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Abstract

The article presents the results of studying the patterns of destruction and their influence on the wear
resistance of structural steels: steel 45, steel 65G and steel 28MnB5 when moving in soils with different abrasive
particle shape factors. The phenomenon of the presence of a critical abrasive particle shape factor (CPSF) was
established, up to which the wear resistance of steels decreases. In the supercritical region, wear resistance is
stabilized, and the differences between its values of the studied steels are significantly reduced. When forming
wear resistance, the role of the particle shape factor is to regulate active deformation and fatigue phenomena by
means of the level of external force action on the working surface and is realized through the rheological-fatigue
parameter, which is controlled by the cyclic viscosity of steel deformation. In this regard, the choice of structural
steel grade for the manufacture of machine parts intended for use in soils with different abrasive particle shape
factors must be made based on its ranking by the rheological-fatigue parameter. It is shown that in the strength
basis of the steel wear mechanism under sliding friction in soils with different particle shape factors, in addition
to the resistance to the propagation of axial and radial fatigue cracks in the destructive deformation layer, an
important role is played by the resistance to the initiation and propagation of lateral fatigue cracks at its boundary
with the plastic-destructive deformation layer, and the mechanical component of the contact interaction is decisive.
It is established that under wear in soils with different particle shape factors, the action of the softening process is
more effective than the hardening process. In the supercritical region, the intensity of steel softening is significantly
reduced due to the increase in the effectiveness of the hardening action due to the dispersion hardening of steel.
However, no qualitative changes in the metal wear process are observed.

Key words: abrasive wear, soil, abrasive particle shape factor, fatigue, destructive deformation, plastic-
destructive deformation, fatigue crack, wear resistance, rheological parameter, rheological-fatigue parameter,
fracture toughness, size of the region of nonlinear effects, cyclic deformation toughness, softening, hardening,
dispersion hardening.

Introduction

When machine parts and tools move in a soil environment containing an abrasive, intensive wear of the
metal occurs, accompanied by a rapid change in their geometric dimensions and shape.

The reason for the high aggressiveness of this type of wear is the specific process of contacting the abrasive,
in which not every particle on the friction surface is capable of interacting with the metal, and the speed of relative
movement of the particles is significantly less than the translational speed of the part. In addition, most of them
have a rounded shape and, making a complex movement, can not only slide at high speed, but also rotate or roll
along the friction surface until they take a more stable position in relation to it, as well as to each other. In this
regard, it is advisable to consider the soil environment as a solid body with a very rough surface (where the role
of irregularities is played by abrasive particles) and a mobile active layer [1]. Experiments have shown that when
interacting with the friction surface, the abrasive particles of the active layer of such a body are pressed into the
metal with a certain force and move progressively along its surface. Particular attention should be paid to the fact
that both of these stages of interaction of the abrasive with the surface occur simultaneously, which significantly

Copyright © 2024 V.I. Dvoruk. Computational studies of stuffing box packing seal wear mechanism using the Archard
@I}. model Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
E provided the original work is properly cited.
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complicates its nature. The destruction of the surface is carried out both by the micro-cutting and deforming action
of the particles. Micro-cutting particles directly produce wear, but there are relatively few of them (0.07 - 7% of
the total). Deforming particles, the pressure of which on the contact area brings the worn metal to the yield point,
are significantly more numerous. They do not directly produce wear, but multiple deformation of the same surface
areas contributes to their fatigue destruction. Based on this, the leading form of abrasive wear of the friction surface
when moving in the soil is mechanical fatigue by the mechanism of low-cycle and high-cycle fatigue [2]. The
process of destruction from fatigue, which precedes the formation and separation of wear particles, includes the
stages of nucleation and propagation of fatigue cracks in microvolumes of the deformed surface layer of the metal.
Therefore, it should be considered as a kinetic process that predetermines the formation of two qualitatively
different zones in the area of each crack: the zone of the inner surface of the crack and the zone of nonlinear effects
in the vicinity of its tip. Based on the change in the stress-strain state with distance from the surface, the structure
of the surface layer of the metal has a layered structure, including the following layers: a layer of destructive
deformation, consisting of an outer (cracked) sublayer and an adjacent sublayer of nonlinear effects in the vicinity
of the crack tips; a layer of plastic-destructive deformation; a layer of plastic deformation; a layer of elastic
deformation, passing into undeformed metal [2]. The cracked sublayer contains the largest defects in the form of
axial and radial microcracks, as well as the centers of their origin, i.e. the connection between individual
microvolumes in it is weakened due to the violation of the continuity of the metal. The sublayer of nonlinear effects
is a plastically deformed metal localized in the areas of crack propagation. Thus, the destructive deformation layer
obeys not the laws of continuum mechanics, but the laws of solid-body fracture mechanics and, due to its
"looseness", has the lowest strength. Inside the adjacent layer of plastic-destructive deformation, a rotational
fragmented structure and rare microcracks, reflecting the disclination nature of deformation, predominate. In the
deformation mechanism located below the layer of plastic deformation, the leading role is played by linear and
point defects of the crystalline structure, forming a structure of predominantly dislocation type. In terms of its
structure, the elastically deformed layer is practically no different from the undeformed metal bordering it.Such a
structure indicates the simultaneous occurrence of two independent processes in each of the layers - deformation
and destruction [3]. These processes are realized in dialectical unity: deformation does not happen without
destruction, and destruction - without deformation. The relationship between them changes with an increase in the
depth of the layer from the surface. Thus, in the layer of destructive deformation, destruction processes
predominate, plastic-destructive deformation - large plastic deformations, plastic deformation - moderate plastic
deformations, and elastic deformation - elastic deformations. The specified relationship is controlled by changes
in the level of acting stresses as they penetrate deeper into the surface layer and depends on the physical
characteristics of the metal, in particular the rheological-fatigue parameter [2]. Among the factors determining the
destruction of the metal surface layer during wear in the soil, an important role is played by the shape acquired by
the abrasive particles during the natural formation of sand. For the quantitative assessment of this factor, various
variants of the shape coefficient K r have been proposed [4-6] - a criterion whose values vary from 11 for rounded
particles to 100 for acute-angled particles measuring 0.2 - 2 mm. The value of K ¢, on the one hand, determines
the probability of particle contact with the wear surface along a protrusion of a small radius of curvature, and on
the other hand, the degree of deviation of its shape from spherical (the latter affects the degree of particle fixation
in the mass of particles - its temporary retention in a motionless state with respect to the surrounding particles).
The level of contact stresses and, consequently, the type of surface destruction depend on these indicators. Thus,
at K r <11.25 direct destruction of the material does not occur. With further increase of K r a gradual transition
from plastic deformation to direct destruction of the material occurs, which occurs at K r > 45. It has been
established [4-6] that with increase of K rthe intensity of wear of metal in the soil environment increases. The
initiation and propagation of fatigue cracks in metallic materials is caused by plastic deformation, the quantitative
measure of which can be the width of the hysteresis loop (cyclic viscosity of deformation) per cycle of change of
load at a given level of stresses [7]. The regularities of change of cyclic viscosity of deformation allow us to come
to the conclusion that cyclically repeating alternating stresses during wear cause in each of the layers of the surface
layer of metal two simultaneously proceeding opposite processes: strengthening and softening.

Materials and research methods

The objects of the study were structural steels: steel 45, steel 65G and steel 28MnBS5, the chemical composition of

which is presented in Table 1.

Table 1
Chemical composition of the investigated steel
Steel grade Content, %
C Mn Si P S Cr Ni Cu B As
65G 0,65 1,11 0,27 0,035 0,035 0,25 0,25 0,22 -

28MnB5 0,272 1,26 0,234 0,020 0,035 0,22 0,0023

45 0,46 0.65 0.27 0.035 0.04 0.25 0.25 0.25 - 0.08
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Samples from the specified steels were made in the form of plates with dimensions of (70x70%6) mm and
subjected to strengthening by heat treatment in the modes specified in Table 2.

The heating source during maintenance was an electric muffle furnace SNOL7.2/1300 (NPP
Termoinzhenering, Kharkov).

Table 2
Mode of heat treatment of investigated steels
Hardening Tempering
& - &
Steel grade | @ & 2 § o o
s 3 =i S 3
< & | Holding time, min 55 = & | Holding time, min
o = == o =
T 8 5t |= 8
= 5 =
2 2
65G 820 30 Oil 470 60
28MnB5 900 30 Oil 500 60
45 850 30 Water 550 60

The hardened samples were subjected to indentation and wear tests by friction in the soil.
Indentation tests were carried out using a universal hardness tester "NOVOTEST T-UD2" (OOO NTC
"Industrial Equipment and Technologies", Novomoskovsk). As a result, the Rockwell hardness of steel in the

initial state was determined.
Wear tests of steel by friction in the soil were carried out using a modernized "impeller" method on a test
rig [8], the diagram of which is shown in Fig. 1

N

Fig. 1. Diagram of a setup for testing steel for wear when friction in soil: 1 - sample holder shaft; 2 - cylinder; 3
- soil; 4 - samples; 5 - mogosection disk

The essence of the tests consisted in rotating a steel sample immersed in the specified soil. The test mode
is as follows: soil pressure on the sample P = 122.6 kPa, sample rotation speed V = 125.28 m/min, sample friction
path L = 500 km. During wear, the friction force Ftr of the sample was measured. Sample wear G was measured
by weighing on an electronic analytical scale CP 34001 S (Sartorius (Germany)). The measure of wear resistance
€ was the reciprocal of wear G.

Quartz sand from three deposits in the Zhytomyr region of Ukraine - Tarasovskoye, Ignatpolsky and
Irshansky - was used as soil, from which particles of a fraction of 0.5 - 1.0 mm were isolated by sifting through a
sieve. The hardness of the particles was 1000 - 1300 kg / mm?2. The particle shape coefficient K _F was calculated
using the formula [6]. The geometric parameters of the particle required for this are shown in the diagram (Fig.2).

Jlis oLeHKM yKa3aHHBIX IapaMeTpoB dacThipl nomemanu nox Mukpockonm «SIGETA CAM-03,
(dhoTorpadupoBanu, mocie 4ero MpoU3BOAMIH TpeOyeMble H3MEPEHHUs ¢ puBJeueHueM nporpammbl «KKOMITAC-
3D».
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B

Fig. 2. Geometric parameters of the abrasive particle: L — the largest value of the longitudinal size; B — the
largest value of the transverse size; r — protrusion

The analysis of the process of steel destruction during wear in soil was carried out using the following
criteria: critical stress intensity factor (fracture viscosity) K;., size of the region of nonlinear effects in the vicinity
of crack tips 4, rheological parameter R = K. / h,, cyclic deformation viscosity 4e, as well as true deformation
&uue, Which were determined by the methods [3, 9]. Using the specified characteristics, the rheological-fatigue
parameter of the studied steels Rr= R (& e /2 Ag)? [10] was determined. The obtained experimental results were
processed using the methods of mathematical statistics.

Research results and their discussion

The valuesof the shape coefficient of abrasive particles of the studied soils are presented in Table 3.

Table 3
Shape coefficient of abrasive soil particles
Sand deposit Irshanskoe Tarasovskoye Ignatpolskoe
Shape coefficient 98,71 114,18 153,72

Data on changes in the tribomechanical and rheological properties of the studied steels in soils with
different shape factors of abrasive particles are presented in Table 4.

Table 4
. Dependence of tribomechanical and rheological properties of steels on the shape factor of abrasive
particles
Tribomechanical Rheological properties
properties
Hardness, Wear Rheological Rheological-
Steel grade Sand deposit Shape HRC resistance, €, | parameter R, fatigue
coefficient, kg GPa _
K parameter Ry,
TPa
Irshanskoe 98,71 8 58,8 1,82 20,5
45 Tarasovskoye 114,18 8 46,5 1,82 16,27
Ignatpolskoe 163,72 8 35,1 1,82 12,3
Irshanskoe 98,71 40 1333 4,94 126,5
65G Tarasovskoye 114,18 40 71,4 4,94 67,63
Ignatpolskoe 163,72 40 42,6 4,94 40,12
Irshanskoe 98,71 50 200 6,9 265,24
28MnBS5 Tarasovskoye 114,18 50 100 6,9 132,37
Ignatpolskoe 163,72 50 55 6,9 74,23

By comparing the shape factor K » and wear resistance ¢, the following inversely proportional correlation
dependence was established (Fig. 3): with an increase in the particle shape factor, the wear resistance of the steels
under study decreases. Moreover, in stronger steels (steel 28MnBS, steel 65G) this occurs much more intensively
than in the less strong steel 45
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Fig. 3. Comparison of wear resistance (¢) with hardness (HRC), rheological parameter (R) and rheological-
fatigue parameter (Ry) of steels after wear in soils with different shape coefficients of abrasive particles (Kg): X - steel
45; o - steel 65 G; o — steel 28MnB5

A significant decrease in wear resistance is observed until the shape factor reaches a value of the order of
K £=140-150, after which a clear tendency towards stabilization of the indicated pattern is observed. In addition,
with an increase in the particle shape factor, a gradual convergence of the wear resistance of steels takes place. For
example, if at K r =98.71 the wear resistance of steel 28MnBS5 was 3.4 times higher than that of steel 45, then at
K r=153.72 - 1.6 times. Consequently, during wear in soils with different shape factors of abrasive particles on
the working surfaces of steels, the phenomenon of the presence of a critical shape factor of abrasive particles
(CPSF) is realized, the value of which is 140 - 150.

Analysis of the obtained results showed that the characteristics of resistance to deformation (hardness HRC)
and destruction (rheological parameter R) under static loading do not show sensitivity to the formation of wear
resistance of steels when moving in soils with different shape factors of particles. At the same time, between the
characteristic of resistance to destruction under fatigue loading - the rheological-fatigue parameter Ry and wear
resistance € as K r of particles increases, the following correlation is established: the higher the particle shape
factor, the lower the rheological-fatigue parameter and wear resistance of steel. Consequently, the wear resistance
of steels when moving in soils with different shape factors of abrasive particles is controlled by the rheological-
fatigue parameter.

Based on the above, it can be stated that in the strength basis of the mechanism of steel wear under sliding
friction in soils with different shape factors of abrasive particles, in addition to the resistance to the propagation of
axial and radial fatigue cracks in the destructive deformation layer (see above), an important role is played by the
resistance to the initiation and propagation of lateral fatigue cracks on its boundary with the layer of plastic-
destructive deformation. In this case, the mechanical component of the contact interaction is decisive.

Lateral cracks originate from the boundary of these layers and then grow towards the surface. Their
intersection with radial cracks leads to the formation of wear particles [11].

Along with lateral cracks, axial and radial cracks originate at the same boundary, which propagate in the
opposite direction - towards the layer of plastic-destructive deformation, thereby gradually transforming it into a
destructive layer. It finally becomes destructive after the complete destruction of the layer preceding it. In this way,
layer-by-layer destruction of the metal occurs, the result of which is its wear. The immediate cause of localization
of the origin of the system of lateral, axial and radial fatigue cracks at the boundary of the destructive and plastic-
destructive layers is the state of plane deformation, which occurs here during contact interaction with the abrasive
and contributes to an increase in the effective maximum stresses to a level three times greater than at the boundary
of the cracked sublayer with the sublayer of nonlinear effects in the vicinity of the cracks [10]. Along with the
maximum, residual stresses simultaneously arise and act in the metal due to the unevenness of its deformation.
The superposition of these stresses under cyclic action determines the actual load level at the specified boundary.
Consequently, the stress distribution curve from the boundary of the cracked sublayer along the depth of the surface
layer has a non-monotonic character with a maximum at the boundary of the destructive and plastic-destructive
layers.

Based on the proposed mechanism of destruction, it is advisable to rank the wear resistance of structural
steels under the conditions under consideration by the rheological-fatigue parameter.
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Since the rheological-fatigue parameter includes a number of physical quantities, the patterns of their
change during wear, as well as the role of each of them in the formation of steel wear resistance with varying the
shape factor of abrasive soil particles, are of scientific and practical interest.

Fig. 4 and 5 show the patterns of true deformation &... and cyclic viscosity of deformation Ae (Fig. 4),
fracture viscosity K ;. and the size of the region of nonlinear effects in the vicinity of crack tips /4, (Fig. 5) of steels
with a change in the particle shape factor K r.

From this it is evident that the true deformation &,.. (Fig. 4), fracture toughness K ;. (Fig. 5) and the size of
the region of nonlinear effects 4, (Fig. 5) of the studied steels are insensitive to changes in the particle shape facto
K r, while the cyclic deformation viscosity 4e (Fig. 4) increased with the latter.

Comparison of the cyclic deformation viscosity Ae (Fig. 4) with the rheological-fatigue parameter Ry and
wear resistance ¢ (Fig. 3) of steels with variations in the particle shape factor K r shows the presence of an
inversely proportional correlative relationship between them: with an increase in the cyclic deformation viscosity,
the rheological-fatigue parameter and wear resistance decrease.
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Fig. 4. Change true deformation (&.,) and cyclic deformation viscosity (A¢) of steels after wear in soils with
different shape coefficients of abrasive particles (Kr): X - steel 45; o - steel 65 G; o — steel 28MnB5
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Fig. 5. Change in fracture toughness (K;.) and the size of the area of nonlinear effects in the vicinity of the
crack (hn) steels after wear in soils with different shape coefficients of abrasive particles (Kr): X - steel 45; o - steel 65
G; o — steel 28MnB5

Consequently, the leading role in the formation of the rheological-fatigue parameter and wear resistance
of steels when moving in soils with different shape factors is played by the cyclic viscosity of deformation, which
characterizes the ability of the metal to absorb the supplied energy in an irreversible form and is determined by the
parameters of the hysteresis loop, in particular, its width Ae.

Cyclically repeating stresses during abrasive wear cause two simultaneously occurring opposite
phenomena in the metal: strengthening and softening. From the established pattern of change in the cyclic viscosity
of deformation (Fig. 4), it is evident that with an increase in the shape factor of the abrasive, the value of 4e
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continuously increases. This allows us to consider the effect of softening during wear to be more effective than
strengthening. The softening process, in this case, occurs as a result of cyclic deformation of the surface layer,
leading to the occurrence and development of structural defects, embrittlement of the material, an increase in
internal stresses and the opening of microcracks, while hardening is associated with the work hardening factor -
the formation of obstacles in the metal that slow down the movement of dislocations.

Noteworthy is the noticeable decrease in the intensity of softening of the metal after reaching the value
of the form factor of the order of K »~140-150. This effect is especially clearly manifested in strong steels 28MnB5
and 65G. It is explained by an increase in the effectiveness of the hardening action due to factors that complement
the work hardening. For steel 45, such a factor is most likely dynamic strain aging (DSA) - blocking of dislocations
due to diffusion of carbon and nitrogen atoms to them, and for steels 28MnB5 and 65G - dispersion hardening
(DH), caused by partial decomposition of martensite, as well as white layers of thermomechanical origin,
consisting of martensite and its decomposition products, residual austenite, carbides, nitrides, oxides.

Due to the high hardness of the martensite base, plastic deformation of strong steels during wear cannot
be significant, as a result of which, it is not capable of causing significant strain hardening and dynamic strain
aging. Therefore, the main type of strengthening of steels 28MnBS5 and 65G, in all likelihood, is dispersion
hardening. Despite the decrease in the intensity of destruction under the influence of the indicated factors of
additional strengthening, qualitative changes in the wear process of steels are not observed (Fig.3).

Conclusions

1.When worn in soils with different abrasive particle shape factors on the working surfaces of low-alloy
steels, the phenomenon of the presence of a critical abrasive particle shape factor (CPSF) is realized, up to which
the wear resistance of steels decreases. With a further increase in the particle shape factor, the wear resistance
stabilizes, and the differences between its values of the studied steels are significantly reduced.

2. The role of the particle shape factor in the formation of wear resistance lies in the regulation of active
deformation and fatigue phenomena in the surface layer by changing the level of external force action on the
working surface.

3. The influence of the soil particle shape factor on wear resistance is carried out through the rheological-
fatigue parameter in the following relationship: the higher the rheological-fatigue parameter, the higher the wear
resistance of the steel.

4. In the strength basis of the steel wear mechanism under sliding friction in soils with different particle
shape factors, in addition to the resistance to the propagation of axial and radial fatigue cracks in the destructive
deformation layer, an important role is played by the resistance to the initiation and propagation of lateral fatigue
cracks at its boundary with the plastic-destructive deformation layer, and the mechanical component of the contact
interaction is decisive.

5. When selecting a grade of structural steel for the manufacture of machine parts operated in soils with
different abrasive particle shape factors, it is necessary to be guided by its ranking by the rheological-fatigue
parameter.

