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Introduction

The data obtained from the operation of process units in
the oil and gas industry show that the rubbing surfaces of
their components often have insufficient lubrication, which
results in the formation of burrs, as well as the chafing and
jamming of these rubbing surfaces [1]. Therefore, motors,
pumps, and compressors often experience friction pair wear
[2] including such pairs as the cylinder sleeve-piston ring;
shaft-slider bearing, piston pin-rocker arm, etc. Heavy friction
wear has a huge impact on the reliability of the friction pairs
and their service properties. The pair cylinder-piston ring
has the highest mechanical losses and the most high-wear
joints. In particular, the review of publications shows that
about half of the mechanical losses in car engines are caused
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by friction in the cylinder-piston group [3]. The impacts of
high-temperature and pressure on those friction pairs result
in a complex wear mechanism associated with adhesion,
abrasion, etc., which causes frequent failures of these friction
pairs and units [4]. Unit failures may result in accidents and
significant economic losses [5].

There is practically no more potential design changes
that could improve the lubrication feed to the friction
surfaces without complicating unit design, or they are
economically unfeasible. For instance, there are significant
design restrictions due to the well operation, which is crucial
for the friction pairs of the rod well pump. One of the few
potential solutions is improving the retention of the lubricant
on the rubbing surfaces [6]. To implement this solution, we
need to optimize the microrelief of the working surfaces
of the rubbing components using various relief-forming
technologies with essentially unlimited control over all of the
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geometric parameters of the microrelief formed [7-9]. When
the operating component, e.g. the piston ring, approaches the
microrelief component, its lubricant pressure initially drops
and then increases, which creates a pressure differential and
forms its load capacity. One of the advantages of this method
is that it can be implemented during equipment repairs, e.g.
plating the cylindrical surface of the component [10].

Modeling the surface geometry is becoming increasingly
popular because it is possible to relatively easily improve the
tribological properties of friction pairs via the changing of the
surface geometry. The study of various microrelief geometries
and their tribological properties has both the theoretical and
applied value for design and producing relevant geometries
[11]. To study the friction between the piston (piston ring)
and the cylinder sleeve using the interchanging surface
geometries, several different models have been developed.
In particular, the authors of [12,13] claim that the efficiency
of lubrication could be higher if the piston ring had a proper
microrelief of parabolic pits covering 15% of the surface area.

The cyclic movement of the operating component of the
machine results in a gradual wear of any given microrelief
type at the periphery along the movement axis of the com-
ponent due to the formation of increased contact pressure
areas. This results in the deterioration of the initial microrelief
into the cellular form, i.e. the deterioration of the rotational
paraboloid into the elliptic paraboloid with uneven positive
parameters. This was discovered in the operation experience
and experimental research [6, 14]. Thus, a significant propor-
tion of material is worn-out during the machine attrition and
operation. This results in the deterioration of intended service
properties of the microrelief and the cylindrical surface, the
secondary flaking, and other adverse effects. Experiments
showed that the initially-set elliptical microrelief reduces the
attrition wear [14]. That being said, there is no data on the
service properties of cylindrical surfaces with the cellular
microrelief in current publications. The service properties of
the microrelief surface are primarily assured by the hydro-
dynamics of the lubrication layer, the hydrodynamic load
capacity that occurs due to the microrelief form.

Based on the above, the goal of this research is to
analyze the service properties of the cylindrical surfaces
with the cellular microrelief. Thus, we determined the
following research objectives: creating the analytical and
the computer hydrodynamic models (CFD) for the behavior
of the lubrication layer on the cylindrical surface with the
elliptic cell microrelief, their analysis, and result comparison.

Analytical model
The theory of hydrodynamic lubrication is based on the
Reynolds differential equation [15]:
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where x, y are the coordinates for the tangential to the inter-
nal surface of the bearing recess and for the thickness of the
lubrication layer; p=p(x, y) is the pressure in the lubrication
layer; v is the rubbing surface speed projection to the axis x;
U is the closing speed of the rubbing surfaces; y is the dynam-
ic viscosity of the liquid; (x) is the lubrication layer thickness
function.

