

Many reputable companies deal with technical diagnostics of sliding
bearings. Some well-known companies are Bently Nevada, Emerson
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Electric, Bruel & Kjeer and others, whose systems are installed on
hydroelectric power plants, thermal power plants and other facilities.

In these systems, a problem is created by the roto group in the
system: there is a mechanical, electrical and hydraulic imbalance of the
rotor. Figure 18 shows a bearing housing on which non-contact probes
for measuring dynamic paths of roto systems are mounted, according to
the configuration of Bently Nevada (Bently Nevada Corporation, 1987).

Figure 18 — View of the bearing cover showing the non-contact probes for measuring the
dynamic path according to the configuration of the Bently Nevada company

PucyHok 18 — Bud kpbiwku noOwurnHuKa, rnokasbigarowuti 6eCKoHmakmHbie 0amyuku
05151 uaMepeHus1 OUHaMUYECKO20 ymu 8 cCoomeemcmeuu ¢ KoHguaypauyueli KomnaHuu
Bently Nevada

Cnuka 18 — Noaned Ha noknonay, nexaja Koju rnpukasyje 6eckoHmakmHe coHoe 3a
Mepere QUHaMU4Ke nMymar-e rno KoHguaypauuju gpupme Bently Nevada

Conclusion

The reliability and durability of internal combustion engines and
other engines is a function of correct operation and durability of individual
parts, of which plain bearings are especially important. Besides being
influenced by construction dimensions and types of lubricating oil, wear
intensity of plain bearings is also affected by operating conditions and
system maintenance. The mutual influences of the parameters describing
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the wear of plain bearings are very complex and cannot be reliably
described mathematically. Therefore, simplified mathematical models,
used to describe these phenomena, give approximate bearing wear
functions.

With the development of the method of calculation of plain bearings,
which determines the data on the function and construction parameters
of bearings (oil film thickness, forces on the bearing), it was found out
which bearing is the most loaded. At this measuring point, the dynamic
parameters related to the increase of the clearance in the bearing are
most pronounced, although in reality all bearings are worn evenly, if all
the conditions for lubrication of plain bearings are met.

The original mathematical formulas that determine the dimensions of
clearance in the bearing based on measurements are completely
reliable. Lang's approximate formulas for non-stationary bearing loading
were used.

Modeling dynamic models of internal combustion engines was used
as an example to describe all engine dynamic parameters in a
completely new way. Based on that, the results of the calculation and the
measurements of the dynamic parameters were verified and the
deviations were within the range of 5%.

Experimental methods are the most authoritative for the final
assessment of bearing wear. Based on the performed measurements of
the dynamic trajectory of the sleeve and the vibration parameters on the
inner and outer surfaces, the actual state is determined without
disassembling assemblies and detailed inspections.

Measurement of the dynamic trajectories of the bearing sleeve is
performed using non-contact probes. Measurements can be made with 1
contactless probe or with 2 and 4 of them. Contactless probes are
installed on special supports which are fixed in the immediate vicinity of
the measuring point. If access to the bearing is limited (due to small
bearing dimensions), probes can be installed in the bearing housing.

It is especially important to measure the vibration parameters on the
inner and outer surfaces of the engine that are directly related to the
clearance in the sliding bearing. The choice of vibration parameters and
measuring points is important. This method has a number of advantages
over other diagnostic methods, as it is easy to access the measuring
points.

A database related to the degree of bearing wear should be created
for each diagnostic case. Engines differ significantly in construction,
operating conditions and load. It is important to strictly adhere to the
norms set by the system manufacturers regarding when plain bearings

870




have to be changed, i.e. when bearing wear reaches the wear limit
values.

In the final assessment of the technical condition, the vibration
standards from the prescribed vibration standards (ISO, 1974, 1995)
must be taken into account, due to the fact that drive systems are
coupled with other assemblies in mechanical and electrical systems,
which can interactively affect the operation of the whole system.

The spectral and correlation analysis of signals obtained on the
basis of measuring vibration parameters on internal and external
surfaces singles out frequency components related to wear of plain
bearings, at different speeds and operating modes without load and with
motor load. The diagnostic method does not require special preparations
and auxiliary devices for the installation of the measuring system.
Measurements are performed very simply and reliably. Repeatability of
the measurement results was achieved.

The person performing the diagnosis must have top knowledge and
experience in this field in order to qualitatively select diagnostic
parameters and measuring points, assess the factors influencing the
measurement results and analyze the measured quantities.