6. The role of the particle shape factor in the formation of the rheological-fatigue parameter is carried out
mainly through the cyclic viscosity of deformation in the following relationship: the higher the cyclic viscosity,
the lower the rheological-fatigue parameter of steel. The effect of the softening process during wear in soils with
different particle shape factors is more effective than the hardening process. In the supercritical region of the
abrasive shape factor, the intensity of softening of steels is significantly reduced due to the increase in the
effectiveness of the hardening action due to the dispersion hardening of steel. However, no qualitative changes in
the process of metal wear are observed.
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JBopyk B.I. BniuB ¢opmu a0pa3sMBHHX YACTHHOK IPYHTY Ha 3aKOHOMipHoOcCTI pyiHYBaHHS
HU3BKOJIETOBAHUX CTAJIel NPU 3HOINYBaHHI

HaBeneHo pe3ynbTaTé BHBYEHHS 3aKOHOMIPHOCTEM pyHHYBaHHS Ta iX BIUIMBY Ha 3HOCOCTIHKIiCTh
KOHCTPYKIIHHUX cTanel - craii 45, cram 651" 1 crani 28MnBS5 nipu pyci B IpyHTax 3 pisHuM KoedinieHToM Gopmu
a0pa3MBHUX YaCTHHOK. BcTaHOBIEHO siBHIIIEe KpUTHYHOTO KoedilieHTa popmu abpa3uBHUX yacTuHOK (CPSF), ax
JI0 SKOTO 3HOCOCTIHKICTh cTaned 3HIKyeThcs. [lpu GopMyBaHHI 3HOCOCTIMKOCTI poib KoedirieHta (opMu
YaCTHHOK IIOJISITa€ B PETYIIOBaHHI aKTHBHUX Je(OpMallifHMX Ta YTOMHHUX SIBHI 32 JOIOMOTOIO PiBHS
30BHIIIHBOTO CHJIOBOTO BIUIMBY Ha pPOOOUY MOBEPXHIO Ta peaji3yeThCs Yepe3 peosIoro-yTOMHHUH Mapamerp, IKUH
KOHTPOITIOETHCS IIUKIIITHOIO B'SI3KICTIO Je(OPMYBaHHS cTaji. Y 3B'SI3Ky 3 UM BHOIp MapKu KOHCTPYKIIIHHOI cTami
JUISL BUTOTOBJICHHS I€Talledl MallvH, IPU3HAYEeHHUX ISl eKCITyaTalii B IpyHTax 3 pi3HUM KoedilieHToM hopMu
aOpa3MBHUX YaCTUHOK HEOOXIJIHO MPOBOJMTH, BUXO/ASYM 3 1i paH)KYBaHHS 32 PEOJIOrO-YBTOMHHM HapaMeTpoM.
[TokazaHo, 0 B MIIIHICTHOMY MIATPYHTI ME€XaHi3My 3HOIYBaHHS CTaJl IPH TEPTI KOB3aHHS B TPYHTaX 3 Pi3HUM
koedilieHToM (GopMH YAaCTHHOK, KpiM OMOpY MOUIMPEHHIO OChOBHX Ta PajiajbHUX YTOMHHUX TPILIIMH B IIapi
JECTPYKIIHHOTO Ae(pOpPMYyBaHHS, BXKJIMBY POJb BIiJIrpa€e OmMmip 3apO/PKCHHIO 1 MOIMIMPEHHIO OIYHUX BTOMHHX
TPIIIMH Ha HOrO KOPIOHI 3 MIApOM IECTPYKIIHHOTO nehOpMyBaHHS, a MEXaHIYHHNA KOMIIOHEHT KOHTAKTHOT
B3a€EMOJIl € BH3HAYaJIbHUM. BcTaHOBIIEHO, 110 NMPH 3HONIYBaHHI B IPyHTaX 3 pi3HUM KoedinieHToM (opmu
YaCTHHOK [Iisl TIPOIIECY 3HEMIIIHEHHS € OUThII e(eKTHBHOIO, HiX Tpolecy 3MilHeHHs. B 3akputudHiii o0macTi
koeiieHTa popMu abpa3sWBHHUX YACTHHOK IHTEHCHBHICTH 3HEMIILIHEHHS iCTOTHO 3MEHIIIY€ThCS Y€Pe3 3pOCTaHHS
IHTEHCHBHOCTI 3MiLTHEHHSI BHACIII/IOK JUCIIEPCIHHOTO TBEPIAHEHHS CTaJICH.

KoarouoBi cioBa: aOpa3uBHE 3HOLIYBaHHS, IPYHT, KoedilieHT GopMu aOpa3sMBHUX YaCTHHOK, YTOMa,
JeCTpyKIiiiHa Jnedopmanis, IUIACTUYHO-IECTPYKIiifHa aedopMalis, yTOMHa TpIilIMHA, 3HOCOCTIHKICTB,
PEONOTIYHAN TapaMeTp, PEOJIOTO-yTOMHHUM ITapaMeTp, B'SI3KICTh PyHHYBaHHS, po3Mip 00acTi HeMHIHHIX e(eKTiB
B OKOJIi TPIiIIMH, HUKJIiYHA B'SI3KICTH Ne(OpMyBaHHSA, 3HEMIITHEHHSI, 3MIIIHEHHS, TUCIIEPCiiiHe TBepAiHHS
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Abstract

Reducing leakages and improving the rotor-dynamic damping characteristics of annular seals is an essential
problem of sealing technology. A whole range of damping seals are used to seal the shafts of turbomachines, such
as honeycomb, hole pattern, pocket, and scallop seals. To reduce the cost and production time, the scallop seals
are increasingly used. They showed quite good dynamic and leakage characteristics in the modernization of
compressors in the chemical industry. Some designs of scallop seals are able not only to increase dynamic
performance (additional use of swirl brakes in the form of semi-open scallops at the inlet) but also thanks to the
hybrid design of the scallop and labyrinth seal made of PEEK material, which ensures a minimum clearance
between the seal and the shaft, reduce leakages of pumped fluid.

This paper presents the results of calculating the rotordynamic and flow rate characteristics of scallop and
labyrinth-scallop seals depending on the operating parameters using computational fluid dynamics (CFD)
methods. The CFD was used to calculate the hydrodynamic and rotordynamic characteristics of the seal with shaft
whirl. The rotordynamic coefficients were obtained using the frequency excitation method. The obtained
characteristics were compared with experimental data available from the literature for annular and labyrinth seals.
The study confirmed the relatively low leakages, the high dynamic characteristics of the labyrinth-scallop seals,
and the frequency dependence of the stiffness and damping coefficients. It has been confirmed that sickle-shaped
scallops create obstacles to the circumferential flow of the working medium. Reducing the circumferential gas
flow increases the hydraulic resistance in the grooves and simultaneously minimizes the circulation forces that
create shaft whirl, increasing vibration.

Keywords: leakage, rotordynamic coefficients, labyrinth and scallop seal, damping seal, swirl
brakes

Introduction

As is known, leakages in the seals of high-pressure centrifugal compressors are limited due to the use of
potential pressure energy to overcome local resistances, frictional resistance along the channel length, and
sometimes inertial resistance. The larger leakage, the smaller part of potential energy is transferred to the kinetic
energy of the flow, as well as the lower values of the average velocity of the liquid in the channel and its mass
flow rate. Thus, annular seals are not completely eliminated, but only limit flow rates.

Labyrinth seals, in which local resistances prevail, can be attributed to seals with throttling channels. The
main function of labyrinth seals is to ensure minimal leakage through the sealing surfaces, taking into account
minimal aerodynamic effects on the compressor rotor. However, in labyrinth seals, due to the fluid flow in the
circumferential direction, while the flow is carried by the rotating shaft, circulating aerodynamic forces arise.
Therefore, in practice, a number of annular seals have been proposed, which can reduce circulating forces that
cause an increase in rotor whirl and, accordingly, vibration. These basic seals include honeycomb, hole-pattern,
pocket and scallop seals. If the sealing mechanism and dynamic characteristics of the first three types of seals are
well studied [1-6], a rather limited number of studies and publications are devoted to the last type of seals [7-10].

Scallop seals (Fig. 1. a) are widely used and have proven themselves in the process of modernization of
compressors for the chemical industry [8]. There are a number of designs of scallop seals that are able not only to
improve dynamic characteristics (Fig. 1. a), but also to reduce leakages of the pumped medium (Fig. 1. b) [8].

Copyright © 2024 V. Izemenko, A. Zahorulko, Yu. Zahorulko. Computational studies of stuffing box packing seal wear
@I}. mechanism using the Archard model Creative Commons Attribution License, which permits unrestricted use, distribution, and
E reproduction in any medium, provided the original work is properly cited.
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The first patent for the scallop seal design (Fig. 2. a, b shows the longitudinal section and the isometric
view of the seal) [11,12] was obtained in 1984. And it has a sleeve 1 on the inner surface of which there is scallops
2. In the axial direction, the rows of scallops are separated by ridges 4, and in the circumferential direction, adjacent
scallops are separated by bridges 3. The ridges perform the same role as the ridges in conventional labyrinth seals,
and the bridges slow down the circumferential flow.

The role of bridges is particularly important because, by slowing down the circumferential flow, they
thereby reduce the circulating force, the existence of which is the main reason for the loss of dynamic stability of
the rotor in the seals. In addition, the scallops are semi-closed chambers that slow down the expansion flow and,
accordingly, increase the damping force [13].

In the research work of A. Gulyi [7] presents the experimentally obtained characteristics of flow rate and
stiffness for three types of liquid seals, namely: labyrinth with overlapping ribs, scallop and honeycomb seals. All
characteristics were compared with the characteristics of standard annular seals. Flow rates, amplitudes, and phases
of forced rotor oscillations were measured at four pressure drop values 0f 0.2; 0.5; 1.0; 2.0 MPa at rotational speeds
from 0 to 1000 s! in steps of 50 s*'. Leakage rate characteristics of all types of seals, with an averaged rotational
frequency, show that the minimum flow rates were obtained for a labyrinth seal with a small axial gap between
the ridges. Flow rates throughout scallop, honeycomb and labyrinth seals with central location of ridges are almost
the same and about 20% less compared to flow rates due to standard annular seal. Numerical values of hydrostatic
stiffness are determined by evaluating parameters based on phase and amplitude-frequency characteristics. The
latter applies to all types of seals with a pressure drop value of 1 MPa. The type of characteristic corresponds to
the model of the dynamic system of the rotor seal as a linear oscillating system of the second order. The honeycomb
seal has more dominant dynamic properties, and the scallop seal is closer to the standard one. If the tasks of
reducing vibration and leakage are equally important for a particular pump, then scallop seals should be used. In
terms of hydraulic resistance, they are not inferior to labyrinth and honeycomb seals, and in terms of damping and
stiffness properties, they significantly exceed them. At the same time, they are less prone to scoring than
conventional annular and labyrinth seals. However, it should be remembered that the coefficient of hydrostatic
stiffness of scallop seals is approximately two times lower than that of conventional annular seals [13].

Gocha Chochua [9] investigated the flow between the surface of the stator with scallops made by a disk
cutter and the smooth surface of the rotor in a scallop seal with sloping sidewalls developed by Dresser-Rand using
the Computational Fluid Dynamics (CFD) method. The main direction in the calculation of the scallop seal was
the study of the turbulent compression flow under the action of the pressure drop for the periodic region, the
assessment of the effect of the rotor rotation and the swirl at the inlet on the physics of the flow, the extrapolation
of the results for the periodic region on the full geometry of the seal and determination of friction coefficients due
to pressure losses and shear stress.
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Fig. 2. The first patented design of scallop seal [14]
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In his paper, Naohiko Takahashi et al. (Hitachi, Ltd. Company) [10] presented an evaluation of the
rotordynamic coefficients of a scallop seal that has elongated ridges and sloping sidewalls with narrow ribs, as in
labyrinth seals. The results of the experiment showed that the new seal had improved damping, which is in good
agreement with the calculation results based on the bulk flow and CFD analysis by the excitation method. In the
analysis by the excitation method, the whirl motion was considered as a stationary problem using a rotating frame
of reference. The friction coefficients for the rotor surface, the stator surface, and the surface between the two
control volumes for the bulk flow model were determined using steady-state CFD analysis.

The scallop seal can also be made in a stepped configuration, which is used in the unloading piston seals to
change the diameter in the axial direction [8,10].

Based on the analysis of previous studies, we can draw the following conclusions and formulate the purpose
of this study. Scallop seals showed quite good dynamic and flow rate characteristics during the modernization of
compressors in the chemical industry. There are a number of designs of scallop seals that are able not only to
increase dynamic performance (additional use of swirl brakes in the form of semi-open scallops at the inlet), but
also thanks to the hybrid design of the scallop and labyrinth seal made of PEEK material (Fig. 1. b), which ensures
a minimum clearance between the seal and the shaft, leakages of the pumped liquid are reduced. However, a
number of studies and publications [7-10] are dedicated to scallop seals and are mainly related to the study of flow
physics and the friction coefficient for the analysis of losses in scallop seals with inclined side walls [9], as well
as obtaining dynamic coefficients using CFD analysis by the frequency excitation method and the bulk flow
method for seal with elongated scallops and inclined sides walls [10]. For scallop seal, there are results regarding
leakages and stiffness characteristics only for liquid media [7]. There is no comparison of leakage and dynamic
coefficients of scallop seals with other types of labyrinth and annular seals for gas mediums. There is no
information about the frequency-dependent dynamic coefficients of labyrinth-scallop seal. Due to the fact that the
labyrinth-scallop seal is a damping type of seal, therefore, to obtain frequency-dependent rotordynamic stiffness
and damping coefficients, it is advisable to use the calculation method of trajectories, which simulates the gas flow
and the movement of the shaft along a given orbit.

1. Geometrical parameters, working and boundary conditions of the labyrinth-scallop seal

The calculation of the leakages in the labyrinth-scallop seal can be performed using CFD modeling in the
Ansys CFX software [15]. In Fig. 3 a, an example of a geometry sector created in the Ansys Design Modeler
software module is shown, in fig. 3 b mesh of the seal sector with imposed boundary conditions, in Fig. 3 ¢ the
complete geometry of the labyrinth-scallop seal. The sector geometry is 1/20 of the full geometry. The geometry
of the seal consists of inlet and outlet chambers, periodically repeated along the length of the seal of scallop rows,
annular channels, and four labyrinths made of PEEK material. The Ansys Meshing software was used to generate
a computationally structured hexa mesh for the generated labyrinth-scallop seal geometry. The number of elements
in the clearance was equal to 10 elements. The total size of the mesh was equal to 460,000 elements. The analysis
of mesh independence of the model was carried out for four different mesh sizes - 137470, 331860, 460000,
653640 cells. The mesh thickened near the walls to obtain the necessary parameter y*=30-300 for the
corresponding k-¢ turbulence model.

Table 1 shows the geometrical dimensions and operating conditions obtained for the shaft diameter, length,
clearance, and boundary conditions in the experimerolug for the hole-pattern seal performed in [14].

Rotational periodicity

a)

c)

Fig. 3. Geometry and boundary conditions of labyrinth-scallop seal
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Table 1

Geometrical parameters and operating conditions for scallop seal in CFD modeling

Parameter Value

Inlet pressure 7.00 MPa

Outlet pressure 3.15 MPa

Inlet temperature 17.4 °C

Shaft rotation speed 20200 rpm

Clearance 0.2 mm

Shaft radius 57.37 mm

Seal length 85.7 mm

Fluid Air (Ideal gas)

Scallops number in the 20, 30

circumferential direction

Calculations were performed using Ansys CFX software which uses a hybrid finite volume method with
shape functions from the finite element method to discretize the equations (Reynolds Averaged Navier—Stokes
Equations). The k-¢ model of turbulence with a standard wall function was used to describe the turbulent flow.
The compressibility of a gaseous medium is represented by air as the ideal gas, the total energy equation, and the
mass flow balance equation. To check the convergence during the calculation, the mass flow rates at the entrance
and exit were monitored. The inlet and outlet boundary conditions were static pressures (Table 1). To take into
account the centrifugal and inertial Coriolis forces, the computational domain of the seal was considered in a
rotating frame of reference. The shaft wall is in a rotating coordinate system, while the seal wall has a counter-
rotating wall boundary condition. This is necessary to create zero velocity with a no-slip wall boundary condition.
A static temperature was also set at the seal inlet (Table 1).

3. Mathematical formulation of liquid flow

The averaged Reynolds equations for unsteady simulations, called URANS (Unsteady Reynolds Averaged
Navier-Stokes Equations), are given below [15]. In the following equations, the upper underscore is omitted for
the averaged values, with the exception of pulsation values

“ar o (PUU) = ~ g+ g (T — PRT) + Su

where 7is the molecular stress tensor (which includes both normal and shear stress components). Reynolds
stresses pu,u;, flow velocities Uy, U; consist of averaged and pulsational components, p is density, S, is source.
Reynolds-averaged energy equation:

Ipheye p 0 o ( or _\ 9
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The average total enthalpy is given by:
1
htot = h +EU1U1 + k

where / is the specific static enthalpy.
The total enthalpy contains a contribution from the turbulent kinetic energy £:

1_2
k=§ul

Turbulence models close the averaged Reynolds equations providing the models for calculation, Reynolds
stress, and Reynolds fluctuation.

The k-e¢ model assumes that turbulent viscosity is related to turbulent kinetic energy and turbulent
dissipation by the ratio:

2
Ue = up?
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where C, is a constant.

The turbulent kinetic energy & and its dissipation rate € are derived directly from the differential equations
of transfer.
For the ideal gas, the main dependence and equation of state are:

dh = ¢, (T)dT

P =Rt

where 7, p — static temperature and pressure, respectively, c,— specific heat capacity at constant pressure,
R —universal gas constant.

A mixed method of discretization of equations is used. The solution of the system of discretized equations
is carried out on the basis of a coupled approach. The pressure and velocity components are determined
simultaneously in one cycle.

The most important of the calculations is the calculation of seal mass flow rate. The mass flow through the
seal is determined by calculating the following integral on the outlet surface

M=pUJ.dA
5

where U is the component of the velocity vector perpendicular to the outlet surface S.
The components of the sealing reaction forces are determined by integrating the pressure field of the sealing
medium over the entire shaft surface [14]

F,=-R fOL foznp(a,z) cosf db dz, F, = —R foL foznp(e,z) sinf df dz,
where R is the shaft radius, L is the seal length.
4. Results of calculations and comparison of leakages of the labyrinth-scallop seal
As a result of the calculations, the dependences of the mass flow rate through the labyrinth-scallop seal on
the pressure ratio B.= P,,, / P;, and the shaft rotational speed was obtained (Fig. 4). It can be seen from the graphs

that with a decrease in the pressure drop and an increase in the rotational speed, the mass flow rate through seal
decreases.
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Fig. 5. 3D flow in a labyrinth-scallop seal
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Fig. 6. Vortex flow in the axial (a) and circumferential directions (b)

3D flow in a labyrinth-scallop seal is presented in Figure 5. It has a complex three-dimensional structure
with three types of vortex flow, such as circumferential flow in the clearance between the seal and the shaft, vortex
flow inside the scallops in the circumferential and axial directions, and vortex flow in the labyrinth annular channel
(Fig. 6 a,b).

Fig. 7 a,b shows the field of velocities and pressure in a labyrinth-scallop seal. The distribution of static
pressure along the length of the seal (Fig. 8) shows that the largest pressure drop occurs on four labyrinths made
of PEEK material with the smallest radial clearance between the seal and the shaft. Moreover, the amplitude of
the pressure drop on each subsequent labyrinth increases.
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Fig. 9. Calculation mesh and boundary conditions of scallop seal

To compare flow coefficients for annular, labyrinth, scallop, and labyrinth-scallop seals calculations were
performed with three different pressure coefficients: B.=P,,, / P;, =0.13, 0.34, 0.52. As a scallop seal design, a
seal design with 30 crossed rows of scallops was used. An example of the calculation mesh for the scallop seal
sector is shown in Fig. 9. The calculation results are presented in a dimensionless form in the form of a flow

coefficient [6,16]:
, R.T;
M c-in
2APP;,

*=—m C,

where M - mass flow rate, R, - gas constant, P;,, T, - pressure and temperature at the inlet, respectively,
AP - pressure drop at the seal, C, - radial clearance, D - shaft diameter.

The calculated values were added to the graph obtained by Childs [16] for annular and labyrinth seals (Fig.
1.10). All results are presented at a rotational speed of 10,200 rpm, as this minimizes the effect of rotational speed
on the comparison procedure.

It can be seen from Figure 10 that the largest values of the flow coefficient belong to the annular seal, the
scallop seal has slightly lower values of the flow coefficient than the traditional labyrinth seal, and the smallest
value of the flow coefficient has the labyrinth-scallop seal. Thus, at a pressure ratio of 0.3, the flow coefficient of
the labyrinth-scallop seal is 41.7% less than that of the annular seal and 19% less than that of the labyrinth seal.
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5. Results of comparing the rotordynamic stiffness and damping coefficients of the scallop seal

To calculate the rotordynamic coefficients, a full model of the geometry and mesh of the scallop seal was
used. The mesh deformation technology was used to model the shaft uniaxial excitation by the trajectory method.
Unsteady calculations were performed for six different frequencies with physical time steps. Depending on the
time, the radial and tangential forces of the shaft reaction were obtained, according to which the rotordynamic
force coefficients of stiffness and damping were estimated. The amplitude of the shaft movement was 10% of the
radial clearance and was equal to 0.02 mm.

To analyze the effectiveness of the scallop seal, it is quite important to compare its rotordynamic force
coefficients with the coefficients for other annular seals.

For a more reliable comparison of rotordynamic coefficients, stiffness K and damping C for each seal
design, they are presented in the form of normalized coefficients determined by the Childs equation [16]:

. c

C,

. K

(")

where L is the seal length, D is the shaft diameter, AP is the pressure drop across the seal, and C, is the
radial clearance.