Assuming there is no movement along the y-coordinate,
and the respective pressure value does not change, equation

(1) shall look as [16]:
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where £ is the gap height; h is the gap height at which the
pressure gradient along the gap length dp/dx=0 and p=max.
Following the procedures described in [17] and taking
into account (2), along with the calculation model in figure 1,
we obtained expression (4) describing the distribution of the
hydrodynamic oil pressure for the arbitrary (integrated) func-
tion of the lubrication layer thickness h(x) over the length L:

J‘L dx

0 X X d

p(x)=6 "’ (x I -[[hz (xx) 4)
Io h3(x)

Using figure 1, we constructed equations describing the
gap profile in a non-dimensional form. To simplify the task,
as the sizes are quite small, assume that the lubrication layer
thickness function is linear. Then, /(x) shall be described with
a system of equations:

x—h”+h0, xe[O;l];
n(x)=1 1 ®)
Xi
—Terho, xe[l;L].

Inserting the obtained integral expressions in expression (4),
we get the system of equations describing the distribution of the
hydrodynamic oil pressure in the gap for two profile sections:

hlx(l - x) re [0.1].
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Finding the linear (unit-width) hydrodynamic load
capacity P, of the elliptic cell. As the profile gap is symmetrical,
it will be sufficient to find the load capacity for half of the
profile. Integrate expression (6) using variable x within the
limits of 0 and [, and after elementary transformation, we get
the load capacity expression for half an elliptic cell profile:
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Fig. 1. The calculation model for the elliptic cell
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According to GOST 25347-2013 and [18], the use of the
running fit H7/f7 is preferred for compressor pistons and
cylinders. For a cylindrical joint with a diameter of 280 mm,
we have the upper cylinder displacement of +0.052 mm, the
lower displacement of 0, the upper displacement of the piston
ring of -0.056, and the lower displacement of -0.108 mm. The
tolerance range for the cylinder-piston system is shown in
figure 2.

For the gap hy, take average gap S., then ,=0.108 mm.
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Fig. 2. Tolerance range location

Fig. 3. The 2D geometry of the computational region

Table 1
Geometry of cells
Parameter Value
Maximum cell depth, mm 0.260
Minor axis, mm 3.78
Major axis, mm 8.0
Gap height, mm 0.108
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Fig. 4. The dependency of the linear hydrodynamic
load capacity of the lubricant and the current

depth £, of the elliptic cell
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CFD analysis methodology

The geometrical parameters of an elliptical cell (table 1)
required for the computerized hydrodynamic modeling
were taken from the mathematical model shown above.
The visualization of the computational region is shown in
figure 3. It was created using the SolidWorks software.

All of the calculations were carried out based on the
finite-volume method using the ANSYS Fluent software. This
method is based on the second order of accuracy to solve the
transfer equations for both the laminar and turbulent models.
To contain the equations, we used the turbulence model
of Shear-Stress Transport (SST) k-w. This model assures
higher accuracy and reliability of forecasts for currents near
the walls because it accounts for the transfer of turbulent
tangential strains and assures accurate flow forecasts for
cases with adverse pressure gradients attributed to flow
breakaway. The detailed description of the SST k—w model
and the transfer equations we use is shown in [19]

The computational grid was created. It was calibrated
based on the sensitivity analysis based on the grid size
independence. The refinement was carried out until the
results began to correlate with the values produced in the
mathematical model. We used quadrilateral elements with
compacted cell sizes from 0.03 mm in the cell to 0.04 mm in
the remaining part of the grid. The total number of elements
was 36190.

The set properties of the service liquid (oil) were as fol-
lows: viscosity — 10 mm?/s, density — 800 kg/m?®.

The boundary conditions were set on the faces pre-
arranged during the construction of the grid. Since we took
zero boundary conditions, the input and output pressure was
assumed to be equal to zero. The upper boundary imitates
the cylinder sleeve wall, therefore we set it as stationary. The
lower boundary imitates the piston ring, therefore we set its
speed at 1 m/s.

Results and discussion

As shown in previous research works [17], the maximum
load capacity was achieved with the microrelief with a pitch
comparable to the set axial height of the piston ring (ceteris
paribus). For instance, assume /=8 mm.

Insert values in expression (7), we get the dependency of
the linear hydrodynamic load capacity of the lubricant and
the current depth of the elliptic cell. The dependency graph
is shown in figure 4.

Figure 4 shows that the maximum hydrodynamic load
capacity occurs at 7,=0.128 mm.

To check whether the microrelief with a pitch comparable
to the set axial height of the piston ring assures the maximum
hydrodynamic load capacity, assume the load capacity
dependency of two variables, 1, and I/2 (fig. 5).

As we can see from figure 5, the maximum linear hydro-
dynamic load capacity of the lubricant is achieved at I/2=4
mm. This value cannot be increased as this will result in the
reduction of the compression ratio of the piston compressor.

