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Abstract

This article is dedicated to the improvement of the mathematical model of the hydraulic drive of the
mechanism of the garbage truck’s sealing plate, taking into account the wear of the hydraulic cylinder. An
improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s sealing plate
mechanism is proposed, which takes into account the wear of the hydraulic cylinder and allows to numerically
study the dynamics of the drive and determine that taking into account the wear of the hydraulic cylinder
significantly affects the main parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism.
This study of the mathematical model was carried out using the fourth-order numerical Runge-Kutta-Felberg
method with an adaptive integration step. Graphical dependencies were plotted to compare changes in the main
parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism without taking into account the
wear of the hydraulic cylinder and with taking into account the wear. It has been established that the creation of a
linearized mathematical model of the hydraulic drive of the garbage truck’s sealing plate mechanism, taking into
account the wear of the hydraulic cylinder, and its analytical solution in order to obtain dependencies for an
improved methodology for engineering calculations require further research.

Keywords: wear, wear rate, hydraulic cylinder, mechanism, sealing plate, garbage truck, pressing force,
municipal solid waste, mathematical model.

Introduction

One of the key tasks of mechanical engineering is to increase the wear resistance and reliability of machine
actuators [1, 2], in particular utility machines, which is mostly equipped with hydraulic actuators of working bodies
[3]. One of the leading technologies for the primary processing of municipal solid waste (MSW), aimed at reducing
the cost of its transportation and minimizing the negative impact on the environment, is waste compaction directly
during loading into a garbage truck. Solid waste is compacted in the garbage truck using a sealing plate driven by
a hydraulic cylinder. This hydraulic cylinder is subject to intense wear due to the large number of operating cycles
and high compression forces caused by the nonlinear compression characteristics of MSW. Hydraulic cylinders
are usually made of alloy steel, and it is advisable to use wear-resistant coatings to increase their operational
durability. Improving the mathematical model of the hydraulic drive of the garbage truck’s sealing plate
mechanism, taking into account the wear of the hydraulic cylinder, contributes to more efficient planning of
upgrading, renewal, maintenance, and repair of municipal utility machines.

Analysis of recent research and publications

In the paper [3], the pressure losses were determined on the basis of computer modeling of hydrodynamic

processes of the working fluid flow through the water seal. To reduce them, structural changes to the water seal
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were proposed that did not affect its functionality. This made it possible to reduce the pressure loss in the working
part of the hydraulic distributor, which, in turn, reduces the overall energy losses in the hydraulic drive system.

The scientific article [4] discusses the peculiarities of the wood chip pressing process in screw machines
and analyzes the processes occurring in different parts of the screw. The established dependencies make it possible
to calculate the loads on the screw turns and determine the required power for pressing. In addition, the degree of
raw material heating and specific energy consumption during the pressing process were determined.

In the article [5], the exponential dependence of changes in the rate of wear of the working hydraulic
cylinder of the mechanism of the garbage truck’s sealing plate was established, depending on the pressing force.
Taking this dependence into account allows to improve maintenance and repair planning and to increase the
efficiency of garbage trucks in general. For better understanding of the process, a graphical dependence of the
change in the wear rate of the working hydraulic cylinder of the garbage truck’s sealing plate mechanism on the
pressing force was plotted, which confirmed the sufficient convergence of the obtained dependence. It was
determined that for a Ukrainian-made garbage truck of the serial model KO-436, the wear rate of the working
hydraulic cylinder of the mechanism of the garbage truck’s sealing plate, according to the obtained dependence,
will be 0.257 pm/h, and an increase in the pressing force from 30 MN to 150 MN leads to a decrease in the wear
rate of the working hydraulic cylinder of the hydraulic press mechanism by 3.6 times. This effect is explained by
the peculiarities of contact processes between the working surfaces and the operating conditions of the mechanism
at different load levels.

According to the study [6], among the main components of garbage trucks with side loading of MSW, the
hydraulic system has the lowest working resource before failure, which is the main factor in the increased wear
and tear of these vehicles. According to the results of research [7], the structure and most common causes of
failures of the hydraulic equipment of garbage trucks were determined: hydraulic cylinders — 34.92 % (wear of
cuffs, seals, rod; rupture of the piston mounting nut; rod bending; mechanical damage), hydraulic pumps — 16.40 %
(casing wear, gear wear, squeezing of seals, casing cracks), pipelines and hoses — 15.34 % (hose breaks, pipeline
wear), hydraulic distributors — 13.23 % (wear of seals and spools, casing cracks).