The result of these equations is the normalized damping C* in seconds, and the normalized stiffness K*,
which is dimensionless (in the graphs presented below, the normalized damping and stiffness values are multiplied
by 10°).

The effective damping coefficient Cey relates the cross-stiffness coefficient £ and the direct damping
coefficient C and is defined

Copr = C(Q) — k(Q)/Q

The comparison is made for experimental data obtained for annular and labyrinth seals, which were studied
at an inlet pressure of 68.9 bar and various pressure drops. The graphs are taken from the work [6], and the
calculated data for the scallop seal are plotted on these graphs (Fig. 11). The graphs (Fig. 11 a,b) show normalized
data of effective damping and direct stiffness for labyrinth, annular and scallop seals.

The given dependences show that the traditional labyrinth seal has a negative direct stiffness and very low
values of effective damping in the entire range of excitation frequencies. The scallop seal has significantly higher
values of direct stiffness and effective damping than the labyrinth seal. However, in the low-frequency range of
40-70 Hz, the effective damping of the scallop seal can take negative values, which can cause loss of shaft stability
at these frequencies. The annular seal has more effective damping and comparable stiffness at higher frequencies
of 225-300 Hz. Therefore, if the combination of sealing and dynamic stability is important, then a scallop seal
should be chosen among the considered types of seals.
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Conclusions

Using the repeatedly tested CFD methods for modeling the gas flow in the seal, the values of the labyrinth-
scallop leakages and the dynamic characteristics of the scallop seals were obtained. A comparison of the obtained
characteristics with experimental data available from the literature for annular and labyrinth seals is given. The
study confirmed the rather low values of the labyrinth-scallop leakages and the high dynamic characteristics of the
scallop seals, as well as the frequency dependence of the stiffness and damping coefficients.

The study of labyrinth-scallop and scallop seals showed that to improve dynamic characteristics, especially
effective damping at low excitation frequencies, it is necessary to use swirl brakes in the form of semi-open
scallops at the seal entrance. To reduce leakages, it is advisable to use stepped and hybrid designs of scallop seals,
i.e. labyrinth-scallop seals, in which the values of leakages are reduced with sufficiently high dynamic
characteristics.

Studies have confirmed that scallops create obstacles to the circumferential flow of the working medium.
Reducing the circumferential gas flow increases the hydraulic resistance in the grooves and at the same time
reduces the circulation forces that create shaft whirl, increasing vibration. Rows of scallops are characterized by
increased strength and rigidity. Scallop seals have good damping properties.
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B. I3emenko, A. 3aropyJbko, 0. 3aropyabko. Butoku i poropoanHamiuHi koedilieHTH 1a0ipHHTHO-
JIYHKOBUX yH_[iJ'IBHeHB.

3MEHIIeHHS! BUTOKIB 1 MOKPAIICHHS POTOPHO-AMHAMIYHUX AEMII(YIOUMX XapaKTEPUCTUK IIITAPUHHUX
VIIITPHEHb € BaXKIUBOKO 3a7a4yei0 YIIUIGHIOBANBHOI TexHikW. s repMmerm3amii BaliB TypOOMAaIInH
BUKOPHUCTOBYETHCS MUK psi AeMIIEpHUX YIIIIbHEHB, TAKUX SK CTUIEHUKOBI, 3 CITKOIO OTBOPIB, KAIICHHKOBI 1
JMYHKOBI ymIiibHeHHS. [ 3MEHIIIeHHS BapTOCTI i Yacy BUPOOHHUIITBA, BCE YACTIIIE BHKOPHCTOBYIOTHCS JIYHKOBI
yIuibHeHHs. BoHM moOKa3aiu J0CHTh rapHi JUHaMIuHI Ta yHIUIbHIOBAIbHI XapaKTEePUCTHKHU NMPU MOAEpHi3alil
KOMITPECOPIB XIMI4HOI MPOMHCIOBOCTI. Jlesiki KOHCTPYKLIT JIYHKOBHX YIIUIbHEHb 3[JaTHI HE TUIBKU MiABUIINTH
JIMHAMIYHI XapaKTepUCTHKU (I0JJATKOBE BUKOPHCTAHHS BUXPOBHX TajibM y BHIJISJII HAIMIBBIIKPUTHX JIYHOK Ha
BXO/11), aJie i 3aBISIKU T1OpUIHIM KOHCTPYKIT JYHKOBOIO Ta Ja0ipHHTHOIO yuiiabHeHb 3 Matepiainy PEEK, ska
3a0e3neuye MiHIMaIbHUIN 3a30p MK YIIUIBHEHHSM 1 BAJIOM, 3MEHILYIOTh BUTOKH IE€peKavyBaHOl PiJIMHU.

VY wili craTTi HaBeAEGHO PE3yJbTaTH PO3PAXYHKY POTOPHO-IMHAMIYHMX 1 BUTPATHUX XapaKTEPHCTHK
JYHKOBUX 1 JIAOIpUHTHO-TYHKOBHUX YIIIIFHEHD B 3aJIEKHOCTI Bifl pOOOYHX ITapaMeTpiB 3a JOIMOMOTOI METOIIIB
obuncmoBanbHOI rifgpoanHamiky (OI'/1). OI'J] MeTo 1 BUKOPHCTOBYBAIMCS JUIsl PO3PaxyHKY I'iJIpOJIUHAMIYHUX i
POTOPOAMHAMIYHUX XapaKTepUCTHK YLIJIbHEHHS 3 mperneciero Baida. PoroguHamiuHi KoeQillieHTH OTpHMaHO
METOJIOM YacTOTHOTO 30y/keHHs. OTpHMaHi XapaKTEpPUCTUKHU MOPIBHIOBAIH 3 €KCIIEPUMEHTAILHUMH JTaHUMH,
HassBHUMH B JIiTEpaTypi ISl IIIAPUHHKX 1 Ja0IpUHTHHUX yIIUTbHEHb. J[0CTiPKeHHS MATBEPAUIIO BiJTHOCHO HU3bKI
BUTOKHM, BHCOKI JWHAMi4HI XapakTEpPUCTHKH JAOIPUHTHO-JIYHKOBHX YIIUIbHEHb, YAacCTOTHY 3aJICXKHICTh
KoeimieHTiB )KOpCTKOCTI Ta AeMndyBanHs. [linTBepIKEHO, 0 JIYHKH CTBOPIOIOTH MEPEIIKOIH ISl OKPYKHOTO
MOTOKY POO0YOro cepeoBHIia. 3MEHIICHHS OKPY>KHOTO MOTOKY ra3y 301IbIIye TiApaBIiuHUH Omip y KaHAaBKaX i
OJTHOYACHO MiHIMI3y€ IUPKYJIAIIHHI CHUIIH, SIKi CTBOPIOIOTH MPEIIECiio Baly, MOCHIIOI0YHN BiOpaIlifo.

Kio4yoBi ciaoBa: BHTOKHM, POTOAMHAMi4HI KoegilieHTH, TabipHHTHE Ta JYHKOBE YIIUIBHEHHS,
nemrepHe yuIiIbHeHHS, BUXPOBi rajibMa
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Abstract

The paper presents studies and substantiates extreme pressure additives that are in demand in almost all
areas where heavy equipment and machines operate: in heavy industry, metallurgy and metalworking, machine
tool manufacturing, aircraft and shipbuilding, automotive production, construction, and power engineering. At the
same time, the development and use of this type of additives in energy facilities of the agro-industrial complex is
very difficult due to their relative high cost, and the lack of a complete scientific study of the problem does not
contribute to the widespread use of extreme pressure additives in agricultural tractor engines. Therefore, there was
aneed to conduct scientific research to assess the effect of extreme pressure additives on the performance of high-
pressure fuel pumps and, based on the information obtained, to develop production recommendations. In the course
of the research, a functional model of the plunger pair performance indicator was obtained, taking into account the
performance properties of summer diesel fuel with extreme pressure additives. The results of experimental studies
are presented, taking into account the performance properties of summer diesel fuel with extreme pressure
additives. The results of production tests of plunger pairs of high-pressure fuel pumps using summer diesel fuel
with an extreme pressure additive have been obtained. The use of summer diesel fuel with an extreme pressure
additive allows increasing the service life of plunger pairs of high-pressure fuel pumps from 1230 to 2214 hours;
recommendations for using fuel for 14 kN traction class engines have been developed. The friction coefficient
decreases from 0.005 to 0.001 when plunger pairs operate on summer diesel fuel with an extreme pressure additive.
The results have been obtained for selecting the component composition of the additive in diesel fuel and
recommendations for using the extreme pressure additive in diesel fuel have been developed.

Key words: wear resistance, coefficient of friction, fuel pump, friction steam, diesel fuel, anti-seize
additive, resource tests.

Introduction

The main type of motor fuel used in modern internal combustion engines (ICEs) used in agriculture is
diesel fuel. In an internal combustion engine, motor fuel is not only a source of thermal energy, it performs a
number of other functions that are directly related to ensuring the longevity and economy of the engine. In
particular, motor fuel in diesel fuel equipment is used as a working fluid and as a lubricating medium for fuel
equipment pairs that rub, etc. Insufficient lubricity of diesel fuel is the reason for the failure of the working
elements of diesel fuel equipment of internal combustion engines, namely piston pairs high pressure fuel pumps
(HPFP). HPFP plunger pair failures account for 20 to 35% of all engine failures. The failure of the plunger pairs
occurs due to wear, galling and seizing of the materials of the parts of the precision pairs.

One of the ways to ensure the serviceable condition and resource of piston pairs of diesel equipment is the
use of an anti-seize additive in diesel fuel. Currently, such additives are not used in diesel fuel. However, in the
domestic and foreign literature, there is no information about the chemotological composition of the anti-caking
additive. In this regard, the thesis proposes the use of an anti-caking additive based on ethylene triglyceride
hydrogen hydroxide. Such an additive consists of a lubricating component, an oxidizer and a fuel combustion
stabilizer. The use of an anti-seize additive contributes to the adsorption of boundary films on the rubbing surfaces
of precision pairs. The anti-seize additive for diesel fuel, consisting of polar molecules of a chain structure, has

Copyright © 2024 D.D. Marchenko, K.S. Matvyeyeva, V.M. Kurepin. Computational studies of stuffing box packing seal
@I}. wear mechanism using the Archard model Creative Commons Attribution License, which permits unrestricted use, distribution,
v and reproduction in any medium, provided the original work is properly cited.
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high compressive strength, elasticity and, in the presence of normal pressure, provides the possibility of sliding as
a result of shifting along the planes formed by the end groups of molecules. The strength of the structured film
increases with increasing pressure, which helps prevent contact between rubbing surfaces [1].

Additive components have both a high lubricating capacity and the ability to increase the energy capacity
of diesel fuel.

The research in the article, aimed at ensuring the working condition of the plunger pairs of the high-pressure
fuel pump by using an anti-seize additive in diesel fuel, is relevant.

Literature review

It is known from the practice of operating diesel fuel equipment that failures of plunger pairs account for
about 65...80% of all HPFP failures (depending on the HPFP brand).

Failures of plunger pairs are mainly caused by natural mechanical wear of materials on the surfaces of
plunger pairs.

The cause of mechanical wear of the materials of the plunger pair is metal contact, which occurs as a result
of the contact pressure between the parts and is a consequence of the displacement of the lubricating liquid
(namely, diesel fuel) from the gap. Moreover, the magnitude of the contact voltage is subject to Hertz's law and
increases depending on the movement of the plunger in accordance with the law of motion of the camshaft cam
(the law of motion of the plunger).

Numerous studies have established that fuel equipment, being one of the main elements of a diesel engine,
in a number of cases does not ensure its required reliability in operating conditions and causes 25...30% of all
engine failures [2].

Conducted studies on determining the average working life in real operating conditions show a significant
reduction in the resource of pumps. With a confidence probability of 0.9, the average operating time of the pumps
before their replacement was from 2.94 to 4.24 thousand. motorcycle watch

As research by V.E. Gorbanevsky showed, in the vast majority of cases, deterioration of fuel injection
parameters is associated with problems of friction and wear of friction pairs of fuel equipment. Parts of friction
pairs are made of steel, have high hardness (about 60 HRC) and low roughness (Ra up to 0.04 um for precision
and up to 0.32 pum for precise surfaces). The diametric gaps are 1...2 um in precision and 10...40 pm in precise
sliding pairs.

In works on ensuring the durability of friction steel pairs of fuel equipment, the most profound generalizing
works are taken as a basis, such as, for example, the domestic structural and energy theory of friction by B.I.
Kostecki.

From [3] studies of natural of fuel equipment friction pairs, data on plunger pairs are of particular interest.
Gorbanevskyi V.E. and Kyslov V.G. it was found that the wear of the precision surface of the plunger is more
often observed on the head on the side opposite to the working cutting spiral, i.e. in the zone where the influence
of the maximum pressing forces (created by the pressure of 50...80 MPa) of an impact nature (the period of
pressure build-up) is observed, it is superimposed on the effect of the maximum (2...4 m/s) movement speed of
the plunger in each working cycle.

Our studies of the jamming of the plunger pairs of 36 in-line pumps of the MW type of combine diesel
engines (the pump's service life 746...2740 engine hours) showed that, as a rule, in in-line pumps, jamming of one,
rarely - two pairs of plungers occurs. At the same time, a similar jamming pattern was observed. It should be noted
that the other pump plunger pairs had good surface condition, without visible damage or stains. An element-by-
element analysis of the injection line of the failed sections revealed that when the nozzles of the nozzles of the
nozzles coked in the high-pressure line, the effect of water hammer was observed. Since HPFPs of the MW type
have a high injection pressure and the plunger is unbalanced (there is no symmetrical groove in relation to the cut-
off groove), as a result, jamming of the plunger pair occurs [4].

Antipov V.V., Bakhtiyarov N.I., Zagorodskikh B.P. and others note that the working surfaces of the
plungers and bushings are worn by abrasive particles contained in the fuel.

Research conducted by TsNITA showed that the wear of the plunger pair is local, in the area of the inlet
and outlet windows. The total value of the worn friction surface does not exceed 5%, and the nature of the micro-
uniformities on it indicates wear from abrasive particles that, together with the fuel, enter the super-plunger space
during suction of the plunger. During the injection stroke, part of the fuel flows back into the filler, and the fuel
flow is throttled along the plunger stroke, which is accompanied by an increase in pressure in the space above the
plunger and a sharp increase in flow rates [5].

The resource of precision pairs increases with a decrease to certain limits of their initial clearances and an
increase in hydraulic density [6]. The rational limit of reducing the gap in pairs is determined by the amount of
installation and working deformations of the bushings, as well as the fineness of fuel filtration. As the pairs wear,
their gap increases, and larger particles begin to have a sharp effect on wear. A change in the gap within 0.6...2.5
um does not significantly affect the rate of wear, so it is impractical to further reduce the gap. In ND distribution
pumps, this gap varies within 0.6...1.6 pm.

With small gaps in pairs, the issue of reducing the probability of the plunger sticking in the bushing becomes
particularly important, which is achieved, in particular, by reducing the mounting deformations of the bushing by
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reducing the tightening force of the pump fitting, increasing the stiffness of the bushing and improving its design.
Research in the State found that when the pressure fitting of the TN type fuel pump is tightened with a torque of
120 Nm, the bushing in the section below the windows is deformed by up to 3 microns. These data were confirmed
by studies of the deformation of the parts of the plunger pair during the assembly of the UTN-5 pumps, which
were carried out at the IMESH [7, 8].

Gorbanevsky V.E. and Vashchenko O.M. found that with high-quality fuel filtration (cardboard or paper
fuel), the filters retain up to 99.5% or more of mechanical particles 2 um in size and larger, abrasive wear cannot
be decisive. The working medium for precision friction pairs is diesel fuel, for precise ones (inside the HPFP) it
is a mixture of oil from the diesel oil system with fuel that seeped into the pump crankcase through the gaps of the
precision plunger friction pairs.

The use of fuels containing rapeseed oil, FAME - fatty acid methyl ethers, etc., leads to the appearance of
deposits, resin formation on parts and assemblies of HPFP, loosening and destruction of non-metallic seals. In
HPFP with electronic control, such deposits can cause a change in the characteristics of the control of the fuel
supply process and the appearance of numerous diesel malfunctions in general.

The failure of fuel pumps is due to the wear of parts and, as a result, the main adjustment characteristics
change. The processing of data obtained by TsNITA during operational tests of UTN-5 pumps showed that 29%
of all failures are due to wear of camshaft bearings, 12.5% to violations of the tightness of seals, 29.2% to increased
unevenness of fuel distribution and reduced cyclic supply (wear of plunger pairs and injection valves) and 8.5% -
to reduce the rotation frequency of the start of the regulator [9].

In fuel-lubricated VE and VP pumps, when low-quality fuel is used or the drive belt is improperly tensioned
(in diesels with a belt drive), the drive shaft and its bushings wear out, a gap appears between the drive shaft, the
cross and the cam washer, which reaches 0.35 mm. The permissible radial gap between the sleeve and the shaft is
0.25 mm.

Due to the decrease in stiffness of the springs of the mechanical regulators of the HPFP during operation,
the rotation frequency of the start of its operation will significantly decrease. Of the parts of the regulator, the
following are mainly worn out: legs and axles of loads, bearing brackets, control lever, adjusting bolts, etc. work
is 0.127 mm.

In the process of routine work, 32 MW-type pumps were checked for RSV-type all-mode regulators (the
regulator unit could not be disassembled). The analysis of the control parameters of 18 HPFPs of the MW type of
Cummins 6CTA diesels of Case 2366 combines and 4 VE pumps with all-mode regulators of 4T390 diesels of
Case 8825HP self-propelled mowers showed the stability of the regulator parameters set at the factory. In
particular, for MW pumps, the value of the rail position differed from the one specified by the manufacturer at the
nominal frequency of rotation of the camshaft by 2%, at the regulator start-up mode - by 3%.

At the same time, the volumetric supply of 8 pumps did not satisfy the regulation value due to the low
hydraulic density of the plunger pairs. A feature of the operating conditions of distribution pump regulators (types
VE, VP) is that fuel is fed into the superplunger space through the regulator cavity. If the fuel is not cleaned
satisfactorily, deposits accumulate on the internal walls and parts of the regulator, which later peel off and enter
the injection line, disrupting the operation of the plunger pair and the nozzle. In addition, the reduction of the
passage section of the jet in the drain fitting due to its clogging negatively affects both the size and the uniformity
of cyclic feeds [10].

Along with model mixtures of individual hydrocarbons, naphthenic and aromatic hydrocarbons isolated
from kerosene fractions of oil were studied [11].

The tests were carried out in the following mode: sliding speed 1.18 m/s; axial load 100 N; test duration 30
min. The material of the parts of the friction unit is ShKh15 steel.

During sliding friction, the maximum wear is observed in the environment of H-paraffin hydrocarbons.
Allowable wear in naphthenic and isoparaffinic hydrocarbons. In aromatic hydrocarbons, the wear regime
corresponds to the standard one. The mixture of naphthenic hydrocarbons isolated from kerosene fractions is
optimal in terms of lubricating properties. The addition of 10% of aromatic hydrocarbons to the mixture of
naphthenic hydrocarbons significantly improves their lubricating properties, while bicyclic aromatic hydrocarbons
are more effective [12].

Mineral liquid (DP) [7] (DSTU 2511) is used as a fuel in ground machinery. Under the operating conditions,
the DP is in the system and repeatedly passes through friction pairs, being exposed to high temperatures and
pressures. During operation, accumulation of oxidation products can occur in the DP during operation, as well as
due to long periods of time, the formation of insoluble solid wear products of the system's frictional elements.

For some non-hydrocarbon liquids (synthetic), the wear of ShX15 steel is significantly dependent on the
sliding speed (compared to hydrocarbon liquids), which indicates that more complex processes than in
hydrocarbons occur in the friction zone.

Purpose
The purpose of the research is to ensure the operational condition and increase the wear resistance of the

plunger pairs of the high-pressure fuel pump using an anti-seize additive based on ethylene triglyceride hydrogen
hydroxide diesel fuel.
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Research methodology

The research stages included:

- selection and justification of the components of the anti-seize additive for summer diesel fuel;

- conducting laboratory comparative resource tests on commercial diesel fuel and diesel fuel with an anti-
seize additive;

- estimation of hydraulic density of plunger pairs;

- conducting operational production tests of plunger pairs with an anti-seize additive in diesel fuel.

The experimental research program included the development and improvement of the following methods:

- methods of selection of anti-seize additive components and the process of obtaining finished motor fuel,

- methods of assessing the stability of additive components in diesel fuel;

- methods of evaluating the operational properties of diesel fuel with an anti-seize additive;

- methods of comparative resource tests of plunger pairs of a high-pressure fuel pump;

- methods of estimating the hydraulic density of plunger pairs of a high-pressure fuel pump;

- methods of operational and motor tests of plunger pairs in the high-pressure fuel pump of the D-240
engine.

The method of selecting anti-seize additive components in summer commercial diesel fuel was based on a
cluster analysis of existing components of numerical modeling. Numerical modeling involved modeling the
density of multicomponent hydrocarbon liquids and the calorific value of fuel with an anti-seize additive.