The visualization of the lubricant hydrodynamic load
capacity distribution in the gap with the elliptic cell is shown
in figure 6.

As we can see from figure 6, the hydrodynamic load
capacity P(x) decreases nonlinearly and then increases to 0
over the first half of the section. This happens because the
gap height increases along with the movement. After that,
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Fig. 5. The dependency of the linear hydrodynamic
load capacity and the current depth h,
of the elliptic cell length 1/2
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Fig. 6. The distribution of the lubricant hydrodynamic
load capacity in the gap with the elliptic cell

the gap decreases, resulting in the increased load capacity.
The maximum load capacity is observed on part 21/25 of the
major axis of the cell ellipse, after which it decreases to 0.
Using the circuit function in the ANSYS Fluent software,
we obtained the distribution of the pressure in the lubrication

cell can provide additional lifting hydrodynamic pressure of
3 kPa. The issue of elliptic cell geometry assuring the highest
load capacity shall be tackled in the following papers, as well
as the problem of the technology used for the formation of
cellular microrelief surfaces.

layer shown in figure 7. For illustrative purposes, we
used 100 circuits. The overlaid turquoise curve in figure 7
illustrates the results of the load capacity distribution from
the analytical model.

Comparing the results of the CFD-model and the ana-
lytical solution, we can assess the adequacy of the result
obtained. Since we used zero boundary conditions, the input
and output pressure, as well as the pressure in the center of
the cell, takes zero as its value. The location of the lubrication
layer pressure maximum and minimum also aligns with the
similar data on the load capacity obtained from the analyti-
cal model as shown in figure 7. The numerical results show
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Fig. 7. The distribution epure for the hydrodynamic

that the elliptical cell microrelief applied on the sleeve can pressure of the oil in the gap with the elliptical cell

potentially reduce the wear of the piston ring because a single

Conclusions

*  We made a hypothesis about the high potential efficiency of using the elliptical cell microrelief to assure
the service properties of cylindrical surfaces and reduce the attrition wear of the process units.

¢ The analytical model of lubrication layer behavior on the cylindrical surface with elliptical cell microrelief
produced based on the theory of hydrodynamic lubrication.

e Using the ANSYS Fluent software, we produced the computerized hydrodynamic model (CFD) for the
behavior of the lubrication layer on the cylindrical surface featuring elliptical cell microrelief.

®  The analytical model showed that the maximum hydrodynamic load capacity occurs at the cell depth of
0.128 mm, which corresponds to part 21/25 of the major axis of the elliptic cell.

e Using the hydrodynamic CFD model, we calculated the lifting hydrodynamic pressure in one cell, and it
equaled ~3 kPa.

e The location of the lubrication layer pressure maximum and minimum in the cell aligns with the similar
data on the load capacity obtained from the analytical model, which means that the models are sufficiently
accurate.

® Based on the results of the research, we can confirm the significant efficiency of using an elliptic cell
microrelief to assure the service properties of cylindrical surfaces. This requires additional research of
cellular microrelief in terms of both the optimal cell geometry and their formation technology.

The studies were carried out according to the state assignment from the Ministry of Science and Higher Education of the
Russian Federation, for the project «Development of a set of scientific and technical solutions in the field of creating biofuels
and optimal biofuel compositions, providing the possibility of transforming consumed types of energy in accordance with
trends in energy efficiency, reducing the carbon footprint of products and using alternative fuels to fossil fuels» (Contract
FSRZ-2021-0012), in the scientific laboratory of biofuel compositions of the Siberian Federal University, created as part of the
activities of the Scientific and Educational Center «Yenisei Siberia».
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Pedepar