The analysis of the causes of typical technical failures of garbage trucks presented in [8] showed that a
significant number of failures (about 45 %) are related to hydraulic drive failures. The main factors of these failures
are manufacturing defects related to the usage of low-quality components, as well as significant fluctuations in the
loads on the actuators. The study of the causes of actuators’ failures showed that the main failures are caused by
heat treatment defects and deviations from the design dimensions during manufacturing (35%), errors during
assembling, adjustment and tightening of threaded connections (30%), as well as poor welding (30%). It was found
that most failures (80-90 %) are related to the wear and corrosion of the working surfaces of parts, and failure
occurs when a critical level of degradation is reached, i.e. when a machine or its component reaches the limit of
its technical condition. In particular, up to 28% of all hydraulic drive component failures are related to hydraulic
cylinders, caused by wear of mating surfaces, deformation of the rod and cylinder during operation. The durability
analysis showed that the average time between failures of hydraulic drive elements, including hydraulic cylinders,
is only about one-third of their maximum service life. In many cases, the manufacturer’s service life is reached not
more than 45-55%. The highest percentage of hydraulic cylinder failures at the initial stage of operation or after
repair relates to rods (31%) and sealing cuffs (42%). In addition, the analysis of failures of hydraulic system
elements showed that the main manifestation of failures is the loss of external and internal tightness caused by
contamination of the working fluid, which leads to malfunctioning of the units.

The above data are consistent with the results published in [9], where the main causes of garbage truck’s
hydraulic system failures caused by wear are identified: for a hydraulic pump — wear of gears; for hydraulic
cylinders — wear of cuffs, seals, and rod; for a hydraulic distributor — wear of seals and spools; for hoses — wear of
pipelines. In addition, the paper establishes adequate dependencies of wear of garbage truck tires on the front and
rear axles, depending on the transported mass of solid waste and the vehicle mileage, according to the Fisher
criterion. According to the Student’s criterion, it was determined that the weight of the transported solid waste has
the greatest impact on the wear of tires on both the front and rear axles, while the mileage of the garbage truck has
the least impact. The dependences of the number of garbage truck trips before reaching the maximum permissible
tire wear on the front and rear axles were also obtained.

Paper [10] provides a detailed review of the main causes of garbage truck failures, which shows that the
leading factors in the occurrence of failures are external and internal leaks in hydraulic systems. In particular, the
percentage of the external leaks is about 48% of all reported failures and are caused mainly by damage to hoses
and pipelines, as well as leaks in the seals of hydraulic cylinders and other units. These damages lead to leaks of
working fluid, which negatively affects the operation of the entire hydraulic system, causing a decrease in its
efficiency and increasing the risk of serious breakdowns. In addition, an important and common cause of failure
is internal leakage, which is approximately 36% of the total number of failures. Internal leakage occurs due to a
leak between the working cavities of hydraulic components, which leads to the flow of working fluid into non-
working areas and a decrease in system pressure. Such problems are often observed in important elements of the
hydraulic system: spool valves, safety and check valves, hydraulic cylinders, and hydraulic pumps. These units
are important to the normal functioning of garbage trucks, so their malfunctions due to internal leaks significantly
affect the overall performance and reliability of the equipment.
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In the paper [11], it was found out that the “conical” wear of the hydraulic cylinder rod in the range of 0.2
to 0.4 mm in length before the first overhaul causes a decrease in system pressure by 7.2 %, an increase in specific
fuel consumption by 11.4 %, and an increase in the content of carbon monoxide in exhaust gases by 26 %.
Increasing of the rod wear at the working area to 0.6-0.7 mm leads to a 13.4% drop in hydraulic system pressure,
a 21.3% increase in specific fuel consumption, and an increase in exhaust gas toxicity from 25% to 59%, which
exceeds the permissible limits. The maximum permissible wear of the geometric parameters of the hydraulic
cylinder rod of the hydraulic drive of construction and road machines is proposed to be less than 0.4 mm. In
addition, it was found that rod wear negatively affects the physical and chemical properties of the working fluid,
increasing the content of iron and impurities in it by two times, which leads to the need for more frequent
replacement and increase in cost. This significantly reduces the efficiency and durability of the hydraulic actuator,
shortening its service life in construction and road machines.