For numerical modeling, optimization methods were used taking into account vector algebra.

The stability of the additive in diesel fuel was evaluated in static and dynamic mode. Static mode provided

evaluation of the delamination of the components of the anti-seize additive in diesel fuel without
mechanical influence under the conditions of natural settling of diesel fuel.

In the dynamic mode, the diesel fuel was affected by forced mechanical oscillations with a frequency and
amplitude equal to the operating frequency and amplitude of the tractor.

The evaluation of operational properties was carried out according to the methodology outlined in [8] and
involved determining the viscosity and density of diesel fuel with an anti-seize additive.

Bench comparative resource tests of plunger pairs were carried out on HPFP type UTN-5 on commercial
summer diesel fuel L-40 (DSTU 2511) and commercial summer diesel fuel L-40 (DSTU 2511) with an anti-seize
additive.

Research was conducted on serial and specially manufactured equipment.

Diesel fuel of operational group ES/E100 according to DIN classification was used as a prototype of diesel
fuel. This motor fuel is a mixture of hydrocarbon petroleum fuel and organic raw material (ethanol), used as an
oxidizer and density regulator.

As research [13] shows, ethanol in the hydrocarbon fuel solution is a solvent that reduces the lubricating
ability of motor fuel.

The second criterion for the use of ethanol in fuel is a relatively lower calorific value, which reduces the
calorific value of the main fuel. The use of pure ethanol in motor fuel, as a rule, involves the modification of diesel
fuel equipment and some engine systems.

It is known from [14] that the use of triglyceride helps to change the contact conditions and increase (by 2
or more times) the carrying capacity of hydrocarbon fuels. However, in modern scientific literature, data on the
use of this component (including as a component of an anti-caking additive) are not confirmed [15].

Hydrogen hydroxide is used to form a stable colloidal compound, a combustion stabilizer, and a fuel density
regulator. The influence of which resource of precision pairs is currently also not investigated.

To obtain a stable solution of hydrocarbon motor fuel based on commercial diesel summer fuel with an
anti-seize additive, the method of mixing fuel components with the help of ultrasonic influence was used.

Research results

The conducted resource tests of the plunger pairs of the high-pressure fuel pump showed that the use of
commercial summer diesel fuel with an anti-seize additive reduces the intensity of the cyclic supply reduction.
That increases the coefficient of stability by 35%, and this indicates an increase in the hydraulic density of the
plunger pairs.

The error of approximation of experimental data curves does not exceed 5%, estimated by the method of
least squares. The fuel supply at the starting revolutions allows you to determine the technical condition and
predict the remaining life of the plunger pairs of the fuel pump. According to the recommendations, fuel supply
by plunger pairs of HPFP brand UTN-5 at 100 min™!' should be at least 14.5 cm? [16].

The obtained experimental data show that when using commercial diesel summer fuel with an anti-seize
additive, the resource of the plunger pairs of the fuel equipment increases from 1230 to 2214 motor hours.

Deviations in the resulting data do not exceed 5%, this indicates an accurate theoretical description of the
operation of plungers. pairs of HPFP.
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At the same time, the comparative resource during resource tests of plunger pairs was 2214 engine hours.
when using commercial summer diesel fuel with an anti-seize additive and 1230 engine hours. when running on
commercial summer diesel fuel. The data are presented in Fig. 1.
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Fig. 1. The density function of the resource distribution of plunger pairs during resource tests

To determine the relationship between the factors, the correlation coefficient was determined. This
coefficient was 0.8889 between the coefficient of kinematic viscosity and the density of fuels, -0.8796 between
the kinematic viscosity and hydraulic density of piston pairs, -0.8851 between the density and hydraulic density
of piston pairs, -0.99647 between the coefficient of friction and hydraulic density of plunger pairs. This indicates
a close interrelation of factors.

In Fig. 2, 3 show graphs of changes in the hydraulic density of plunger pairs as a function of kinematic
viscosity and friction coefficient.
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Fig. 3. Graph of changes in the hydraulic density of plunger pairs as a function of the friction coefficient

Fuel with an additive must have certain operational properties. In order to determine the possibility of
operation of the plunger pairs of the high-pressure fuel pump on commercial summer diesel fuel with an anti-seize
additive, the external speed characteristics of the D-240L diesel engine were determined when it was operating on
commercial summer diesel fuel with an anti-seize additive and commercial summer diesel fuel. The obtained
results show that when working on commercial summer diesel fuel with an anti-seize additive, the effective power
of the engine decreases by 5.7% and the specific effective fuel consumption increases by 10.7%.

Based on the conducted theoretical and experimental studies, when transferring agricultural machinery
from one type of fuel to another, no adjustments were made, then it is possible to operate on commercial summer
diesel fuel with an anti-seize additive.

The work was carried out on MTZ-82 tractors. Commercial summer diesel fuel and commercial summer
diesel fuel with an anti-seize additive were used. Summer diesel fuel (100% DP) was used on the control tractor.
The tractors used in the study there are of the same year of production, with the same technical condition.

For the study of piston pairs of HPFP of internal combustion engines, corresponding to the technical
requirements of the manufacturing plant were used. Before the test, the hydraulic density of the plunger pairs was
determined.

At the HPFP of tractors on the stand, adjustments were made in accordance with the recommendations of
the D-240 manufacturer (4Ch 11/12.5). At a frequency of 1100 revolutions per minute, the volumetric cyclic fuel
supply in the nominal mode was 74 £ 3% cm? for 1000 cycles. After measuring the speed characteristics of HPFP
on diesel fuel. In the tractor engine, when working on commercial summer diesel fuel with an anti-seize additive,
the angle of the moment of fuel supply has been changed from 26 degrees. p.k.v. up to 28 degrees p.k.v. in
accordance with the regulatory documentation of the D-240 diesel engine when operating on diesel fuel. Control
of the working hours of the tractors was carried out using the used fuel collection card and the motor-hour counter.
Motor fuel was supplied to the farm in the required amount based on the calculation of the variable working hours
of the tractor [17]. The tractors used in the study performed the same field and transport work.

Determination of the characteristics of HPFP was carried out with a periodicity of 100 engine hours of
operation in the conditions of a repair workshop according to the parameter of hydraulic density of plunger pairs.
Cyclic feed measurements with the number of cycles of 1000 were performed at starting and nominal crankshaft
revolutions. Experimental data show that during the operation of piston pairs on commercial diesel summer fuel
with an anti-seize additive, the cyclic supply decreased on average from Vts=74+3% mm?/cycle to
Vts=55mm?/cycle after observations, and on control piston pairs HPFP, working at the DP changed on average
from Vts=59+3% mm?®/cycle to Vts=37mm?/cycle. Changes in the hydraulic density of the state from 24 to 17
from the operation of plunger pairs on commercial summer diesel fuel with an anti-seize additive and from 24 s
to 6 s when operating on commercial summer diesel fuel.

Conclusions

1. Established:
- the main failure of HPFP of tractor engines is the failure of plunger pairs (about 65 - 80% of all high
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pressure fuel pumps failures);

- the resource of HPFP plunger pairs under normal operation is generally absorbed in 50-60% of the
resource declared by the manufacturer.

Failures of plunger pairs are caused by the seizing of their materials, which is a consequence of contact
loads and the absence of an anti-seize additive in summer commercial diesel fuel. To ensure the working condition
of the plunger pairs, it is necessary to develop the component composition of the anti-seize additive for commercial
summer diesel fuel.

The component composition of the anti-seize additive commercial summer diesel fuel, which includes:
ethanol, triglyceride, hydrogen hydroxide, is proposed. In this additive, ethanol is a regulator of the anti-seize
density of the additive, triglyceride is a component that regulates the process of adhesion of the materials of the
plunger pair parts, hydrogen hydroxide is a component that stabilizes the oxidation of triglyceride and the
combustion of diesel fuel. The concentration of the additive components is substantiated: ethanol — 25%,
triglyceride — 15%, hydrogen hydroxide — 5%, from the total volume of commercial summer diesel fuel. The
concentration of components is determined based on the operational properties and calorific value of diesel fuel.

2. The indicator of the working condition of the plunger pair is theoretically substantiated. The functional
dependence of the indicator of working condition (watertightness) was developed, taking into account the gap in
the "sleeve-plunger" combination and the operational properties of commercial summer diesel fuel with an anti-
seize additive.

3. Operational tests established that:

- the water tightness of plunger pairs when working on summer diesel fuel with an anti-seize additive is 17
- 24 s (with the normative value of the water tightness of new plunger pairs 18 - 24 s);

- the hydraulic density of plunger pairs when working on commercial summer diesel fuel was - 6 - 12 s;

- the friction coefficient is reduced from 0.005 to 0.001 during operation of piston pairs on summer diesel
fuel with an anti-seize additive.

4. It was established during comparative bench resource tests that the resource of plunger pairs increases
from 1230 to 2214 engine hours when working on summer diesel fuel with an anti-seize additive.
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Mapuenko .., MatBeeBa K.C., Kypemin B.M. IlinBuiieHHs 3HOCOCTIMKOCTI IUTYHXXCPHUX Iap
MAIMBHUX HACOCIB BUCOKOTO THCKY 3a JIOTIOMOTOI0 TIPOTH3aTUPHUX MPUCAIOK

Y poGoTi HaBeIeHO JOCIIIKEHHS Ta O0IPYHTOBAaHO MPOTH3AJUPHI NPUCAIKH, SIKi 3aTpeOyBaHi IPaKTUIHO
Yy BCIX Taly3dx, [ Ipamfoe€ BaKKe OONaJHAHHS Ta MAIIMHHU: y BaXKIH IPOMHCIOBOCTI, METalyprii Ta
MeTanooOpol1i, BepcTaTtoOyayBaHHi, aBia- Ta CyqHOOYAyBaHHI, aBTOMOOLIEHOMY BHPOOHHMIITBI, OYIiBHHIITBI,
eHepreturi. Pazom 3 THM, po3poOKa Ta 3aCTOCYBaHHS JaHOTO BHIY NpPHUCAJOK B eHeprosacodax
arporpoOMHCIIOBOI0 KOMIUIEKCY Ay)K€ CKPYTHa 4epe3 iXHIO BiJHOCHY JOPOKHEUY, a HEeIOCTAaTHICTh MOBHOTO
HAYKOBOTO JIOCITI/PKEHHS TPOOJIeMH HE CIIPHUSIE IHPOKOMY BUKOPHCTAHHIO IIPOTU3AIUPHHUX TIPUCAIOK Y IBUTYHAX
CLUIBCHKOTOCTIOIAPCHKHUX TPAaKTOpiB. TOMY BUHHKIIA HEOOXIHICTD JJIsl IPOBEACHHS HAYKOBHX JIOCHI/PKEHD [I0/I0
OLIIHKY BIUIMBY NMPOTH33JUPHOI NMPHUCAJKK HA Mpane3aTHICTh MaJMBHUX HACOCIB BUCOKOTO THUCKY Ta Ha 0asi
oTpuMaHO1 iH(popMaIlii po3poOKH BHPOOHMYUX PEKOMEHAAIlN. Y X0l ITOCTiIKEHh OTPUMAHO (YHKIIOHATBHY
MOJIeTIb TIOKa3HHMKa IMPaIe3/1aTHOTO CTaHy IUTYH)KEPHOI Mapy 3 ypaxyBaHHSIM EKCIUTyaTalliHHMX BIaCTHBOCTEH
JITHBOTO JHM3EIBHOTO TAlIMBa 3 NPOTH3aJUPHOIO TpHCcaIKoi0. HaBemeHo pe3ymbraTd eKclepUMEHTaIbHUX
JIOCITI/KEHb 3 ypaxyBaHHAM EKCIUTyaTal[ifHUX BIACTHBOCTEH JIITHHOTO IH3EILHOTO IMAJMBa 3 NMPOTH33aAUPHOIO
npucaako. OTpIMaHO pe3yiIbTaTH BHPOOHHYNX BUIPOOYBAaHb IUTYHKEPHUX Map IMaJHBHUX HACOCIB BUCOKOTO
THCKY IIPY BUKOPUCTaHHI JITHBOTO AU3EJBHOTO MaMBa 3 MPOTHU3aJUPHOIO IIPHUCAIKOI0. BUKOpHCTaHHS TITHEOTO
JHM3ETBFHOrO MajKBa 13 MPOTU3aJUPHOI0 IPHCAIKOI0 JO3BOJISIE€ 30UIBIINTH pecypc IUIYH)KEPHUX Hap MaTuBHUX
HacoCiB BUCOKOro TUCKY 3 1230 mo 2214 romun; po3pobieHi pekoMeHaallii moa0 BUKOPUCTAHHS ManuBa Jjis
neuryHiB Tsrosoro kiacy 14 kH. Koedimient Tepts 3umxkyetnes 3 0,005 mo 0,001 mig wac poOGOTH ITyHXEPHUX
map Ha JITHPOMY IM3€IbHOMY IajHBi 3 MPOTH3aIUPHOIO MpHcaakon. OTpUMaHO pe3yibTaTH LIOA0 MiI00opy
KOMITOHEHTHOTO CKJIaJy NpHCaAKH Yy AM3ENbHE MAJMBO Ta PO3POOJIEHO pEeKOMEHJalii 100 3acTOCYBaHHS
NPOTU3AAMPHOT IPUCAAKH Y N3EJIbHE NaJIMBO.

Kiro4oBi ciioBa: 3HOCOCTIHKICTD, KOS(IIIEHT TePTS, MAJUBHUAN HACOC, Iapa TePTs, AU3CIbHE TaUBO,
MPOTH3aIUPHA PUCAJIKA, PECYPCHI BUIPOOYBaHHS
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Abstract

Valve guides are crucial for maintaining the correct alignment, positioning, and clearance of the valve stem
as it moves in the cylinder head. When the guides are heavily worn, the engine begins to consume oil and the valve
mechanism becomes noisy. Reliable lubrication of the inner surface of the guide bushing ensures the wear
resistance of the valve-guide pair. This work proposes a special tool and technology for obtaining an oil-retaining
profile on the inner surface of the valve guide, which increases the oil capacity of the surface, and therefore
improves the lubrication conditions in the valve-guide friction pair. A gas labyrinth seal is created in the
connection, which prevents oil from entering the combustion chamber. The surface of the bushing bore is
strengthened due to the sealing of the surface. The results of wear tests of guide bushings with spiral oil-retaining
grooves confirmed their effectiveness in terms of wear resistance. The wear rate of the bushings with grooves for
the entire time range of the tests is on average 20% less than the wear rate of the bushings without grooves.

Keywords: internal combustion engine, valve guide, lubricity, wear resistance, oil-retaining spiral profile,
tests
Introduction

One of the main reasons for repairing the cylinder head is the wear of the valve guide bushings. Bushings
are constantly subjected to frictional loads. Lateral forces act on the valve stem, caused by a change in geometry
in the valve mechanism, wear of the rocker cam or rocker arm. When the guides have a lot of wear, the engine
begins to consume oil and there is an increased noise of the valve mechanism. This applies to both the intake tract
(discharge in the cylinder) and the exhaust tract (Venturi effect). Oil in the catalytic converter exhaust system can
cause it to overheat and fail. Oil in the intake system can "throw" spark plugs, contaminate exhaust gases, and also
quickly accumulate as combustion products on the air surface of the valves and combustion chamber.

Guide bushings have the following defects: wear of the inner surface (58...96%), loosening of the fit
(7...13%), cracks and fractures (3...10%). The amount of wear of the bushings has a pronounced uneven character.
In the upper part of the bushing, the wear is small and has the shape of an oval, the major axis of which is
perpendicular to the longitudinal axis of the engine. In the lower part, the bushings wear out more than in the upper
part, while preserving the direction of wear. The greatest wear is observed at the point of impact of the valve stem
on the sleeve with subsequent sliding at extreme friction. Greater wear of exhaust bushings compared to intake
bushings is due to the additional heat load in combination with the valve.

Valve guides, which are critical to maintaining proper alignment, positioning, and clearance of the valve
stem as it moves through the cylinder head, are typically made from materials that offer high wear resistance and
improved thermal conductivity. The choice of material for guide valves largely depends on the operating
conditions and requirements of the engine or mechanism. Manganese bronze is a group of high-strength, hard
bronzes that are typically used in assemblies that require a combination of high strength, wear resistance, and
corrosion resistance. Such alloys provide excellent durability and heat dissipation properties.

Review of literary sources

Copyright © 2024 O.V. Dykha, A.A. Vychavka, M.O.Dykha. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
[ original work is properly cited.
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Research [1] was carried out on different failure modes of internal combustion engine valves. The closed
valve is loaded by the force of the spring and the pressure inside the cylinder, which periodically changes during
engine operation and reaches a peak value. This pressure inside the cylinder causes the valve cone to bend,
resulting in slippage and improper contact between the valve face and seat insert, ultimately leading to wear. An
analysis of exhaust valve failures was carried out in [2].diesel engine. A visual inspection of the damaged engine
parts showed that the fracture of the exhaust valve showed signs characteristic of fatigue failure. Additional
observations of the crack initiation zones showed that the origin of the crack was not covered by material defects
orcorrosion products. Direct injection engines have a well-known propensity for intake valve deposits, regardless
of operator maintenance, engine architecture, or cylinder configuration [3]. The process of deposit formation is
not sufficiently studied and there is no standardized engine test to study the effect of variable fuel composition or
lubricants. The article [4] analyzed the problems associated with the vibration diagnosis of the valve gap of the
internal combustion piston engine, which is significant from the point of view of efficiency and durability.
Classification methods are proposed for evaluating valve clearance. Experiments aimed at providing the
information necessary for the development and verification of the proposed methods were conducted and
described. In work [5] malfunctions of automobile valves were considered. Changes in the microstructure of the
valves were studied and analyzed using a scanning electron microscope. The samples were made from failed
engine valves, while new valves were also analyzed for comparison. The article [6] presents an analysis of elements
of piston internal combustion engines that interact with the combustion chamber. An assessment of the condition
of the tribological nodes: valve stem — valve guide and valve head — valve seat in random operating conditions
was carried out. In the article [7], he proposed a device for determining wear for studying the tribological
characteristics of the connections of the valve mechanism of the engine. The device uses a mechanical load system,
which consists of a special eccentric wheel and disk springs that simulate the load from the engine combustion
chamber, as well as simulate the contact loads of the valve mechanism elements. The test bench has three functions
for different studies using specially designed instruments. Pairs of valves and valve seat inserts with the same
material and structural properties, but with different operating conditions, were analyzed in [9] to study the wear
process. The identified wear mechanisms were a combination of oxidation and adhesive wear, which was observed
in the form of material transfer. The purpose of the research [10] is to study the dry sliding characteristics of GG25
cast iron with copper additives. It has been established that changes in load and sliding speed affect the wear
characteristics is of primary importance. Loads were changed step by step, maintaining a constant speed.

Thus, increasing the wear resistance and lubricity of the parts of the valve mechanism of the internal
combustion engine is an urgent task.

Causes of failure and defection of guide bushings

Valve guide bushings are made of wear-resistant materials with fairly good thermal conductivity. These are
special cast iron, metal ceramics, bronze and brass. Bronze and brass have a higher thermal conductivity, which is
why they are used on most forced engines, for example, BMW, Audi, Volvo. To fix the sleeve in height, there is
usually a support shoulder on the outer surface of the head of the cylinder block. Sometimes a split support ring is
used instead. If the sleeve is smooth on the outside, then a special mandrel or remote sleeve will be needed to
install it in the head.

The guide bushings of the intake valves should not protrude too much in the intake channel so as not to
increase its aerodynamic resistance. But exhaust valve sleeves, on the contrary, should cover the valve stem for
the maximum length to protect against heated exhaust gases and for better heat removal from the exhaust valve
stem. If the guide bushings are made of bronze or brass, then they usually have the same length, since these alloys
have high thermal conductivity.

The geometric dimensions and general appearance of the guide sleeve are shown in fig. 1.
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Fig. 1. The geometric dimensions and general appearance of the guide sleeve

Guide bushings have the following defects: wear of the inner surface (58...96%), loosening of the fit
(7...13%), cracks and fractures (3...10%). The amount of wear of the bushings has a pronounced uneven character.
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In the upper part of the bushing, the wear is small and has the shape of an oval, the major axis of which is
perpendicular to the longitudinal axis of the engine. In the lower part, the bushings wear out more than in the upper
part, while preserving the direction of wear. The greatest wear is observed at the point of impact of the valve stem
on the sleeve with subsequent sliding at extreme friction. More wear of exhaust bushings compared to intake
bushings is due to the additional heat load in combination with the valve. At the time of overhaul, wear of the
valve bushings in the upper part is usually 0.06...0.08 mm, and in the middle part 0.04...0.07 mm. In the lower
part, the wear of the bushings above reaches 0.24 mm or more. The coefficient of unevenness of wear along the
length of the product is equal to: for intake valve bushings 3...4, for exhaust valve bushings 8...13. But in addition
to natural wear, there are other reasons for the guide sleeve to fail. For example, if the timing belt breaks, the
bushing can crack due to the bend of the valve. Improper installation or removal of oil caps can lead to deformation
or breakage of the seat under the cap.