New diagnostic methods can determine bearing wear accurately
enough. New diagnostic methods and monitoring systems have a wide
range of possibilities of application: internal combustion engines, all
piston machines, hydroelectric power plants, thermal power plants,
process plants, and other plants. The new monitoring system for sliding
bearing diagnostics offers hardware and software support to various
systems for monitoring and checking the compatibility of devices and
equipment of many manufacturers, which are used for plant technical
diagnostics.
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AHAJTINS ®AKTOPOB BJIMAHNA, KOTOPBIE MOT'YT NPUYNHUTD
OWwnBKM NP MPMMEHEHMIN COBPEMEHHbBIX METOJOB
ONATHOCTUKN CKONBb3AWKMXCA NOALLNTTHNKOB HA
MALUNHOCTPOUTENBHbIX N SNEKTPOCTAHLINA

Hukona TN. Xerapay,

Cepbckas akagemusi usobpetartenei U y4eHbix,
r. benrpag, Pecnybnuka Cepbus

PYBEPUKA TPHTW: 55.00.00 MALULMWHOCTPOEHWE:
55.45.00 CypocTtpoeHue,
44.00.00 SHEPTETUKA

BWO CTATbW: opurmHanbHas HayyYHas ctaTbsl

Pe3some:

BesedeHue/uenb: B cmambe npedcmasnieHo npuMeHeHUe CO8peMeHHbIX
Memodos OuacHOCMUKU MOOWUNHUKOB CKOMbXXEHUS U aHarnu3 eriusitouiux
ghakmopos, Komopble Mo2ym 6bi38amb OWUOKU 8 pUMEeHEeHUU.
[NpedcmaesneHbl 803MOXHOCMU HalEXHO020 orpedesieHuUsi moao, kozda u
20e B803HUKHem npobriemMa, B803HUKarowasl npu U3HOCe MOOWUMHUKO8
CKOMbXeHUS npu danbHelwel sKcrayamayuu yCmaHOeKU.

Onpedensemcs, kak cucmema 6ydem rpodornkamb OyHKUUOHUPOBamb
C meyveHUeM 8pEMEHU, MPO2HO3UPYOMCS MPUYUHLI cboes U crnocobbi ux
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yempaHeHus, a makxe epeMs siaHo80o20 mMexHU4eCcKo2o O6C!'ly)KU86HUFI
mexHU4YeCcKux cucmem.

Memod. Hoebili Memod pewuaem ripobriemy duazHOCMUKU MOOWIUMHUKO8
CKOJMbXEHUS ymeM U3mepeHusi OUHaMUYeCKUX mpaekmopud mMyghmbi 8
MOOWIUMHUKE CKOJMIbXKEeHUsI U U3MepPeHUs1 rnapamMempos eubpayuu Ha
8HympeHHeld U 8HelwHel MO0BEPXHOCMSIX yCmaHOBKU. WsmepeHue
OuHaMu4ecKux mpaekmopul OrfopHOU emyriKu ocywecmerisemcsi ¢
ucrionb3oeaHuemM beckoHmaxkmHbix am4yukos. LleHmpuposaHue 30HA08
OMHOCUMerbHO 2e0MEeMpPUYECKo20 UeHmpa rnoGWUMNHUKa O4YEHb 8aXHO.
lNapamempsi subpauyuu uUsMepsiromcsi Ha 6HympeHHel U HapyXHou
[10BEPXHOCMSIX YCIMAaHOBKU, KOMOpble HENnocpedCmeeHHO Cesi3aHbl C
3a30pOM 8 MOOWUMHUKE CKOsbXXeHUs. Bbibop rnapamempos subpayuu u
MoYeK U3BMEPEHUs] O4YeHb B8axeH. 3mom memod umeem psid
rpeumMywecms o cpasHeHur ¢ Opyaumu memolamu OuascHOCMUKU,
[OCKOJ/IbKY OH umMeem sie2kuli 00Cmyri K moykam U3MEPEHUS.

Pesynbmambi:  [lymem  usmepeHusi OuUHaMU4YecKol mpaeKkmopuu
(mpaekmopuu) emyrniok 8 roOWUNHUKE CKOJIbXKeHUS, rnapamempos
subpayuu Ha sHympeHHel U Hapy>XHOU NMo8epxHOCMSIX Onpedesnsitomcs
pasmepbl 3asopa 8 [MOOWUMHUKe, KOmopble Xapakmepusyomcs:
HOpMasibHbIM ~ COCMOSIHUEM, HadallbHbIM pa3MepoM 3a3opa, €20
OarnbHelWuUM yserudeHUeM, pasmMepamu 3a3opa 8 MoOWUrNHUKe, Kkoeda
napamempbl COCMOSIHUSI  OfIUSKU K 8epxHeMy ripedesnibl  3a30pa
nodwWuUnHuUKa.