In the paper [12], it is stated that the wear of sealing elements in hydraulic systems leads to the gradual
penetration of hydraulic fluid into non-working cavities of hydraulic machines. Although this process is not always
noticeable externally, it causes unproductive power losses of the hydraulic drive, which, in turn, leads to excessive
fuel and lubricant consumption and reduced power of the working bodies. Power losses due to seal wear can cause
non-optimal hydraulic motor operation, which negatively affects the overall efficiency of the hydraulic drive. The
study considers the mechanical system "hydraulic cylinder — sealed piston — compressed hydraulic fluid", where
the dependence of the efficiency of the hydraulic cylinder on the value of the leakage is established. The results of
piston deflection when using VMGZ working fluid are also determined and the mechanism of fluid flow through
the hydraulic cylinder seal is analyzed.

The authors of the article [13], while analyzing observations of garbage trucks, found that the largest
number of failures relate to the wear and corrosion of the working surfaces of the parts of working equipment.
Failures of hydraulic cylinders caused by wear of the working surfaces of the mating surfaces, deformations of the
rod and cylinder during operation are found to be 32 % of all breakdowns of hydraulic drive parts. This is due to
uneven loading of the body and abrasive wear in the difficult operating conditions of the garbage truck. Studies of
the causes of failures have shown that the main cause is wear on the working surfaces of key hydraulic drive parts,
including spools and hydraulic distributor housings, hydraulic cylinder rods, etc. The main factor of wear is water-
abrasive damage, which occurs due to untimely replacement of the hydraulic fluid and the use of low-quality or
worn sealing elements, such as hydraulic cylinder seals. This leads to dust and wear products entering the sliding
zone, which accelerates the wear of working surfaces. One of the most promising methods for restoring worn parts
in the paper is chrome plating in a cold self-regulating electrolyte, which produces high quality chrome coatings
with high performance.

In the article [14], a nonlinear mathematical model described by a system of differential equations with
appropriate boundary conditions was proposed and studied in detail, which characterizes the operation of the
hydraulic drive of the mechanism of the garbage truck’s sealing plate, in particular for the static method of solid
waste compression — an important stage of primary waste processing. However, despite the high accuracy and
detail of the model, it does not take into account the impact of wear on the power hydraulic cylinder, which is one
of the key elements of the hydraulic drive. Ignoring this factor may limit the application of the model for long-
term forecasting of the mechanism's effectiveness in real operating conditions, where hydraulic cylinder wear
significantly affects the performance and reliability of the system.

However, as a result of the analysis of known publications, the authors did not find a specific mathematical
model describing the operation of the hydraulic drive of the garbage truck’s sealing plate mechanism taking into
account the wear of the hydraulic cylinder.

Aims of the article

Improvement of the mathematical model of the hydraulic drive of the mechanism of the garbage truck’s
sealing plate taking into account the wear of the hydraulic cylinder.

Methods

Fig. 1 shows a calculation scheme of the garbage truck’s operation at the technological operation of static
compaction of MSW [14], with the following structural elements and values: PP — pressing plate; HC — hydraulic
cylinder; HD — hydraulic distributor; P — hydraulic pump; SV — safety valve; F — filter; T — working fluid tank.
The diagram also shows the following basic geometric, kinematic, and power parameters: p1, p2, p3, pa— pressures
at the pump outlet, hydraulic cylinder inlet, hydraulic cylinder outlet, and filter inlet, respectively; W1, Wa, W3, W,
— volumes of pipelines between the pump and hydraulic distributor, hydraulic distributor and hydraulic cylinder
inlet, hydraulic cylinder outlet and hydraulic distributor, hydraulic distributor and filter; Opr — actual pump flow
rate; Sp— cross-sectional area of the distributor opening; Sy— surface area of the filter element; kr— specific filter
capacity (not shown in the diagram);u,; — dynamic viscosity coefficient (not shown in the diagram); D, d —
diameters of the piston and rod; G,— weight of the pressing plate; G.— weight of the hydraulic cylinder; Gw; —
weight of the waste above the pressing plate; G, — weight of the waste outside the pressing plate; Frr — friction
force between the pressing plate and the guides; Frw — the friction force between the MSW and the body; Fc— the
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force developed by the hydraulic cylinder; /;, h2— the heights of the bottom and top of the press plate; b — the
width of the press plate (not shown in the diagram);d— the thickness of the press plate; & is the angle of inclination
of the press plate; x — the displacement of the press plate.