In engines receiving major repairs, clearances in the valve-sleeve combination are usually 1.5...3.5 times
higher than the nominal ones. This leads to an increase in the consumption of oil for smoke through the valve-
sleeve steam by 18...20%, and an increase in the smokiness of the processed gases - by 10...15%.

Operations for processing valve chamfers and seats are considered the most important in the technological
process of repairing block heads. But there is an equally responsible operation — replacement (or restoration) of
guide bushings, which are the technological basis for further processing of the saddle. Often, when repressing the
bushings, the axis of the hole is shifted, which, with a large "skew", does not allow processing the working chamfer
of the saddle of the same width all around. As a result, the heat dissipation is disturbed, and subsequently the seat
or valve plate may burn out. In addition, the "skew" of the axis leads to accelerated wear of the valve stem and
face.

Defecting guide bushings is a necessary condition for high-quality repair of the cylinder head. Due to the
small hole, there are certain difficulties in controlling the dimensions of worn bushings. Defection of the bushings
is carried out with the help of calipers or gauges (Fig. 2).
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Fig. 2. Tool for measuring valve bushings.

The feeler gauge and cylindrical calipers allow for defecting of guide bushings with an accuracy of 0.01
mm. A micrometer is used to measure the valve stem. Measurements of the valve are necessary to determine the
"sleeve-valve" gap.

In practice, most heads that come in for repair have bushings with wear that exceeds the allowable (usually
0.15 mm or more). As a rule, "exhaust" bushings are worn out more than "intake" bushings, which is explained by
their increased thermal load. Traditionally, sleeve wear in a horizontal section has a pronounced ellipse with a
larger axis in the plane of the rocker arm swing (rotation of the camshaft cam), and in a vertical section it resembles
a "corset".

Technological methods of repairing valve guide bushings

The technology of replacing bushings by repressing is traditional. Aluminum heads are usually heated to a
temperature of 1100C. They work with cast iron heads without their heating. Bushings must be pressed out using
special mandrels and a pneumatic hammer or hydraulic press. This provides additional load along the axis of the
bushing and minimizes damage to the hole (seat) of the bushing. When pressing the bushings, they are first cooled
in liquid nitrogen, and then the block head is installed using special mandrels. After pressing, the opening of the
sleeve must be processed to a size that provides the necessary thermal gap for the "sleeve-valve" connection.

In the presence of repair valves, the bushing is first deployed under the repair diameter of the valve stem,
and then under the required gap between the bushing and the valve. The clearance is the same as for standard
valves. When deploying the sleeve to obtain the correct geometry of the opening, it is necessary to start from the
side of the removable cap, as this part of the sleeve is subject to less wear.

The bushing opening can be restored without pressing by using the method of plastic deformation of the
metal. Using the tool set for the restoration of guide bushings from the company Neway (USA), it is possible to
restore bushings with hole diameters from 6 to 12 mm. The degree of restoration of the worn hole in the sleeve is
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determined by its material. For example, bushings made of non-ferrous materials with wear up to 0.5 mm can still
be restored, and bushings made of strong cast iron or metal ceramics only with wear up to 0.15 mm.

The technology of restoring guide bushings by installing thin-walled sleeves made of special copper alloys
is used. For the reliable application of this technology, it is not enough to have only a set of tools, and it is also
necessary to observe the modes and sequence of operations. As a finishing operation, the hole is drawn with a ball.

Thus, the main advantage of bushing restoration technologies is maintaining maintainability due to the
elimination of bushing repressing operations.

Restoring and increasing the wear resistance of guide bushings by knurling the oil-retaining profile
In this work, the use of a special knurling tool is proposed to restore and increase the wear resistance of
guide bushings (Fig. 3).
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Fig. 3. A special tool for restoring valve bushings.

The TOKAR (8.1) Knurling & Resizing arbors HSS tool is designed for restoring guide valves by
rolling a spiral groove on the inner surface of the sleeve. This allows to reduce the internal diameter of the valve
guide by deformation of the material. The material of the tool is HSS (High Speed Steel) - HRC 62+1. Restoration
(knurling) of the valve guide must be carried out from a tool of smaller diameter with further increase to the stop
of the valve guide rod, the entrance to the sleeve. The cone of the working part prevents the parts from cracking.
Knurling reduces the size of the hole with an allowance of 0.04-0.06 mm, depending on the material. Example:
The output size of a 88.02 valve guide after rolling a @8.1 bore will be 87.95-7.98, depending on the material. After
restoration (rolling), the inner hole is calibrated with a reamer of the required size.

The guides were processed on a lathe (Fig. 4). The sleeve was centered and fixed in the cam cartridge and
rotated. The tool carried out a progressive axial feed movement.

Fig. 4. Treatment of the oil-retaining profile of the vlve guide sleeve

After applying this technology, a spiral oil retaining profile remains on the surface of the sleeve opening,
which:

« increases the oil capacity of the surface, and therefore improves the lubrication conditions in the "valve-
guide" friction pair;

* a gas-labyrinth seal is created in the connection, which prevents oil from entering the combustion
chamber;

* the surface of the sleeve opening is strengthened due to surface compaction (slander effect).
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Since due to the spiral groove, the surface of the hole in the sleeve is reduced by only 10... 15%, its presence
has almost no effect on the service life of the cylinder block, since the valve in the sleeve oscillates within the
thermal gap and the valve stem never contacts the sleeve over the entire surface of the hole .

In fig. 5 shows the profile of the spiral oil retention grooves formed on the inner surface of the valve guide
sleeve. The profile of the grooves, in accordance with the design of the tool, had a rounded shape.
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Fig. 5. Spiral oil retaining grooves of the valve guide sleeve

In the process of plastic processing of the oil-retaining grooves in the opening of the guide bushing, the
surface layer of the working surfaces is defamed, which also contributes to increasing the wear resistance of the
bushings with grooves.

Fig. 6. Photomicrographs of the surface layer of bronze after plastic processing of the grooves

Optical microphotographs of the materials shown in fig. 6 show that the alloy consists of an a-phase and a
B-phase, and that the a-phase has a long island shape typical of deformed bronze. In the microstructure, the light
regions correspond to the a-phase, which has a face-centered cubic (fcc) lattice, while the dark regions correspond
to the B-phase, which has a body-centered cubic (bcc) lattice. As a result of plastic deformation, the granular
structure of the copper alloy is crushed.

Study of the wear resistance of the valve guide with oil retaining grooves

Tests for the wear of guide bushings were carried out on a special stand (Fig. 7).
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Fig. 7. Experimental stand for testing valve mechanism wear
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The stand is mounted on the platform 11. The valve movement is driven by the DC motor 2, the shaft
of which is located vertically and flanged to the intermediate plate. The engine shaft is equipped with a belt
transmission pulley 5 to reduce the number of engine revolutions. On the driven pulley 1 there is a crank-sliding
mechanism for converting rotary motion into translational motion. The valve moves in the guide sleeve 6 from the
crank mechanism. The load on the coupling is carried out using a spring 9. A capacitor 10 is used to start the
engine.

The tests were carried out under the following conditions. The load on the sleeve is 150 N. The number of
double strokes of the valve is 100 strokes/min. Lubrication was carried out with engine oil M-8B.

The amount of wear of the guide bushing was periodically measured by an indirect method of measuring
the chord L of the trace of wear on the ends of the bushing according to the diagram in Fig. 8 as the average value
of two indicators.

Fig. 8. Scheme for measuring the wear of the guide sleeve of the valve mechanism

The amount of linear wear was determined by the formula:

uy (9,) = A(secq, —1),
where A —the nominal gap between the valve and the sleeve;
(,,— the contact angle between the sleeve and the valve:

¢, =arcsin(L/2R).

The tests were carried out for two versions of guide bushings: with a spiral groove and with a smooth
hole. The results of tests and calculations are given in the table. 1.

Table 1
The results of determining the wear of the guide bushings of the valve mechanism
Number of cycles | 2 4 6 8 10 12 14 16 18
x103
Wear (K), pm 50 | 100 | 140 [ 160 | 170 [ 175 | 178 | 180 | 182
Wear (G), pym 70 120 | 160 | 185 ]200 | 210 | 220 | 230 | 235

In fig. 9 shows a graphical interpretation of the results of tests on the wear of guide bushings of the valve
mechanism.
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Fig. 9. The results of tests on the wear of valve mechanism bushings: 1- guide with grooves, 2- guide
smooth.
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Therefore, the results of the wear tests of guide bushings with spiral oil retention grooves confirmed
their effectiveness according to the criterion of wear resistance. The value of wear of bushings with grooves for
the entire time range of tests is on average 20% less than the value of wear of bushings without grooves.

Conclusions

1. A special tool and technology for obtaining an oil-retaining profile on the inner surface of the valve guide
is proposed, which increases the oil capacity of the surface, and therefore improves the lubrication conditions in
the "valve-guide" friction pair. A gas labyrinth seal is created in the connection, which prevents oil from entering
the combustion chamber. The surface of the sleeve opening is strengthened due to surface sealing (slander effect).

2. The results of the wear tests of guide bushings with spiral oil retention grooves confirmed their
effectiveness according to the criterion of wear resistance. The value of wear of bushings with grooves for the
entire time range of tests is on average 20% less than the value of wear of bushings without grooves.

References

1. Raghuwanshi, NK, Pandey, A., & Mandloi, RK (2012). Failure analysis of internal combustion engine
valves: a review. International Journal of Innovative Research in Science, Engineering and Technology, 1(2), 173-
181. failure-analysis-of-internal-combustion-enginevalves-a-review-libre.pdf (d 1 wqtxts1xzle7.cloudfront.net).

2. Witek, L. (2016). Failure and thermo-mechanical stress analysis of the exhaust valve of diesel engine.
Engineering Failure Analysis, 66, 154-165.https://doi.org/10.1016/j.engfailanal.2016.04.022

3. Guinther, G., & Smith, S. (2016). Formation of intake valve deposits in gasoline direct injection engines.
SAE International journal of fuels and lubricants, 9(3), 558-566.https://doi.org/10.4271/2016-01-2252

4. Tabaszewski, M., & Szymanski, GM (2020). Engine valve clearance diagnostics based on vibration
signals and  machine learning  methods. Exploatacja ~ and  Reliability, 22(2), 331-
339.https://bibliotekanauki.pl/articles/1365185.pdf

5. Pandey, A., & Mandloi, RK (2014). Effects of high temperature on the microstructure of automotive
engine valves. Journal of Engineering Research and Applications, 4(3), 122-126. X4301122126-libre.pdf
(dlwqtxts1xzle7.cloudfront.net)

6. Monieta, J. (2017). Analysis of the tribology processes of control valves of medium speed marine internal
combustion engines. Tribologia.Analysis of the tribology processes of control valves of medium speed marine
internal combustion engines - Tribologia - Tom nr 4 (2017) - BazTech - Yadda (icm.edu.pl)

7. Lai, F., Qu, S., Yin, L., Wang, G., Yang, Z., & Li, X. (2018). Design and operation of a new
multifunctional wear apparatus for engine valve train components. Proceedings of the Institution of Mechanical
Engineers, Part I Journal of Engineering Tribology, 232(3), 259-
276.http://dx.doi.org/10.1016/j.wear.2015.08.017

8. Rylski, A., & Siczek, K. (2013). Friction resistance between valve made of TiAl alloy and its guide made
of phosphor bronze. Applied Mechanics and Materials, 404, 220-
227 .https://doi.org/10.4028/www.scientific.net/ AMM.404.220

9. Forsberg, P., Hollman, P., & Jacobson, S. (2011). Wear mechanism study of exhaust valve system in
modern heavy duty combustion engines. Wear, 271(9-10), 2477-2484.https://doi.org/10.1016/j.wear.2010.11.039.

10. Singh, B., Singh Grewal, J., Kumar, R., Sharma, S., Kumar, A., Mohammed, KA, ... & Ismail, EA
(2024). Novel study on investigating the mechanical, microstructure morphological, and dry sliding wear
characteristics of gray cast iron GG25 with copper additions for valve guides in internal combustion engines.
Frontiers in Materials, 10, 1293254 https://doi.org/10.3389/fmats.2023.1293254


https://doi.org/10.1016/j.engfailanal.2016.04.022
https://doi.org/10.4271/2016-01-2252
https://bibliotekanauki.pl/articles/1365185.pdf
https://d1wqtxts1xzle7.cloudfront.net/33501945/X4301122126-libre.pdf?1397863851=&response-content-disposition=inline%3B+filename%3DX4301122126.pdf&Expires=1714938059&Signature=Tq0TIysZsh5Va3GaxPS2N3PRHsuizbsMQ4cy0UfIIhbJop-I47WveQLJRM26h4yj3BoukWCvakRTELY9SAl5I9sJuO~uLmXtlJdE8Mdjg3HDNwtG-RsTaomG~9Ofe20jafibcahwutomQoNDXghRE~5NGTol46Zw9oLSueplQsXO53fyP7cn-J3ozMsOfieXFF2LD20DMJqMjaKJ7zcQmhB7FJW45FwBCJXKeDCEAP5fdoa3YfwpAHILlp~Ere9FjlrQJIAJwc2cYWWWy8Xq6qHXusIgI8YlHcfQAI4tR1ZtDFpzlJC72nJ3eXQOgpoxIqU7sQXiXA~o6JmBarfuxA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://d1wqtxts1xzle7.cloudfront.net/33501945/X4301122126-libre.pdf?1397863851=&response-content-disposition=inline%3B+filename%3DX4301122126.pdf&Expires=1714938059&Signature=Tq0TIysZsh5Va3GaxPS2N3PRHsuizbsMQ4cy0UfIIhbJop-I47WveQLJRM26h4yj3BoukWCvakRTELY9SAl5I9sJuO~uLmXtlJdE8Mdjg3HDNwtG-RsTaomG~9Ofe20jafibcahwutomQoNDXghRE~5NGTol46Zw9oLSueplQsXO53fyP7cn-J3ozMsOfieXFF2LD20DMJqMjaKJ7zcQmhB7FJW45FwBCJXKeDCEAP5fdoa3YfwpAHILlp~Ere9FjlrQJIAJwc2cYWWWy8Xq6qHXusIgI8YlHcfQAI4tR1ZtDFpzlJC72nJ3eXQOgpoxIqU7sQXiXA~o6JmBarfuxA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-db362609-e1c6-4aca-bee1-f3606a9ada30
https://yadda.icm.edu.pl/baztech/element/bwmeta1.element.baztech-db362609-e1c6-4aca-bee1-f3606a9ada30
http://dx.doi.org/10.1016/j.wear.2015.08.017
https://doi.org/10.4028/www.scientific.net/AMM.404.220
https://doi.org/10.1016/j.wear.2010.11.039
https://doi.org/10.3389/fmats.2023.1293254

Problems of Tribology 39

Muxa O.B., BuuaBka A.A., JIluxa M.O. 3HOCOCTIHKICTh 1 MacTWUJIbHA 3[IATHICTh CHIPAJIBLHOTO
MAacCIIOPO3MOAUTFHOTO MPO]LTIO HANPSIMHKUX BTYJIOK KJIATIAHIB TBUTYHA BHYTPIIIHBOI'O 3TOPSIHHS

Hamnpagnstroui knamaHiB MaloTh BUpilIaIbHE 3HAYEHHS JUIS HiIATPUMKH NPaBHILHOTO BUPIBHIOBaHHS,
MO3UIIOHYBAHHS Ta 3a30pYy IITOKA KJIallaHa ITijl 9ac HOoro pyxy B TOJIOBI 070Ky uTiHApiB. Koy HanmpsIMHI MaroTh
BENIKE 3HOLIYBAHHS, TO ABUTYH IOYHHAE BHUTPAYaTH MACJIO 1 3'ABIAETHCA MiJBHILICHUI IIyM KIJIAAHHOTO
MexaHi3My. HaniiiHe 3MaryBaHHS BHYTPIIIHBOI IIOBEPXHI HAPSMHOI BTYJIKH 3a0e3Me4ye 3HOCOCTIMKICTh mapu
«KJamaH-HampsiMHa». B maHiii poOOTi 3ampoTNOHOBAaHHWM CIeliadbHUM IHCTPYMEHT 1 TEXHOJIOTiS OTpHUMaHHS
MacJIOyTPUMYBAIBHOTO MPOodislto Ha BHYTPINTHIN MOBEPXHI HANIPSIMHOI KJIallaHa, SKUi 301IbIITy€e MacIOEMHICTh
HOBEpPXHi, a OTXe, IOKPAUIyIOTCS yMOBH 3MAIllCHHSA B Iapi TepTsd «KiIanaH-HampsMHa». CTBOPIOETHCH
ra3oyiabipyHTHE YIIIJIBHEHHS Yy CIOJy4YeHHI, [0 3amolirae MOTPAaIUIIHHIO Maclia y KaMmepy 3TOpsHHS.
3MIIHIOEThCSI TIOBEPXHSI OTBOPY BTYJIKM 32 PaXyHOK YIIUIBHEHHs MOBepXHi. Pe3ynbraTn BUNpoOyBaHb Ha 3HOC
HanpsIMHUX BTYJIOK 13 CIIIpQIBHHUMH MAaclOyTPHUMYBaJbHUMH KaHaBKaMu MiATBEPIWIN iX e(pEeKTHUBHICTH 3a
KpHUTEpieM 3HOCOCTIHKOCTI. BenmmurHa 3H0Cy BTYIOK i3 KaHaBKaMH JUIsl BCHOTO YaCOBOT'O Aiana3oHy BUIIPOOYBaHb
B cepeqHboMy Ha 20% MeHIIa HiK BEJIMUYMHA 3HOCY BTYJIOK 0e3 KaHaBOK.

KniouboBi cjoBa: IBUTYH BHYTPIIIHBOTO 3rOpaHHs, HampsMHa KiallaHa, MacTWJIbHA 3/aTHICTB,
3HOCOCTIHMKICTh, MaCJIOyTPHUMYBAIILHUH CITipadbHUN TPO]iITh, BUIIPOOYBAHHS
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Abstract

The article is dedicated to the study of the influence of the coating material on the wear rate of the hydraulic
cylinder of the mechanism of the garbage truck’s sealing plate. By means of a first-order planning of experiment
with first-order interaction effects using the Box-Wilson method, an adequate dependence of the wear rate of the
hydraulic cylinder of the mechanism of the garbage truck’s sealing plate on the coating material was determined.
It is established that according to the Student’s criterion, among the studied factors of influence, the intensity of
wear of the hydraulic cylinder of the mechanism of the garbage truck’s sealing plate is most affected by the iron
content in the coating, the least — by the chromium content, and the nickel content affects only indirectly in
interaction with the iron content. The response surfaces of the goal function — the intensity of wear of the hydraulic
cylinder of the mechanism of the garbage truck’s sealing plate and their two-dimensional sections in the planes of
the influence parameters are shown, which allow to clearly illustrate the specified dependence of this goal function
on individual influence factors. The expediency of conducting further research to determine ways to further
improve the wear resistance of the hydraulic cylinder of the mechanism of the garbage truck’s sealing plate is
shown.

Keywords: wear, wear resistance, wear rate, hydraulic cylinder, mechanism, sealing plate, garbage truck,
coating material, municipal solid waste, dependence, experiment planning.

Introduction

One of the important tasks of mechanical engineering is to increase the wear resistance and reliability of
actuators of machines’ mechanisms [1, 2], especially municipal ones, which mainly use hydraulic drive of working
bodies. One of the main technologies for the primary processing of municipal solid waste (MSW) aimed at
reducing transportation costs and reducing the negative impact on the environment is its compaction during the
loading process into a garbage truck. Solid waste is compacted in a garbage truck using a compaction plate, the
hydraulic cylinder of which is subject to intense wear due to the large number of operating cycles and significant
pressing forces. This is due to the nonlinear compression characteristic of solid waste. Hydraulic cylinders are
usually made of alloy steel, and wear-resistant coatings are widely used to increase their wear resistance. Therefore,
it is an important task to determine the dependence of the wear rate of the hydraulic cylinder of the garbage truck’s
sealing plate mechanism depending on the coating material.

Analysis of recent research and publications

The scientific article [1] analyzes the disadvantages of using fluoropolymers in the friction unit “piston seal
— car air conditioner compressor cylinder”. Promising methods of modifying polytetrafluoroethylene and
requirements for its fillers are considered. There was experimentally confirmed the advantages of antifriction
composite fluoroplastic materials that were modified with combined fillers: carbon and glass fiber, carbon fiber
and copper or lead oxide powder for the friction unit “piston seal — car air conditioner compressor cylinder”

Copyright © 2024 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi, A.Ye. Alekseiev. This is an open access article distributed
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In the paper [2] the effect of laser pretreatment on the nitriding intensity, structure, and wear characteristics
of nitrided coatings on VT6 titanium alloy is considered. It is shown that pretreatment reduces the nitriding time,
while increasing the thickness of the nitrided layer. It is established that the wear intensity is determined by the
tribological structures of dissipative type arbitrarily formed in contact, which are formed from ultra-dispersed
products of interaction of the components of the solid bodies of the friction pair and lubricants. The wear resistance
of coatings obtained with pretreatment is 1.5-2 times higher than the wear resistance of coatings that are obtained
by the traditional method.