Bbigod: Hoeblie mMemolbl duasHOCMUKU U cucmeMbl KOHMPOss Mo2ym
WUPOKO MPUMEHSIMbLCS. Ha 08U2amerisX 6HYMPEHHE20 C20paHusi, Ha
8CexX [IIOPWHESbIX MawuHax, euGpPO3/IeKMPOCMaHyUsIX, Mernoebix
9/1eKMPOCMaHyUsIX, MEeXHOMO_2UYECKUX yCmaHo8Kax U MHOo2ux Opyaux
ycmaHoeKax.

Knroueeble  crosa: mexHudyeckass  OuasHocmuka,  MOOWUNMHUK
CKOMb)XXEHUS, 3a30p nodwurHuKa, U3HOC roOWuUNHUKa, e0/108Ka
nodwunHuka, duHamuyeckasi mpaekmopusi.

AHAJTTNSA YTUUAJHNX ®AKTOPA KOJUN MOTY MNMPOY3POKOBATU
MPELWKE Y NPUMEHN CABPEMEHUX METOJA OANJATHOCTUKE
KINMN3HNX NEXXAJEBA Y MALLMHCKNM U ENEKTPO
MOCTPOJEHLMMA

Hukona TN. Xerapay,
Cpncka akagemuvja usymmterba u HaydHuka, beorpag, Penybnuka Cpbuja

OBNACT: MalmrHCTBO, eHepreTuka, bpogorpaga
BPCTA YJ1IAHKA: opurMHanHim Hay4Hu pag
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Caxemak:

Yeod/uurb: Y pady je 0am ripuka3s npuMeHe caspeMeHuUx OujazHOCMUYKUX
Memoda KIMU3HUX Jiexajeea U aHanusa ymuuajHux ghakmopa Koju moey
rpoy3pokasmu epeuwke y rpumeHu. [pukasaHe cy moeyhHocmu da ce
rnoy3daHo ymepou kala u 20e he ce rojasumu rpobsieM Koju ce jasrba
rpu mpowery KIu3HUX fiexajesa y 0arboj ekcririoamauuju rnocmpojersa.
Ymephyje ce kako he cucmem Hacmasumu 0a GhyHKUUOHUWE MOKOM
epemeHa, npedsufjajy ce y3pouu Keapoea U Ha4YuH H-UX0802
OmKnarara, Kao U epeMe 3a [/1aHCKO 00pXagare MEexXHUYKUX
cucmema.

Memode: Hosa memoda pewaea npobrnem OujacHOCMUKE KITU3HUX
nexajesa, MepereM OUHaMUYKUX rymarba pyKasua y Ki3HOM Jiexajy u
Mepersem eubpayujckux napamemapa Ha yHympawrUM U 8aH>CKUM
rnospwiuHama nocmpojersa. Mepere AuHaMuykux rnymara pykasuya
Jiexaja epwu ce rnomohy beckoHmakmHux coHou. lNpu mome je eeoma
8axKHa ueHmpauuja coHOU y 0OHOCY Ha 2eoMempujcKu ueHmap rexaja.
Bpwu ce meperse eubpayujckux napamemapa Ha yHympawruMm U
8ar-CKUM rospliUuHamMa rocmpojera Koju cy y OupekmHoj ee3u ca
3a30poM Yy Ku3Hom rniexajy. llpu mome je eeoma eaxaH u360p
subpauujckux rnapamemapa u MepHux mecma. Osa mMemoda uma Hu3
npedHocmu y 00Hocy Ha Opyee OujacHocmu4Yke mMemode, rnowmo je
JjeOHocmasaH npucmyrn MepHUM Mecmuma.

Pesynmamu: Meperem OuHamudke riymare (mpajekmopuje) pykasaua
Yy KIU3HOM Jiexaju, eubpayujckux napamemapa Ha yHympawrum U
8ar-CKUM riospuwiluHama, ymephyjy ce eeruyuHe 3as3opa riexaja Koje
Kapakmepuuly: HOPMasiHO Cmak-e, MoYemHy 8eslu4UHYy 3a30pa, He2080
Oarbe nosehasarbe, genu4uHe 3a3opa sexaja, kada cy napamempu
cmarba brusy 2opr-e epaHulye 00380/bEHO2 3a30pa feXxaja.

Sakrbyyak: Hoee OAujazHocmuuke memode U MOHUMOPHU2 cucmemu
MO2y Ce WUPOKO [PUMEHUMU: Ha MomopuMa ca yHympawHUum
cazopesar-eM, Ha CBUM KIUMHUM MawuHama, XudpoesiekmpaHama,
mepmoerieKmpaHama, pPoUecHUM MoCmpojerbuMa U MHOo2UM Opyaum
rocmpojersuma.

KrbyuHe peyqu: mexHudka OujaeHoCmuKa, KU3HU fiexaj, 3a3op fexaja,
ucmpouwere fexaja, pykasay, niexaja, OuHamuyka rnymaroa.
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