Fig. 1. Design diagram of the hydraulic drive of the pressing plate for static compaction of solid waste

The operation of the hydraulic actuator in the technological operation of static compression of MSW can be
described by the following system of differential equations (1-5) with the corresponding boundary conditions (6) [14]:
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The paper [5] determines the dependence of changes in the wear rate of the working hydraulic cylinder of
the mechanism of the garbage truck’s sealing plate depending on the pressing force
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where v, — the wear rate of the hydraulic cylinder, um/h; u — the wear of the hydraulic cylinder, um; Fj,-—
the pressing force, MN.

The coefficient of losses of the working fluid (WF) due to flow from a high-pressure area to a low-
pressure area, taking into account the wear of the hydraulic cylinder, can be determined by the formula [15].



38 Problems of Tribology

D&’ _ nD(SO +10’6u)3

= S/(N-sec)], 8
12vp,,l 12vp,,-1 miRseol ®

where Jdyp— the nominal size of the gap, m; v — the kinematic viscosity WF of the working fluid, m?%/sec;
pwr— the density of the working fluid, kg/m?; / - the length of the annular gap, m.

To study an improved nonlinear mathematical model of the operation of the hydraulic drive of the
mechanism of the garbage truck’s sealing plate, taking into account the wear of its hydraulic cylinder in the form
of a system of ordinary nonlinear differential equations with corresponding boundary conditions, the Runge-Kutta-
Felberg numerical method of the 4™ order with a variable integration step was used.

Results
After substituting formula (8) into differential equation (2) and taking into account differential equation

(7), the improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s
sealing plate mechanism, taking into account the wear of its hydraulic cylinder, can be written as follows:
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A comparison of changes in the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism without taking into account wear and taking into account the wear of the hydraulic cylinder is shown
in Fig. 2. The graphical dependencies shown in Fig. 2 are obtained for the drive parameters corresponding to the
serial model of the KO-436 garbage truck that is manufactured by “Turbivskyi Machine-Building Plant” (Public
joint stock company «ATEKO»): Wi=1.48 1; Wo=1.59 I; W3=1.59 |; Ws= 0.3 1; Sp= 5.02- 10° m?; S/= 3.49- 1072
m?%; k= 6.13- 10° m; = 1.63- 102N- sec/m?; v = 1.83- 10 m?¥/sec; pwr= 890 kg/m?; 5= 0.136 mm; / = 35 mm;
Xmax = 900 mm; m,= 54 kg; B = 50 N-sec/m; ¢ = 9.24 107" m>/(N-sec); Sci= 9.503- 103 m?; Sco=3.142- 10° m?;
Sp=1.019 m?;, D =110 mm; d = 90 mm; Frp=247.7 N; Fry= 718 N; px = 10 MPa; t5= 0 ¢; xo= 0 m; p1o = 0 MPa;
p20= 0 MPa; p3o = 0 MPa; ps = 0 MPa.

The calculations were performed with an integration step # = 10 sec and a relative error &£ = 10-'°. The
stability of the solution to the system of differential equations was ensured by checking the identity of the results
obtained at the values of the integration steps /# and 4/2.

In the blank field of the Figs. 2a and 2b it is shown the graphs of transient processes during the startup of
the hydraulic drive of the garbage truck’s sealing plate mechanism. As it can be seen from the Fig. 2, taking into
account the wear of the hydraulic cylinder in the improved mathematical model significantly affects the main
parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism.

The construction of a linearized mathematical model of the operation of the hydraulic drive of the garbage
truck’s sealing plate mechanism, taking into account the wear of the hydraulic cylinder, and its analytical solution
in order to obtain dependencies for an improved methodology for engineering calculations require further research.