In the scientific article [3], by means of the regression analysis it was established the power law that
describes the dynamics of wear and tear of garbage trucks in the Khmelnytskyi region that allows its forecasting.
This helps to plan the infrastructure of utility companies, including the composition and renewal of the garbage
truck fleet, as well as the development of the base for their maintenance and repair, which is important for effective
solid waste management. According to the forecast, the level of depreciation of garbage trucks in Khmelnytskyi
region by 2030 will decrease to 51.9% if the current rate of renewal is maintained.

Among the main components of garbage trucks with side loading of MSW, the hydraulic system has the
lowest mileage before failure, which, according to the research [4], significantly affects the increase in overall
wear and tear of garbage trucks. In the paper [5] is shown that the structure and main causes of hydraulic equipment
failures are: hydraulic cylinders — 34.92% (wear of seals, rod; rupture of the piston to rod fastening nut; rod
bending; mechanical damage), hydraulic pumps — 16.40% (wear of the housing, gears, seals, cracks), pipelines
and hoses — 15.34% (hose ruptures, pipeline wear), hydraulic distributors — 13.23% (wear of seals and spools;
cracks in the housing).

An analysis of the causes of technical failures of garbage truck units [6] showed that a significant proportion
of failures (about 45%) are associated with hydraulic drive failures. These failures are mostly caused by
manufacturing defects arising from the use of low-quality components, as well as large fluctuations in the loads
on the working mechanisms. The study of the causes of failures of working bodies showed that breakdowns are
caused by defects in heat treatment and deviations from the design dimensions during machining (35%), as well
as defects in the assembly, adjustment and tightening of threaded connectors (30%) and poor-quality welding
(30%). It has been found that the vast majority of failures (80-90%) are caused by wear and corrosion of the
working surfaces of machine parts. At the same time, failure does not occur immediately, but only when wear or
corrosion reaches a certain critical level. It was also found that hydraulic cylinder failures caused by wear of the
mating surfaces, deformation of the rod and cylinder during operation —up to 28% of all hydraulic drive component
failures. Analysis of the durability results shows that the average operating time before failure of hydraulic actuator
components, in particular the hydraulic cylinder, is approximately 1/3 of the maximum. That is, the manufacturer
does not implement the planned service life by 45-55%. Most of the failures of hydraulic cylinder parts after the
start of operation or repair are related to rods (31%) and sealing cuffs (42%). The analysis of failures of
hydraulic system elements showed that the main faults are associated with the loss of external and internal
tightness due to contamination of the working fluid, which leads to malfunctioning of the units.

These data are consistent with the results published in [7], which also indicates the main causes of failures
of the hydraulic system of garbage trucks caused by wear: for a hydraulic pump — wear of gears; for hydraulic
cylinders — wear of seals and rod; for a hydraulic distributor — wear of seals and spools; for hoses — wear of
pipelines. Adequate dependencies of wear of garbage truck tires on the front and rear axles were determined
according to the Fisher’s criterion, which depend on the transported mass of MSW and the mileage of the garbage
truck. According to the Student’s criterion, it was found that the transported mass of MSW has the greatest impact
on tire wear on both the front and rear axles, while the mileage of the garbage truck has the least impact. The
dependencies of the number of garbage truck trips before the maximum permissible wear of tires on the front and
rear axles were obtained.

The scientific paper [8] provides the causes of garbage truck failures, according to which the main causes
of failures are external and internal leaks in hydraulic systems. External leakage was in 48% of all failures in the
hydraulic system and occurs due to the destruction of hoses and pipelines, as well as due to the depressurization
of seals in hydraulic cylinders and other units. Another significant cause of failure is internal leaks, which was in
36% of cases. Most of the failures caused by internal leaks are observed in such units as spool valves, safety and
check valves, hydraulic cylinders and hydraulic pumps.

A study that was caried out in [9] showed that “tapered” wear of the hydraulic cylinder rod from 0.2 to 0.4
mm in length during the operation of the hydraulic cylinder before the first overhaul leads to a 7.2% decrease in
pressure, an 11.4% increase in specific fuel consumption, and a 26% increase in the carbon monoxide content in
exhaust gases. Increasing the wear of the rods in their working area by 0.6-0.7 mm causes a drop in pressure in
the hydraulic system by 13.4%, an increase in specific fuel consumption by 21.3%, and a sharp increase in the
toxicity of exhaust gases from 25% to 59%, which exceeds the maximum permissible standards. It is proposed
to consider the wear of the geometric parameters of the hydraulic cylinder rod of the hydraulic drive of
construction and road machines as the maximum permissible wear if its value does not exceed 0.4 mm. It was also
found that rod wear worsens the physical and chemical properties of the working fluid, doubling the content of
iron and impurities. This leads to the need for more frequent fluid changes and cost overruns, which significantly
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reduces efficiency and durability, as well as shortens the service life of the hydraulic drive of construction and
road machines.

The article [10] showed that the wear of sealing elements in hydraulic systems causes the gradual
penetration of hydraulic fluid into non-working cavities of hydraulic machines. Although this process is not always
visible, it leads to unproductive power losses of the hydraulic drive, which, in turn, increases fuel and lubricant
consumption and reduces the power of the working bodies. The power loss due to the wear of sealing elements
can cause non-optimal operating modes of the hydraulic motor, which negatively affects the efficiency of the
hydraulic drive in general. The mechanical system “hydraulic cylinder — sealed piston — compressed hydraulic
fluid” was researched. Thus, it was established the dependence of the efficiency of the hydraulic cylinder on the
size of the leakage, and the results of the piston subsidence for the working fluid of the VMGZ type and the
mechanism of fluid flow through the hydraulic cylinder seal are determined.

In the paper [11], the authors analyzed data from observations of garbage trucks and found that most failures
are caused by wear and corrosion of the working surfaces of the equipment parts. Failures of hydraulic cylinders
caused by wear of working surfaces, deformations of the rod and cylinder during operation account for 32% of all
breakdowns of hydraulic drive parts. This is due to uneven loading of the body and abrasive wear of the working
surfaces under conditions of intensive operation of the garbage truck. Studies of the cases of failures have shown
that the main reason is the wear of the working surfaces of the main elements of the hydraulic drive, in particular
spools and hydraulic distributor housings, hydraulic cylinder rods and other components. The main reason of the
wear was found to be water-abrasive damage caused by untimely replacement of the hydraulic fluid and the use
of low-quality or worn sealing elements, such as hydraulic cylinder seals. This causes that dust particles and wear
products got into the sliding zone, which accelerates the wear of the working surfaces of the parts. One of the
most promising methods for restoring worn parts is chromium plating in a cold self-regulating electrolyte, which
produces chrome coatings with high quality deposits and ensures high performance of the process.

In the paper [12], the wear-resistant coatings alternative to galvanic chromium plating for the protection of
hydraulic cylinders was analyzed and the optimal operating conditions under which each of them will be most
effective were determined. It was also performed comparative studies of wear resistance in different working
environments of protective multilayer vacuum-plasma coatings obtained by applying alternately thin layers of
chromium and complex nitride (TiCr)N, a-Ti layers, titanium nitride - TiN and magnetron coating based on
TiN, oxide ceramic coatings on aluminum electric arc coatings sprayed on a base of magnesium alloy MA -5,
titanium alloy PTZV.

Paper [13] presents the results of studies on the effect of the pressing force on the wear rate of hydraulic
press mechanism parts, in particular, on the hydraulic cylinder. Studies have shown that with an increase in the
force applied during pressing, there is a decrease in the acceleration coefficient of the wear of the working cylinder.
This indicates that higher forces do not always lead to faster wear, but rather that wear can slow down due to the
peculiarities of the mechanism’s operation under high loads. This result may be important for further optimization
of hydraulic presses, as it allows to predict the service life of components depending on the operating conditions.
In addition, the work showed the importance of developing effective measures for continuous automatic control
of press operation parameters. This includes monitoring of the pressing force, hydraulic fluid temperature, and
other critical indicators that may affect press operation. Preventing the hydraulic press from approaching
emergency limits is a key factor for ensuring reliable and faultless operation of all its major components. The
successful implementation of such control systems avoids situations where the system operates under conditions
that can lead to breakdowns or premature wear. This is possible if the press is designed rationally, using high-
quality materials and ensuring that all performance characteristics meet the specified requirements, which in turn
can significantly increase the efficiency and durability of the equipment.

Paper [14] deals with the effect of the pressing force on the wear resistance of the working hydraulic
cylinder of the garbage truck’s sealing plate mechanism. An exponential dependence of changes in the rate of wear
of the working hydraulic cylinder of the mechanism of the garbage truck’s sealing plate depending on the pressing
force was determined. It was established that for a Ukrainian-made garbage truck of the 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 um/h.

In the paper [15], it was researched the structure, hardness, and wear resistance of plasma coatings made of
metals of the fourth row of the periodic table’s fourth period: iron, nickel, and chromium, made from the mixtures
of the corresponding powders to replace wear-resistant galvanic chromium coatings. Based on the determination
of the intensity of molecular-mechanical and abrasive wear, the optimal composition of the plasma coating, which
has advantages of galvanic chromium and free from its disadvantages, was proposed.

However, as a result of the analysis of known publications, it should be noticed that the authors did not find
any specific mathematical dependencies in the intensity of wear of the hydraulic cylinder of the garbage truck’s
sealing plate mechanism on the coating material.

Aims of the article

Determination of the dependence of the wear intensity of the hydraulic cylinder of the mechanism of the
garbage truck’s sealing plate on the coating material.
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Methods

The determination the dependence of changes in the intensity of wear of the hydraulic cylinder of the
garbage truck’s sealing plate mechanism from the coating material was carried out by planning a first-order
experiment with first-order interaction effects using the Box-Wilson method. The coefficients of the regression
equations were determined using the developed computer program "PlanExp", which is protected by a certificate
of copyright law’s registration.

Results

Preliminary processing of the results of experimental studies [15] showed that the wear rate of the hydraulic
cylinder of the garbage truck’s sealing plate mechanism is a function of the following three main parameters:

Ih :f(CFe’CNi’CCr)’ (1)

where I, — the intensity of abrasive wear, x10'° ; Cg, — the iron content in the coating of Fe-Cr-Ni
composition, %; Cy; — the nickel content in the coating of Fe-Cr-Ni composition, %, Cc¢, — the chromium content
in the coating of Fe-Cr-Ni composition, %.

The research of the influence of the above factors on the wear rate of the hydraulic cylinder of the
mechanism of the garbage truck’s sealing plate when processing the results of single-factor experiments by
regression analysis is associated with significant difficulties and amount of work. Therefore, in our opinion, it is
advisable to conduct a multifactorial experiment to obtain a regression equation for the response function — the
wear rate of the hydraulic cylinder of the mechanism of the garbage truck’s sealing plate by planning a
multifactorial experiment using the Box-Wilson method.

The values of the wear intensity of the hydraulic cylinder of the mechanism of the garbage truck’s sealing
plate for different composition of the coating material are given in the Table 1 [15].

Table 1

Values of the intensity of wear of the hydraulic cylinder of the mechanism of the garbage truck’s sealing
plate for different composition of the coating material [15]

Abrasive wear intensity | Iron content in the coating Nickel content in the Chromium content in the
I, x10'° Cre, %. coating Cy;, %. coating Ccr, %.
1.979 75 25 0
0.947 50 25 25
0.547 25 25 50
1.789 0 0 100

Based on the data in the Table 1, using a first-order experiment planning with first-order interaction effects,
using the developed software protected by a copyright law’s certificate, after rejecting insignificant factors and
interaction effects by the Student’s criterion, the dependence of the intensity of wear of the hydraulic cylinder of
the mechanism of the garbage truck’s sealing plate from the coating material was determined as follows:

1, =0,07343C,, —0,6671C,, +0,03053C,,C,, —5,554 [x10"]. @

Fig. 1 shows the response surfaces of the goal function — the wear intensity of the hydraulic cylinder of the
mechanism of the sealing plate of the garbage truck 7, and their two-dimensional sections in the planes of the
influence parameters, drawn using the equation (2), which allows to clearly illustrate this dependence.

It was found that according to Fisher’s criterion, the hypothesis about the adequacy of the regression model
(2) can be considered correct with 95% confidence. The coefficient of multiple correlation was determined as R =
0.96513, which indicates quite sufficient accuracy of the results.

According to the Student’s criterion, it was established that among the studied factors of influence, the
intensity of wear of the hydraulic cylinder of the mechanism of the garbage truck’s sealing plate is most affected
by the iron content in the coating, the least — by the chromium content, and the nickel content has an indirect effect
only in interaction with the iron content.

The determination of the ways to further improve the wear resistance of the hydraulic cylinder of the
garbage truck’s sealing plate mechanism requires further research.
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Conclusion

The adequate dependence of the intensity of wear of the hydraulic cylinder of the mechanism of the garbage
truck’s sealing plate on the coating material was determined according to the Fisher criterion. It is established that,
according to the Student’s criterion, among the studied factors of influence, the intensity of wear of the hydraulic
cylinder of the mechanism of the garbage truck’s sealing plate is most affected by the iron content in the coating,
the least — by the chromium content, and the nickel content affects only indirectly in interaction with the iron
content. The response surfaces of the goal function — the intensity of wear of the hydraulic cylinder of the
mechanism of the garbage truck’s sealing plate and their two-dimensional sections in the planes of the influence
parameters are shown, which allow to clearly illustrate the specified dependence of this goal function on individual
influence factors. The determination of the ways of improvement of the wear resistance of the hydraulic cylinder
of the garbage truck’s sealing plate mechanism requires further research.
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Bepesiok O.B., CaByasik B.1., Xap:keBchkuii B.O., AnekceeB A.€. 3anexHicTh IHTEHCUBHOCTI 3HOCY
BiJl MaTepiaiy MOKPHUTTS TiIPOLMITIHAPA YIIITBHIOIOYOI IITUTH CMITTEBO3a

CrarTsl npUCBsiYeHa JOCIIDKEHHIO BIUIMBY MaTepiaily MOKPHUTTS Ha IHTEHCHBHICTb 3HOCY T'iIpOLMITIHApa
MEXaHi3My YIIUTBHIOIYO1 ITUTH CMITTEBO3A. 32 JOMTOMOT'OI0 BUKOPHUCTAHHS IUIAHYBaHHS €KCIIEPUMEHTY ITEPIIOTO
nopsiAKy 3 edeKTaMHM B3a€MOAII MNEpIIOro MOpAAKy MeToxoM bokca-ViicoHa BH3HA4YEHO aleKBaTHY
3aKOHOMIPHICTh IHTEHCHBHOCTI 3HOCY TiIPOIIIIIHAPa MEXaHi3My YIIUIEHIOIOYOI INTUTH CMITTEBO3Aa BiJ MaTepiairy
MOKPUTTA. BcTaHoBmeHo, 1m0 3a kputepieM CThIOEHTa cepel JOCHTIKeHNX (aKTOpiB BIIMBY HaHOUIbIIE Ha
IHTEHCUBHICTh 3HOCY TiApONMIIiHApa MEXaHi3My YIIUIBHIOIYOI TUTMTH CMITTEBO3a BIUIMBAE BMICT 3alliza y
MTOKPUTTI, HAIMEHIIIe — BMICT XpOMY, a BMICT HIKEJIO BIUIMBAE JIMIIE OMOCEPEIKOBAHO y B3aEMOJIIi i3 BMICTOM
3amiza. [loka3aHo mMoOBepxHi BiATyKYy WLUIbOBOI (YHKIIi — IHTEHCHBHOCTI 3HOCY TiJpOLMIIIHApa MeXaHi3Mmy
VIIUIBHIOIOYO] IJIMTH CMITTEBO3a Ta TXHI IBOMIPHI Iepepi3u B IUIOMIMHAX NapaMeTpiB BIUIUBY, SIKi TO3BOJISIOThH
HarJSHO IIPOUTIOCTPYBAaTH BKa3aHy 3aJIeKHICTh JaHOi IiIbOBOI (YHKUII Bil OKpeMHX (AaKTOpIB BILIMBY.
[lokazaHo MOUUIBHICTH MPOBEAEHHS HACTYITHHUX JOCII/DKEHb 3 BH3HAYEHHs IIUIAXIB MOAAIBLIOTO IiIBUIEHHS
3HOCOCTIHKOCTI T1iJpOLMIIIHIPa MEXaHI3MY YIIIJIBHIOIOYOT IUTUTH CMITTEBO3A.

KarouoBi cioBa: 3HOC, 3HOCOCTIHKICTD, IHTEHCHBHICTh 3HOCY, TIAPOUMIIHAD, MEXaHI3M, YIIUIHHIOI0YA
IDIATA, CMITTEBO3, MaTepial MOKPUTTS, TBEpAl MOOYTOBI BiIXOH, 3aKOHOMIPHICTH, TUTAHYBAHHS CKCIICPAMCHTY.
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Abstract

The article presents experimental studies of the pressure in the material cylinder of the D3328 automatic
injection molding machine when processing various plastics, as well as experimental studies of wear along the
length of the material cylinder of the DB3328 automatic injection molding machine after processing PS 68-30
fiberglass. Specially designed strain gauge pressure sensors were used. Signals from the sensors were output to an
oscilloscope through the amplifying equipment and recorded on an oscillogram. The magnitude and distribution
of pressure along the length of the material cylinder will significantly affect the amount of wear of both the screw
and the cylinder. It was established that the pressure in the material cylinder of automatic injection molding
machines is distributed unevenly along its length. The nature of the pressure distribution along the length of the
material cylinder when processing various materials: during the injection period, the maximum pressure occurs in
the melt zone with a subsequent sharp decrease in the middle zone and a slight increase in the loading zone. At the
same time, the nature of the pressure change for all materials is similar at a diametrical gap between the screw and
the cylinder 6=0.17 mm. With an increase in the gap 6 to 0.74 mm, the nature of the pressure distribution in the
injection zone changes only when processing fiberglass, which is due to the partial ingress of glass fibers into the
gap between the screw and the cylinder. Its magnitude and nature of the distribution along the length for different
materials are different and depend on the physical, mechanical and rheological characteristics of these materials,
the design of the screw and the technological modes of processing. The maximum pressure occurs in the melt zone
during the period of material injection into the mold for 0.4-0.5 s.

Key words: wear, fiberglass, cylinder, pressure, sensor.
Introduction

In modern conditions of the development of society, plastics are increasingly used in the national economy
and technology. Products made of plastics in the household and household in many cases exceed 50% of the total
number of used items. The reason for such widespread use of plastic products is a number of their advantages over
other materials related to economy and practicality. In connection with this, the equipment for processing plastics
- extruders and thermoplastic machines - has received a great development. Extruders are continuous-acting
machines, while termo-plastic machines work cyclically, making products by casting into molds under a certain
pressure [1-5]. Melting of plastics is achieved by heating them with special heaters and extrusion in the extrusion
unit. The extrusion unit of thermoplastic machines includes a material cylinder and a screw with an injection
system. The screw has a rotary and reciprocating movement, which it performs, respectively, during the period of
collecting a portion of plastic and during the injection period.

Research Methodology

During the operation of the injection molding machine, a large pressure (up to 200MPa) occurs in the
material cylinder, which affects both the strength of the material cylinder [5-7] and the wear resistance of the
screw-cylinder pair [8]. The amount of pressure in the material cylinder of extruders and thermoplastic machines
varies along its length and will be different when processing different materials. Therefore, the study of the

@I}. Copyright © 2024 V.A. Honchar. This is an open access article distributed under the Creative Commons Attribution License,
53 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/3.0/
http://tribology.khnu.km.ua/index.php/ProbTrib
https://doi.org/10.31891/2079-1372-2024-114-4-47-53
mailto:berezyukoleg@i.ua

48 Problems of Tribology

magnitude and distribution of pressure in the material cylinder of thermoplastic machines and extruders and the
nature of wear of the screw and cylinder of this unit during the processing of various materials are relevant.

We have carried out research on the amount of wear along the length of the material cylinder of the DB-
3328 thermoplastic machine after its operation during PS 68-30 fiberglass processing. Research has established
that the amount of wear along the length is different and was from 0.5 to 2 mm per diameter. The maximum wear
of 2 mm was in the injection zone at a distance of 80 mm from the end of the cylinder and in the fiberglass loading
zone (1.85 mm) at a distance of 400 mm from the injection zone. In the space between these zones, the amount of
wear decreased to 0.5 mm. It is known from literary sources that the intensity of wear depends on many factors
(properties of the material of the friction pairs, specific load on the friction surface, properties of the environment,
temperature, sliding speed, etc.), among which the pressure on the friction surface is of great importance. In
extruders and thermoplastic machines, friction and wear of parts occurs as a result of their contact with the
processed material and when the surfaces of the screw and cylinder are in direct contact. The amount and
distribution of pressure along the length of the material cylinder will significantly affect the amount of wear of
both the screw and the cylinder. The maximum pressure in the material cylinder depends on the design parameters
of the screw and cylinder, the temperature, the viscosity of the processed mass, and the rotation frequency of the
screw and is theoretically found according to the formulas [9-10]:

- for variable height of screw turns and variable material viscosity:

m2p%n py | pp |2
P.=—C+=+ +=% 1
max 50 (h% 12 2’ (1)

- for screws with a constant height of the turn and a constant viscosity:

n?Dp?nulL
Proax = g0z 2)

where: D is the outer diameter of the screw;

n — rotation frequency of the screw;

H — screw pitch;

L— screw length;

hl1, h2, hz— the height of the screw turn;

U1, Ua, Uo- the Viscosity of the material melt at the boundaries of each turn of the screw.
The injection pressure for thermoplastic machines can be determined by the formula:

2
Py = 221K K, (3)
whereP;,,- pressure in the hydraulic system of the injection molding machine;

D,- the diameter of the injection cylinder of the hydraulic system;

n- coefficient of useful action of the hydraulic cylinder;

K; - the coefficient that takes into account friction costs in the melt;

K- the coefficient that takes into account the costs of hydraulic shocks.
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Fig. 1. a) Scheme of the experimental installation for determining the operational characteristics of thermoplastic machines and
extruders: 1—material cylinder; 2—mouthpiece; 3—reducer; 4—hydraulic cylinder of the injection mechanism; S—press form;
6—Iloading hopper; 7—screw rotation counter; 8—Dbelt transmission; 9— strain gauges for torque measurement; 10—screw;
11—current amplifier; 12—amplifier power supply unit; 13—oscilloscope; 14—current rectifier; Si, Sz, S3, S4, Ss—pressure
sensors; Ti, T2, Ts — thermocouples. b) Pressure sensor: 1—material cylinder; 2—tail; 3—rod; 4—sensor body; 5—prism; 6—
beam; 7—adjusting screw.
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Fig. 2. Calibration scheme of pressure sensors: 1—material cylinder; 2—left plug; 3—right plug; 4—assembly rod; 5—mover;
6—rod of the right plug; 7—hydraulic cylinder rod; S1, S2, S3, S4, SS—pressure sensors; T1, T2, T3 — thermocouples; D is a
strain gauge for measuring axial force.

Due to the fact that the pressure of the melt in the material cylinder of extruders and thermoplastic
machines depends on many factors that are difficult to theoretically determine and take into account, there is a
need to conduct experimental studies of the pressure in the material cylinder in different periods of the work cycle
when processing different materials.

In order to study the pressure distribution along the length of the material cylinder from the injection
molding machine during the processing of various plastics (high-pressure polyethylene, polystyrene, Kapron and
fiberglass), an experimental installation (Fig. 1) was made on the basis of the injection molding machine D3328,
in the material cylinder in which 5 pressure sensors were installed. The design of pressure sensors and the method
of their installation in a material cylinder are shown in fig. 1. Signals from pressure sensors were output to the
oscilloscope through the amplification equipment and recorded on the oscillogram. In the process of research,
temperature in 3 zones, screw rotation frequency, torque and axial force on the screw were monitored.

The torque on the screw was measured by the tonometry method. The pressure in the hydraulic cylinder
of the injection mechanism was measured by a standard pressure gauge and the tonometry method to record rapid
pressure changes. The rotation frequency of the screw was fixed by a revolution counter.

Calibration of pressure sensors and strain gauges when measuring torque and axial force was carried out
on a special device (Fig. 2) under conditions similar to the operating conditions of a thermoplastic molding
machine with heating of plastic materials to 200-250°C. The auger was removed from the cylinder of the injection
molding machine, the mouthpiece was unscrewed, and specially made plugs were inserted into it from both sides.
The left plug 2 rested against the plate 5 through the collecting rod 4. The material cylinder was filled with plastic
that melted as a result of heating by heaters. Through plug 3, with the help of rod 6 and the hydraulic injection
cylinder of the hydraulic system, pressure was created when the "injection" button was turned on. The pressure in
the material cylinder was recorded by sensors S1, S2, S3, S4 and S5, as well as a strain gauge glued on rod 4,
which was previously tared and used as a dynamometer. Signals from sensors S1, S2, S3, S4 and S5 and the strain
gauge on rod 4 were recorded through the amplifier on oscillograms, on the basis of which calibration graphs were
built.

Experimental studies were carried out at the following constant values of the operational parameters of
the installation: the inner diameter of the material cylinder is 40 mm, the injection pressure is 100 MPa, the pressure
in the hydraulic cylinder is 50 MPa, and the pressure of the auger during loading is 0.4 MPa. Plastics with wide
application in the national economy and a wide range of physical and mechanical characteristics were chosen as
the tested materials, in particular: - high-pressure polyethylene, which is characterized by a wide range of material
viscosity coefficient; polystyrene, which is easily processed and has high mechanical characteristics; kapron,
which requires exact endurance of the technological mode of processing, a slight deviation from which leads to a
sharp change in the viscosity and quality of the product; fiberglass, which is difficult to recycle, the basis of which
is polyamide resin with properties that are close to those of kapron, and glass fiber sharply increases the viscosity
of the material and, if it deviates from the technological mode of processing, leads to jamming of the auger.

In the process of research, the maximum was determined on the basis of recorded oscillograms B,,,, and
the averageP,, pressures in the material cylinder in different periods of the work cycle. Average pressure
valueP,,was determined by the formula:

NI

Py ;

“)
and is the ratio of the waveform area P = f(t)for a certain period t to the time spent on this period.
Results

Table 1 shows the results of experimental studies of the maximum and average values of pressures in the

material cylinder, which occurred during the periods of injection and loading of the D 3328 thermoplastic machine,
during the processing of various plastics.
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Table 1

Results of experimental studies of pressures in the material cylinder during the processing of various

plastics.
Material Injection zone Loading area
Injection time Pressure Download time| Quantity of revolutions Pressure
t,s P, P, t,s auger n,rpm Poax P,
MPa MPa MPa MPa
Polyethylene 1.5 125.0 91.2 13.5 25 70.0 47.0
Polystyrene 1.5 130.0 92.1 9.4 17.0 81.0 50.2
Kapron 1.6 120.0 83.0 19.8 35.6 80.5 45.1
Fiberglass 1.8 160.0 84.5 14.4 26.3 66.0 51.3

Table 1 shows that the maximum pressure in the material cylinder occurs in the melt zone at the end of
the screw (injection zone) during the injection period during the processing of all the studied materials. The highest
pressure occurs during the processing of fiberglass (160MPa). Its value reaches 183 MPa in extreme cases
(jamming moment). When processing polyethylene, polystyrene and capron, the maximum value of pressure in
this period is within 120-130 MPa. The injection time is the largest when processing fiberglass and is 1.8s, for
other materials it is 1.5-1.6 s.

In fig. 3 shows samples of oscillograms of pressure changes during the injection period for various
materials, from which it can be seen that in the initial period, the pressure during the processing of all materials is
small and amounts to 45-50 MPa, and then reaches a maximum within 0.15-0.2 s. The maximum pressure is
maintained for 0.4-0.5 s, after which it gradually decreases to a minimum value of 10-20 MPa, and remains so
during the exposure period.

P P
Mia Mrla
200 Polyethylene 200 Polystyrene
0 05 10 15 ts o 05 10 15 ts
: P
MMa Mia Fiberglass
20071
200 Nylon
100 1001
+ —
0 05 10 15 ts 0 05 10 15 ts

Fig. 3. Pressure oscillograms during the injection period of the D3328 injection molding machine during the processing of
various plastics, with a diametral gap between the screw and the cylinder 6=0.17 mm.

During the loading period, the pressure in the loading zone is different for different materials. The
maximum value (Table 1) occurs during the processing of kapron and polystyrene (91-92 MPa) in the area where
the S5 sensor is located, with a gradual decrease in the direction of the S2 sensor to a value of 40 MPa. At the
same time, the average value of the P, pressure is 47-50 MPa. When processing fiberglass, the pressure difference
in the loading zone between sensors S5 and S3 decreases, and the average value of pressure Py, is 51.3 MPa. The
maximum time and number of revolutions of the auger during the loading period occurs when processing kapron,
which is related to the physical and mechanical properties of this material and their sensitivity to temperature
changes.

The nature of the pressure distribution along the length of the material cylinder during the processing of
various materials is shown in fig. 4, from which it can be seen that during the injection period, the maximum
pressure occurs in the melt zone (S1 sensor) with a subsequent sharp decrease in the middle zone (S3 and S4
sensors) and a slight increase in the S5 sensor zone (loading zone). At the same time, the nature of the pressure
change for all materials is similar for the diametrical gap between the screw and the cylinder § =0.17 mm (Fig. 4a).
With an increase in the gap 6 up to 0.74 mm (Fig. 4b), the nature of the pressure distribution in the injection zone
changes only during the processing of fiberglass, in particular in the area of effect of the S4 sensor, which is
caused by the partial penetration of glass fibers into the gap between the screw and the cylinder.

During the loading period (Fig. 5), the nature of the pressure distribution along the length of the cylinder
for all materials is similar to the injection period (Fig. 4a), but with the difference that the absolute value of the
pressure in this period is 1.7-2 times smaller.
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Fig. 4. Distribution of the maximum pressure along the length of the material cylinder during the injection period of the D3328
thermoplastic machine during processing:
1—polyethylene; 2—polystyrene; 3—capron; 4—fiberglass.

The analysis of the time t and the number of revolutions n of the screw during the loading period
(Table 1), which are necessary for taking a portion of plastic, shows that the thermoplastic machine has the highest
productivity when processing polystyrene, and the lowest - when processing kapron.

Pmax ﬂ
MnMa

1201

6=0.17 mm
1
2
80T
40 + 3
N
0 80 160 240 320 400 L mm

Fig. 5. Distribution of the maximum pressure along the length of the material cylinder during the loading period of the D3328
thermoplastic machine during processing:
1—polyethylene; 2—polystyrene; 3—capron; 4—fiberglass.

This is explained by the physico-mechanical and rheological properties of processed materials, which
largely depend on the processing temperature.

Conclusions

The following conclusions can be drawn on the basis of the conducted research:

1. The pressure in the material cylinder of thermoplastic machines is distributed unevenly along its length.
Its size and the nature of the distribution along the length for different materials are different and depend on the
physical, mechanical and rheological characteristics of these materials, the design of the screw and the
technological modes of processing.

2. The maximum pressure occurs in the melt zone during the injection of the material into the mold for
0.4-0.5s, and its value when processing fiberglass reached 183 MPa.

3. Research on the wear of the material cylinder of the DB3328 thermoplastic machine after processing
fiberglass showed that there is a complete correlation between the amount of wear and the amount of pressure
along the length of the cylinder.
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TIonuap B.A. /JlociiokeHHS 3HOCOCTIHKOCTI MaTepiajibHOro LWJIIHApPAa TepMOIUIacTaBTOMara IpH
nepepoOui miacTMac

B crarti npuBeneHi eKCIEpUMEHTAJbHI  JOCHI/DKEHHS THCKY B  MarepiaylbHOMY  LIJIHIPI
tepMorutactapromara J[3328 mpu mepepoOiri pi3HHX IIacTMac, a TaKOXK eKCIIEPUMEHTANbHI TOCIIKEHHS 3HOCY
0 JOBXXHHI MaTepialsHOTO IITiHApa TepMorriactaBToMaTa J153328 micnsa nepepooku ckiormractuky [1C 68-30.
3acToCOBaHO CHemiadbHO pPO3POOJIEHI TEH30METPUYHI MAaTYUKHM THCKy. CHTrHamM Bi MJaTYWKIB depe3
i ACHITIOBANIFHY anapaTypy BUBOAWIHCS Ha ocuuiIorpad i 3aucyBaincs Ha OCIIorpaMy. BenmmanHa Ta po3noain
THUCKY TI0 JOBXHHI MaTepialbHOrO HWIiHApa OyAe CyTTEBO BIUIMBATH HAa BENMYMHY 3HOCY AK ITHEKa, Tak i
UITiHApa. BCTaHOBIIEHO THCK B MaTepiaJbHOMY LITIHAPI TEPMOILIACTaBTOMATIB PO3MOAIISIETHECS HEPIBHOMIPHO
MO WOro JOBXKHHI. XapakTep pO3MOALLYy THCKY MO JOBXHHI MaTepialbHOIO LWIIHAPA MpH mepepodii pi3HUX
MarepiaiiB: B IepioJ] BIPUCKY MaKCHMaJbHUH THUCK BHHHMKAa€ B 30HI PO3IUIABY 3 MOCHIAYIOUHM PI3KUM
3MEHILCHHSM B CEepeHill 30HI Ta HE3HAYHUM 30UIbIICHHSM B 30HI 3aBaHTaKeHHs. [Ipu poMy XapakTep 3MiHH
THUCKY JUIS BCIX MaTepiaiiB MoAiOHWI NpH AiaMeTpaibHOMY 3a30pi MiK IIHeKoM 1 muiHzapom 6=0,17mm. 3i
30ibIIeHHAM 3a30py O 110 0,74MM XapakTep po3MoaiuTy THCKY B 30HI BIIPUCKY 3MiHIOETHCS JIMIIIE TIPH MepepoOIi
CKJIOIUIACTHKY, IO 3yMOBIIEHO YACTKOBHM TIONAJIAHHAM CKIOBOIOKOH B 3a30p MiX IIHEKOM i mutismpom. Horo
BEJIMYMHA 1 XapaKTep PO3MOILTy MO TOBXKHHI U Pi3HUX MaTepiaiiB pi3Hi i 3aJekaTh Bif (i3UKO-MEXaHIYHHX i
PEOTOTIYHNX XapaKTePUCTUK IMX MaTepiaiiB, KOHCTPYKIIi IIHEKa Ta TEXHOJOTIYHUX PEXHUMIB IMEpPepoOKH.
MaxcumansHUHA THCK BUHUKAE B 30HI PO3IIIABY B IEPioj BIPUCKYBaHHI MaTepiany B mpecopmy Ha potsasi 0,4-
0,5¢.

Kir040Bi ci10Ba: 3HOC, CKIIOBOJIOKHO, MITIHAP, TUCK, TATIUK
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Abstract

Valve guides are crucial for maintaining proper alignment, positioning, and valve stem clearance as it
moves in the cylinder head. Valve bushings are subjected to load and sliding friction; with excessive wear of the
guides, the engine begins to consume oil and the valve mechanism becomes noisy. This paper proposes the use of
a special knurling to restore and increase the wear resistance of guide bushings. The profile tool is designed to
restore valve guides by rolling a spiral groove on the inner surface of the sleeve. After applying this technology, a
spiral oil-retaining profile remains on the surface of the sleeve bore. . Using the Solid model, the effect of changing
the geometry of the guide bore by the lubricating grooves on the maximum and average stress indices in the guide-
valve contact was analyzed. It was found that the maximum stresses of the model with grooves are lower than
those of the model with a smooth guide surface. Based on the finite element model, the durability of the valve-
guide pair with oil-retaining grooves was analyzed and it was determined how many cycles the contact surface of
the guide can withstand. It was established that by reducing the contact pressure, the actual resource of the guide
with grooves increased.

Keywords: guide bushing, valve, lubricating grooves, finite element analysis, contact pressure, resource.
Introduction

Valve guides, which are critical for maintaining proper alignment, positioning, and clearance of the valve
stem as it travels within the cylinder head, are typically made of materials that provide high wear resistance and
improved thermal conductivity. Valve bushings are subject to friction loads. Lateral forces act on the valve stem
caused by changes in geometry in the valve mechanism, wear of the rocker cam or rocker arm. When the guides
are heavily worn, the engine begins to consume oil and increased noise of the valve mechanism appears. This
applies to both the intake tract (vacuum in the cylinder) and the exhaust tract (Venturi effect).

In this work, the use of a special knurling tool is proposed to restore and increase the wear resistance of
guide bushings. The tool is designed to restore valve guides by rolling a spiral groove on the inner surface of the
sleeve. After applying this technology, a spiral oil-retaining profile remains on the surface of the sleeve hole,
which:

* increases the oil capacity of the surface, and therefore, improves the lubrication conditions in the friction
pair "valve-guide";

« creates a gas labyrinth seal in the connection, which prevents oil from entering the combustion chamber;

« strengthens the surface of the sleeve hole due to surface sealing (hardening effect).

The creation and study of the tribological properties of the lubricating profile on the inner surface of
cylindrical sliding guides has been given attention in scientific papers [1-9].

In this work, computer modeling of the performance of a valve guide with spiral grooves was carried out
using the lubricity criterion.

The geometry of the oil retaining profile and the lubricity of the profile

Copyright © 2024 K.E. Holenko, A.A. Vychavka, M.0O. Dykha, V.0. Dytyniuk. This is an open access article distributed under the
rw. Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
ot b the original work is properly cited.
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Let's analyze the effect of changing the geometry with lubrication grooves of the guide hole on the
indicators and . Using the method of extrusion of the body of the solid model, we draw a channel with a width of
1.5 mm and a depth of 0.05 mm in steps of 3 mm (Fig. 1).0naxCave

valves-
62472

-1
024 3:18 PM

0.000 5000 10,000 rwm)
— E—

wabees 1
6/24/2024 319 PM

c)
Fig. 1. Solid model of a guide with channels: a, b) guide separately and assembled with a valve; d)
cross section of the guide

The gap between the valve flap and the guide remains uniform and unchanged relative to the boundary
conditions of the previous modes: 0.03358 mm in the lower points of the spiral (protrusions) and increased by 0.05
mm in the upper ones (channel depressions).

Consider the hypothesis that the presence of channels in the valve guide improves the lubrication regime,
thereby reducing the coefficient of friction between the valve stem and the guide.p,,

Factors of the lubricity of the oil-retaining profile of the grooves:

-Improved oil flow: channels in the guide can improve oil distribution and flow, increasing the formation
of a lubricating film between surfaces.

-Hydrodynamic lubrication: Improved oil flow can change the lubrication regime from marginal or mixed
lubrication to hydrodynamic lubrication, where a full film of lubricant separates the contact surfaces, greatly
reducing friction.

-Reduced metal-to-metal contact: Channels help maintain a continuous oil film by reducing direct metal-
to-metal contact, thus reducing the coefficient of friction.

The Reynolds equation describes the pressure distribution in a thin film of oil between two surfaces. For a
simplified one-dimensional flow in the presence of channels, this can be expressed as:

(' 5) = 6US,

where: — film thickness, mm; — pressure in the film, Pa; — dynamic oil viscosity, Pa-s; — relative speed
between surfaces, m/s; — spatial coordinate along the length of the contact, mm.hppUx
The force of friction () in the hydrodynamic mode of lubrication can be estimated using:Fy

pUA

Ff=TA= e
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where: — shear stress in oil, Pa; — contact area, m2;TA
The coefficient of friction is determined by the ratio of the force of friction to the normal load (): F¢

Ff I.lUA

M R

For a typical guide without channels, the film thickness can be less uniform and thinner, resulting in more
friction due to more frequent metal-to-metal contact.h

For a guide with channels, the film thickness is more uniform and thicker due to improved oil flow, resulting
in reduced friction.h,

Assuming that the channels increase the effective thickness of the film by a factor (where ):aa > 1
h, = ah,
the coefficient of friction with channels can be expressed as: g,

_ uUA
- ahFN

Hfe

Due to the increase in the thickness of the lubricating film and the homogeneity through the channels, the
effective coefficient of friction decreases by the value of , confirming that the presence of channels can lead to a
decrease in the coefficient of friction. In the modes studied below with a profiled guide (with channels), the value
of the coefficient of friction is set.ap, = 0.05

Analysis of the stress state of the guide and valve with an oil-retaining profile

Taking into account the increase in the volume of space in the contact pair, it was empirically established
that for similar constructions of the guide with channels, the valueconvection heat transfer increases to 400-600
W/(m2-°C). Let's apply the value of convection equal to 450 W/(m?- °C).