Conclusions

An improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s
sealing plate mechanism is proposed, which takes into account the wear of the hydraulic cylinder and allows to
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numerically study the dynamics of this drive and determine that taking into account the wear of the hydraulic
cylinder significantly affects the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism. Graphical dependencies have been plotted to compare changes in the main parameters of the hydraulic
drive of the garbage truck’s sealing plate mechanism without taking into account the wear of the hydraulic cylinder
and with taking into account the wear.
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Fig. 2. Comparison of changes in the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism: 1 — without taking into account the wear of the hydraulic cylinder; 2 — taking into account the wear
of the hydraulic cylinder: a) change in pressure in the hydraulic cylinder; b) speed of the sealing plate;
¢) movement of the sealing plate

It has been also established that the construction of a linearized mathematical model of the hydraulic drive
of the garbage truck’s sealing plate mechanism, taking into account the wear of the hydraulic cylinder, and its
analytical solution in order to obtain dependencies for an improved methodology for engineering calculations
require further research.
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Bepesok O.B., CaByasik B.Il., Xap:keBcbkuii B.0O., AnekceeB A.€. YinockoHaneHa maTeMaThyHa
MOJIeTIb pOOOTH TiAPONPHUBOAY MEXaHI3My YIIUIBHIOIOUOI IUIMTH CMITTEBO3a 13 ypaxyBaHHSM 3HOCY HOTro
rizponmitiHapa.

JlaHa CTaTTd TPUCBSYCHA YIOCKOHAJICHHIO MaTEeMAaTHYHOI MOJZEN pPOOOTH TiIPOIPHUBOAY MEXaHi3My
VIIUTGHIOIOYOT TUIMTH CMITTEBO3a 13 ypaxyBaHHAM 3HOCY TiIpOIMIIHIpa. 3alporioHOBaHA YIOCKOHAJICHA
HeNiHIfHAa MaTeMaTHYHa MOJeNTh POOOTH TiIPONPHBONY MEXaHi3My YIIIIBHIOIYOi TUIMTH CMITTEBO3a, sKa
YpaxoBYy€ 3HOC TiIPOIMITIHIPA 1 JO3BOJISIE YUCEIBHO JOCHTIIUTH AWHAMIKY JaHOTO MPUBOMY T4 BU3HAYWTH, IO
BpaxyBaHHS 3HOCY TiIpOUMJIiHApPa CYTTEBO BIUIMBAE Ha OCHOBHI IapaMeTpH TiAPONPUBOAY MeEXaHI3My
VIIUTGHIOIOYOT IUTUTH CMITTEBO3a. JlaHe mociimKeHHs MaTeMaTHIHOI MOJEN 3A1MCHIOBAIOCS 13 3aCTOCYBaHHAM
yucenbHOro Merony PyHre—Kyrra—®ensbepra uerBepToro Mopsiiky 3 aJalTHBHUM KPOKOM IHTETrpyBaHHS.
[MoGynoBano rpadivHi 3a1eXHOCTI AJIS TMOPIBHSAHHSA 3MIiHM OCHOBHHX IapaMeTpiB TiAPONPUBOAY MEXaHI3MY
YIIUIBHIOIOYOT TUIUTH CMITTEBO3a 0€3 YpaxyBaHHs 3HOCY T'JIPOLMIIIHAPA Ta 3 YpaxyBaHHIM 3Hocy. BcraHoBEHO,
10 noOy10Ba JIiHEapU30BaHOI MaTeMaTUYHOI MoJelli poOOTH TiAPONPUBOLY MEXaHi3My YIIUIBHIOIYOI TUIMTH
CMITTEBO3a 13 ypaxyBaHHAM 3HOCY TiIpOLWIiHApa Ta ii aHaJNITHYHE pO3B'SI3aHHSA 3 METOI OTPUMAaHHSI
3aJIeKHOCTEH JUIs yIOCKOHAJIEHOI METONUKHM 1HXXEHEPHHX PO3PaxyHKIiB BHMAararoTh MPOBEICHHS IOJANBIINX
IOCIIIKEHD.

KawuoBi ciioBa: 3HOC, MIBHAKICTh 3HOIIYBAaHHS, TIAPOUWIIHApP, MEXaHi3M, VIIUIbHIOKOYA IUINTA,
CMITT€BO3, 3yCHIUIA IIPECYBaHHS, TBEP/Ii MOOYTOBI BIIXOI!, MaTeMAaTUIHA MOJCTIb.