The difference in the boundary conditions between the previous and the current studied regime is only in
growthconvection from 300 t0o450 W/(m?-°C), which is the result of modification of the geometry of the contact
surface of the guide (adding channels according toFig. 1)

D: A-2-900-0.04-¢ (450 convection)
Convection
Time: 1.e-002s

‘\
6/24/2024 4,48 PM // & }

Convection: 200. °C, 4.5¢-004 W/mm*°C

c 0,000 15.000 30.000 (mm)
[ I
5 7.500 22.500

Fig. 2. Application of convection 450 W/(m? °C) to the guide-valve contact pair

Let's analyze the influence of the channels in the guide on the resulting valve stresses (Fig. 2):

- the contact surface of the valve was subjected t023.5% lower maximum stresses in the channel
modelo,y,,,compared to mode (smooth guide hole). The extremum is fixed at a moment in timet,,=0.002 s. The
graph has a jumpy character, which is caused by the relief surface of the guide during the beginning of the
contact.Unlike the "smooth" mode, where growth is recordedoyayto 21.67 MPa followed by a decrease to 13.19
MPa at the end of the experiment (blue curve at 4.32), the uniformity of the curve(red curveon) clearly favors the
surface of the valve valve. Tensions range from: 14.27 MPa as oft,,,=0.0072 s (Fig. 4.23 b), 14.84 MPa (t,,=0.0145
s - fig. 4.23 ¢) and 13.6 MPa (t,;,= 0.0244with);

- the average stress value is 4.24 MPa, which is 6.27% higher thano,,.mode without grooves.The
explanation for this result lies in the "point-likeness" of stress transfer from the protrusions of the guide to the
smooth surface of the valve.Both extremes occur at the end of the experimentt,,= 0.04 s.
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Fig. 3.The effect of the presence of channels on the stress during: a, b) and on the contact surface of the valve;
¢, d) and on the contact surface of the guide, respectivelyt,,06 max0ave Omax®ave
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Fig. 4. Mises stress map of the valve surface at different time pointst,,: a) 0.0021 s; b) 0.04 s

The results on the contact surface of the guide are as follows:



58 Problems of Tribology

. maximum stresses of the model with the channelo,,are 12.08 MPa, which is 16.7% lower
than the mode with a smooth guide surface. Valueoy, .y achievedat the moment of time =t,,0.0385 s (Fig.
4.34 a). Locationo,,,,changes during the duration of the experiment, for example, as of =t,;;0.00214 s
(Fig. 4.34 b)oaxis 11.34 MPa and is observed at the edge of the opposite opening of the guide, and then
shifts towards the center of the guide: =9.54 MPa at the moment of time =0y,,x0maxtm 0.00621 s (Fig.
434 c)and 11.29 MPa int,;=0.0183 s. During the first 0.012 s, oscillations were recorded until the contact
between the valve and the guide was stabilized. Further, the stress curve is roughly parallel, but lower by
2.0-2.5 MPa. Thus, throughout the experiment, the valueGy,,xin the first mode with the channel is lower,
which positively affects the wear of the guide surface;

. unlike the smooth surface of the guide, the Mises stress map has clear contours within the
spiral of the channel. This effect is of practical benefit - by selecting the desired geometric parameters of
the channel, for example, the step, it is possible to control the distribution of stresses on the surface of the
guide;

. the average stress value is 2.32 MPa, which isc,y.-34.5%lower than the firstmode without
grooves.The explanation for this result lies in the transfer of stresses from the guide to the smooth surface
of the valve.o,,.By analogy witho,,,average stresses also exhibited fluctuations during the first
milliseconds of contact. Both extremeso ., come at the end of the experimentt,,= 0.04 s.
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Fig. 5.Mises stress map of the guide surface at different time pointst,,: a)0.0385with; b) 0.0062 s; ¢) 0.0183 s

Study of the thickness of the lubricating layer (gap) in the "valve-guide' pair
To confirm that there is no contact between the valve and the recesses of the guide channels, use the Contact

Tool > Gap tool. In fig. Figure 4.35 shows the value of Gap at different moments of time - the gap in the depressions
remains throughout the experiment, as evidenced by the blue color of the scale.
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Fig. 6. Map of the gap (gap) in the contact area at the moment of time: a) 0.00096 s; b) 0.0051 s; ¢) 0.0145 st

Let's investigate the situation with stresses on the surface of channel protrusions, comparing the results with
the entire surface (valves together with protrusions). The curves of the maximum stresses coincide throughout the
experiment (Fig. 6a), except for the period 0.018-0.021 s, where it is even higher for the entire surface (together
with depressions). This is quite unexpected, because the protrusions are always the first to perceive contact, which
was confirmed based on the evaluation of the size of the gap (gap). The situation with average stresses is more
unambiguous - it is lower by 2-3% in the case of only the surface of the protrusions during the entire experiment
= 0.04 s (Fig. 6b). This indicates that the depressions concentrate higher stresses on themselves. As a rule, they
appear in the corners of depressions, where theoretically the greatest bending moment occurs (the protrusion acts
as a cantilever beam).o 15 Oavelye-
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Fig. 7. Comparison of stresses on the surface of channel protrusions with the entire surface of the guide hole:
a) ; b)o-maxo-ave

Intermediate stress states exclusively on the surface of the protrusions are shown in Fig. 8. Consolidated
stress data are summarized in table. 1.
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b)

Fig. 8.Mises map of stresses exclusively on the surface of the protrusions of the guide at different moments of

timet,, : a)0.0021with; b) 0.0385 s

Summary results for stresses and for Ansys model modeso .6, Tebled
Contact surface of the valve

Regime O max. Mpa ACax. % tomax P Oaves Mpa | AGqye, o | to,y0r P
A-2-900-0.1-0.04 21.67 +50.3 0.013 3.99 +15.0 0.04
A-2-900-0.05-0.04-c 16.57 -23.5 0.002 4.24 +6.27 0.04

The contact surface of the guide

Regime Opmax. Mpa AG .y, %0 tomaxs P Oaves Mpa | AGuye, % | tg, 0o P
A-2-900-0.1-0.04 14.50 +3.4 0.04 3.54 +24.2 0.04
A-2-900-0.05-0.04-c 12.08 -16.7% 0.0385 232 -34.5% 0.04
A-2-900-0.05-0.04-c* 12.08 0% 0.0385 2.23 -3.9% 0.04

* the results of channel protrusion stresses

Durability of the "valve-guide" pair with oil retaining grooves

Let's set the "Scale Factor" value to 25 and measure how many cycles (Fatigue Tool > Life) the contact
surface of the guide can withstand with a 25-fold increase in each of the modes: N 0.«
mode A-2-900-0.1-0.04 receivedoy,xat a point in time t;,,=0.04 s and demonstrated =5655.8 cycles (Fig.

9 a);N.

mode A-2-900-0.1-0.04-cshowed =34620 cycles (Fig. 9 b) according to at the moment of timeN Gy

t,=0.0385.

G: A-2-900-0.1-0.04
Life

Type: Life

6/26/2024 10:35 AM

1e8 Max
l 3.3733e7
1.1379¢7

383856
. 1.294806
436795
1.4734e5
49703
16766

. 5655.8 Min -.

0.000 5.000 10,000 {mm)
— —
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B: A-2-900-0.04- il
Life

Type: Life
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Fig. 9. Maps of wear resistance based on the toold Tool Fatigue Tool > Life: a) regimeA-2-900-0.1-0.04
int,,=0.04 s; b) regimeA-2-900-0.1-0.04-c int,,=0.0385 s

Thus, by reducing the valuec,,,0n16.7% (table 4.3), the actual resource of the guide with channels
increased by more than 6 times.

Conclusions

1. Using the Solid model, the effect of changing the geometry with lubrication grooves of the guide hole
on the indicators of maximum and average stresses in the "guide-valve" contact was analyzed. It was established
that the maximum stresses of the model with grooves are 12.08 MPa, which is 16.7% lower than the mode with a
smooth guide surface.

2. Based on the finite-element model, the durability of the "valve-guide" pair with oil retaining grooves was
analyzed. It was determined how many cycles the contact surface of the guide can withstand with a 25-fold increase
in each of the modes. It was found that due to the reduction of the value by 16.7%, the actual resource of the guide
with grooves increased by more than 6 times.
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lonenrko K.E. Buuagka A.A., luxa M.O., Iatuawk B.O. MonentoBaHHA Hanpy:keHb B KOHTAaKTi i
OIIiHKA Pecypcy Mo 3HOCY HATIPAMHOI KIaMmaHHOTO MEXaHi3My i3 3MaNlyBaIbHUMH KaHABKAMH

Hanpapnaroui knmanaHiB MaloTh BHpilIanbHE 3HAYCHHS JUIA MiATPHMKH NMPaBHILHOTO BHPIBHIOBAHHS,
MO3HIIOHYBAaHH TaGOpMYBaHHS 3a30pYy LITOKA KJIAMaHa MiJ 4ac Horo pyxy B ToJIOBIN OJoKy 1wminapiB. Brymku
KJIANaHiB NiAI0ThC] HABAHTAXKEHHIO 1 TEPTI0 KOB3aHHA, PU BETUKOMY 3HOCI HANPABIIMIOUHX JIBUT'YH IOYHHAE
BUTpAauaTH MAcJIO 1 3'ABIAE€THCA MIABUINEHMH HIYM KIANAHHOIO MeXaHi3My. Y naHili poboTi 3anpornoHoBaHO
BHKOPHCTAHHA CIEINaJbHOI HAKATKHM JUIS BITHOBJIEHHA Ta MiJBMINEHHA 3HOCOCTIMKOCTI HANPAMHHX BTYJOK.
IIpodineHuil IHCTPYMEHT TPH3HAYCHUH [ BiJHOBICHHA HANPAMHUX KIaNaHIB [UIAXOM HAKOYYBaHH:A
cripaibHOI KaHaBKH Ha BHYTpilmHii mosepxHi rine3u. [licng 3acTocyBaHHsA 11i€T TEXHONOTIT Ha MOBEPXHi OTBOPY
TiIB3H 3aJMIIAETHCA CHipanbHUI MacloyTpuMyouHid npodins. 3a gomomororo momeni Solid npoaHnanizosano
BIUIMB 3MiHM reoMeTpil MacTHIBHMMH KAHABKAMH HANPABJIAKOYOIO OTBOPY HA MOKA3HUKU MAKCHMAJIBHOIO Ta
CEpPEHBOTO HANPYKEHb Y KOHTAKTI «HAIpaBLirOua-KiIanaH». BCTaHOBIEHO, IO MaKCHMAJIbHI HANPYKESHHA
MOJENi 3 KaHABKAMM HUKUE, Hi Y MOJENi 3 MIaIK00 HAPAMHOK noBepxHet. Ha ocHOBI kiHIIEBO-eneMEHTHOT
MoJIeNi TpoaHalli3oBaHO JIOBIOBIUHICTh MapH «KJamaH-HATPABIAOYa» 3 MAcIOyTPHUMYBAIRHHMH KaHaBKaMH i
BHU3HAYEHO, CKITbKH TMKIIB BHUTPUMYE KOHTAKTHA TIOBEPXHA HampsMHoi. BcTaHOBIEHO, 1O 3a paxyHOK
3MCHIICHHS 3HAUCHHS KOHTAKTHOTO THCKY (PAKTHUHHWH pecypc HaNpaBIsouol 3 KAHABKAMHE 30iNBITHBCH.

KiouboBi cyioBa: HampsiMHa BTYyIKa, KilanaH, MacTHIbHI KaHABKHM, CKIHYEHO-€JIEMEHTHHMH aHai3,
KOHTaKTHHH THCK, PECYPC
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Abstract

The paper presents original research results related to the resistance of proprietary eutectic coatings applied
to C45 structural steel to cavitation-erosion wear. This type of wear is encountered in devices operating in the
chemical, petrochemical, heat and power industry and other industries. The research was conducted on a unique
measuring stand developed by the authors. The research was conducted in a highly corrosive environment, i.e.
sodium chloride solution. As a result of the research work, curves of the change in the electrode potential of C45
steel with different surface conditions and its polarization curves were obtained. Thanks to these curves, it was
possible to determine the optimal method of protecting the tested steel against cavitation-erosion wear.

Keywords: cutectic coatings, structural steel, cavitation-erosion wear, sodium chloride, test bench
Introduction

To the most dangerous types of corrosive destruction of devices operating in the chemical, petrochemical,
heat and power industry and other industries include destruction under the influence of stress corrosion. The
interaction of corrosive environments with metal working under mechanical load leads to irreversible chemical
processes and phenomena at the metal - environment boundary and reduces the durability and reliability of
responsible parts of machines, devices and building structures[1-3].

In the literature, the results of numerous studies show that when the environment has a micro-impact effect
on the metal, corrosion processes increase rapidly. This is due to a number of reasons [4—6]. The first reason can
be indicated that during micro-impact, the diffusion of oxidants to the working surface of the part increases with
simultaneous outflow of dissolved metal ions from it. Another reason is that the adsorption layers of secondary
structures - corrosion products - are subject to intensive destruction. Thirdly, during micro-impact load,
a mechano-chemical effect is observed. Depending on the degree of micro-impact impact, the role and significance
of each of the above factors changes significantly [7-9]. It can be seen that at a low intensity of micro-impact
loading, the destruction of metal during cavitation-erosion fatigue is explained by the influence of the first two
factors. With the increase of external influences, i.e. with deformation and hardening of the surface layer of the
part, the third factor appears [10,11]. In order to increase the resistance to cavitation-erosion wear of metal surfaces
operating in a corrosive environment, eutectic coatings are applied.

The nature of cavitation-erosion fatigue significantly changes depending on the simultaneous impact of
such factors as the intensity of micro-impact load and corrosive activity of the environment. In the case of low
corrosive activity of the environment and high intensity of micro-impact impact, the mechanical factor dominates.
In the case of low external impact and high corrosive activity of the environment, on the contrary, the corrosive
factor dominates. In the conditions of medium intensity of micro-impact load and high or medium corrosive
activity of the environment, the intensity of corrosive processes increases. In this case, both mechanical and
corrosive factors appear, the role of which was confirmed by the following research results.

In the case of cavitation-erosion wear process in a corrosive environment, hydrogenation processes can
have a significant impact [12]. The negative influence of hydrogen on plasticity, fatigue strength and other

Copyright © 2024 M. Pashechko, V. Holubets, J. Zubrzycki, O. Tisov. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
[ original work is properly cited.
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mechanical properties of metals is known. As a result of high pressures and temperatures at the point of contact of
the metal with the liquid, intensive plastic deformation of the surface layer of the metal, destruction of passive
layers, it is possible to occur cathodic reactions with the release of hydrogen, the influence of which on the process
of cavitation-erosion wear process is different [13—15]. In the initial phase of wear and at low hydrogen
concentration, it increases microhardness and abrasion resistance. When the process duration and hydrogen
amount increase, wear resistance decreases. However, in relation to this work, such a conclusion requires further
research [16].

The possibilities of increasing the durability of machine parts subject to intensive cavitation-erosion wear
in corrosive environments by applying protective coatings with eutectic composition and structure are presented
below. Moreover, the study of electrochemical processes during cavitation-erosion fatigue in various environments
using the potentiostatic method confirms that the micro-impact interaction of liquids has a significant effect on the
nature and intensity of electrode reactions.

Experimental

The tests were carried out on two different eutectic coatings developed by the authors of the work and on a
sample made without a eutectic coating. The cavitation-erosion resistance of the developed coatings was tested
taking into account the mutual interaction of mechanical and corrosive factors [5,17,18]. The experiment consisted
of two stages: determination of electrochemical characteristics, which were used for theoretical prediction of
coating resistance. In the next step, wear tests were performed. The cavitation-erosion resistance of C45 steel with
eutectic coatings was tested in a 3% aqueous solution of NaCl on a specially designed measuring station (Fig. 1)
using potentiostatic method.

Fig. 1. Schematic diagram of the device for cavitation-erosion wear of coatings with simultaneous study of
electrochemical processes:
1-ultrasonic vibration generator with magnetostrictive vibrator, 2-potentiostat, 3-saturated coamel electrode,
4-working electrode (test sample), S-reference electrode (platinum) [12]

The experimental device consists of three main parts (Fig. 1): an ultrasonic vibration generator 1 with a
magnetostrictive vibrator, an electrochemical cell 4, in which a working electrode (sample) is placed, attached by
means of a thread to the magnetostrictive vibrator, and a potentiostat 2 model P-5827M. The diameter of the
samples, which also serve as working electrodes, is 0.01 m. Before connecting to the magnetostrictive vibrator,
the samples were pre-grinded using M20 sandpaper.

Results and Discussion

Based on the results of measurements of the general electrode potentials of the tested 45 steel samples in
the corrosive-erosive wear process in a 3% NaCl aqueous solution (Fig. 2), it can be seen that the eutectic coatings
of the powder mixtures used in the tests are of the cathode type.

The potential values almost do not change with time. Comparing the results of measurements of electrode
potentials of some eutectic coatings during cavitation-erosion wear in a 3% aqueous solution of NaCl and in this
environment in static conditions, one can notice differences in their kinetics when using ultrasonic vibrations from
ordinary corrosion. This difference is due to the fact that in the conditions of cavitation-erosion wear, diffusion
processes are present, intensified by acoustic currents in turbulent flows.
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Fig. 2. Change in the electrode potential of C45 steel without coating (c.1) with eutectic coatings from mixtures
No. 1 (c.2) and No. 2 (¢.3) during cavitation-erosion wear in a 3% aqueous NaCl solution

The destruction of the forming adsorption layers, corrosion products, mechanical destruction of the forming
micro irregularities and other phenomena are observed.

Conclusions

The high resistance of the coating of the mixture No. 1 is confirmed by the test results (Table 1). The
cavitation-erosion resistance of this coating in a 3% aqueous solution of NaCl is the highest and shows good
compliance with the anticorrosive and electrochemical properties of the coating in this environment under static
test conditions. High protective properties occur due to the structure and phase composition, represented by solid
solutions of chromium in oa-iron, nickel and manganese in y-iron, as well as insignificant amounts of the
Feo4Mns 6C phase.

Table 1
Cavitation and erosion resistance of steel 45 in various environments
Coating type AM *10°, kg
Distilled water 3% NaCl* 3% NaClI**
Without coating 3.2 6.2 12.9
Eutectic from  the
mixture
No. 1 0.7 13.1 29.8
No. 2 1.7 10.8 25.1
*Research time **Research  time
36-10% s 72-10% s

Since the hardness of the eutectic coating of the No. 2 mixture is higher than that of the No. 2 mixture, the
resistance characteristics of the coating of the base mixture are higher than those compared. This agrees well with
the data [12] regarding the wear resistance of eutectic coatings. When exposed to a corrosive environment (3%
NaCl solution), the mechanism of cavitation-erosion wear changes significantly. In this case, both the corrosive
and mechanical factors play the main role, with the corrosive factor dominating (it is known that as a result of the
micro-impact impact of the aggressive environment, the intensity of the corrosive factor may be proportional,
smaller or larger in comparison to the intensity of the mechanical impact). In connection with this, the described
electrochemical processes during cavitation-erosion wear of coatings are confirmed, which explain the resistance
characteristics of the tested coatings.
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It is worth mentioning the corrosion-fatigue nature of the destruction of the tested coatings, which in the
case of uncoated steel is visible in the increased occurrence of surface defects such as pores, cracks and others. In
contrast to eutectic coatings, where the uniform destruction of the hardened layer takes place over the entire
surface, in the boronized coating the destruction starts from the pores and then runs along the grain boundary of
the diffusion layer towards the ferrite or pearlite that make up the matrix with further splitting of the coating zone.

In conclusion, it can be noted that during the cavitation effect of a liquid environment on the surface of the
sample, intense short-term pressures develop, the duration of which is 103 s. Only the surface layer of the metal
takes part in resisting the dynamic effect of the environment, the depth of which, depending on the intensity of the
effect and the properties of the metal, can range from several micrometers to several millimeters [11,19].
Therefore, applying coatings of relatively large thickness and high hardness, continuity and plasticity to the metal
surface can be an effective means of increasing the durability of steel products under contact loading. The results
of tests of cavitation-erosion resistance of eutectic coatings with these properties confirm the validity of their use
for these purposes.

Thus, the factor responsible for long-term operation of machine parts under contact load in cavitation
conditions is not the high mechanical properties of steel with a coating, but its strength. This can be explained by
the fact that it is not the macroscopic characteristics of this coating, but the ability of the microvolume of its surface
layer to resist the influence of the surrounding environment, which can provide the resistance of the part under
similar load conditions. At the same time, it is necessary to ensure the structural uniformity of the surface layer of
the produced coating.
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MMameuko M., I'oay6ens B., 3yoknubkuii 1., TicoB O. KagiraiiiiHo-epo3iiiHa CTIHKICTh €BTEKTHYHUX
MOKPHUTTIB B PO3YMHI XJIOPHUIY HATPIIO

VY craTTi HABEJICHO OPUTIHATBHI PE3yJIbTaTH JOCIIPKECHb MO0 CTIHKOCTI 3aIlaTeHTOBAHUX €BTCKTUYHUX
MOKPHTTIB, HAHECEHNX Ha KOHCTPYKUiiHY cranb C45 1o kaBitauiliHO-epo3iiiHoro 3HomyBaHHs. Llel Bux 3HOCY
3yCTpIYa€eThCs B MPHCTPOSIX, IO MPALIOIOTH B XIMI4HIH, HAQTOXIMIUHIH, TEINIOGHEPTETHYHIN Ta 1HIINX TalTy3siX
MpOMHUCIIOBOCTI. JIOCHiPKeHHS TPOBOMMIIMCH HA YHIKaJBbHOMY BHUMIPIOBaJbHOMY CTEH[I, PO3pOOICHOMY
aBTopamH. JloCimiKeHHS MPOBOIMIA Y BACOKOKOPO3iHHOMY CEepeloBHIIi, TOOTO PO3YMHI XJIOPHIY HaTpiro. B
pe3yIbTaTi MPOBEICHUX JOCTIKEHh OTPUMAHO KPUBI 3MIHH €IEKTPOXHOTO mMoTeHmiamy ctaimi C45 3 pisHuMH
yMOBaMH TIOBEPXHi Ta il moJsApu3amiitHi KpuBi. 3aBASKH UM KPUBUM BIAJIOCS BH3HAYUTH ONTHMANBHUHN CTIOCIO
3aXUCTY MOCTIKYBaHOI CTalll Bil KaBiTAI[ITHO-EPO31HHOTO 3HOIIYBAHH.

KitoupoBi cii0Ba: €BTEKTHYHI MOKPUTTA, KOHCTPYKIIHHA CTajlb, KaBiTamiiHO-epO3iiHE 3HOLIYBaHHS,
XJIOPH]] HATPit0, BUIIPOOYBAJILHUMN CTEH]