PabGota ITOCBsIIIeHa COBEPITIEHCTBOBAHNIO TEXHOAOTITIECKIX METOZOB ITOBBHIIIEHNI M3HOCOCTOMKOCTU JeTalert
map TpeHus. Ha mpumepe mopriHeBOro KOMIIpeccopa ITpeAcTaBA€HO MCCAeJOBaHMe ITMAMHAPIIECKNX ITOBepX-
HOCTell JeTajeif ¢ MuKpopeapedpom sgencroro tmma. Popma sS9eiKM IMpeAcTaBAsAeT COOOM DAAUTITIYECKIUI
mapa0o0A0¥14, ¢ HepaBHBIMM ITOAOXKWUTEALHBIMI ITapaMeTpaMI. BBICOKMIT TTOTeHIaa MCIOAB30BaHUSA SIEUCTOTO
MuKpopeaneda CBA3aH CO CHIKeHVeM IprpabOTOYHOTO M3HOCa ITap TpeHus Hpy odecriedeHNy (PpOPMOIT MUKpPO-
peavedpa TMAPOAMHAMITIECKON HeCyIrell CrIOCOOHOCTM CMa304YHOTO CAO0s. 3ajadl MCCAeJOBaHMA CBeANCh K Iapa-
MeTpUIeCKOMYy aHaAu3y TOBeAeHNsT CMa304yHOTO CAOS B 3a30pe C SJeriKoil MuKpopeabeda. 451 DTOro IMOCTpoeHa
aHaANTIIeCKasl MOAeAb, OCHOBaHHAsI Ha TEOPUU ITMAPOAMHAMITIECKOI cMa3Kl, a TakKe rocrpoeHa CFD-Mozeas B
nporpammHom obecriedern ANSYS Fluent. /a5 3aMbIKaHIs ypaBHeHNI TlepeHoca Oblaa MMPUHITa MOJeab TypOy-
aentaoctn SST k—w. Obe Moean moKaszaau, 9TO MaKCHMaAbHas THAPOAMHaMITIecKas HecyIras ClIOCOOHOCTh ITpH-
xoauTcs Ha 75% AAVHBI OOABITION OCK DAAWIICA TIEMKM JacTh, 9TO IpmxoAuTcst Ha 0.128 MM 1o rayduHe s9eiiku.
MakcnmMaapHOe TOABeMHOe THMAPOANHAMITIECKOe AaBAeHle Ha OAHOI sidelike MUKpopeabeda cocraByao 3 Klla.
ITo pesyabTaTam mapaMeTpUIecKOTO aHaAM3a MOXKHO KOHCTaTHPOBATh CyIIIeCTBeHHBIN TTOTeHITaA MCIIOAb30BaHIs
SYEVICTOTO MUKpopeabeda 445 0DecrIedeHysT 9KCIIAyaTalllIOHHBIX CBOVICTB Tap TPeHVT TeXHOAOTHMYEeCKUX arperaTos.

Katouesvte crosa: mapa TpeHus; IMAb3a UANHAPA; IOPIIHEBOe KOABLIO; SIMEUCTHII MUKpOpeabed; INAPOAN-
HaMMJecKasl Modeab; MaTeMaTn4decKast Modeab; ANSYS Fluent; 4ByxmepHBIiT TapaMeTpIIecKIii aHaAN3.

Gozciik tipli mikrorelyefli sathlar ila siirtiinma ciitlarinin
istismar xassalorinin texnoloji taminat1
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Xiilasa

Moagqals siirtiinme ciitlorinin hissaciklerinin asimnmaya davamliliginin artirilmasi texnoloji {isullarinin
tokmillasdirilmasine hasr edilmisdir. Pistonlu kompressor niimunasinda gozciik tipli mikrorelyefi olan hissaciklarin
silindrik sathlarinin tadqiqi teqdim olunmusdur. Gozciiyiin formasi geyri-barabar miisbat parametrlore malik
elliptik paraboloiddir. Gozciiklii mikrorelyefden istifadenin yiiksek potensiali yaglayici tebaqenin hidrodinamiki
dasiyiciliq qabiliyyetinin mikrorelyef forma ile tomin edilmasi zamanu siirtiinma ciitlarinin aginmasinin azalmasi ile
alagadardir. Tadqigatin magsadlarine mikrorelyef gozciiklori arasindaki boslugda yaglayici tebagenin 6ziinii nece
aparmasinin parametrik analizi daxildir. Bunun ti¢iin hidrodinamik yaglama nazariyyasine asaslanan analitik model
vo ANSYS Fluent program teminati vasitesilo CFD modeli qurulmugdur. Dagsinma tenliklerinin ehtiva edilmasi
tclin SST k—-w turbulentlik modeli gobul edilmisdir. Hor iki model gostormisdir ki, maksimum hidrodinamiki
dasiyiciliq qabiliyyeti gozciik ellipsinin asas oxunun uzunlugunun 75%-ds bas verir ki, bu da gozciiyiin darinliyinin
0.128 mm-na tesadiif edir. Mikrorelyefin bir gozciiylindeki maksimum qaldiric1 hidrodinamiki tazyiq 3 kPa tagkil
etmisdir. Parametrik analizin naticalarine asasan tesdiq etmak olar ki, texnoloji aqreqatlarin siirtiinma ciitlarinin
istismarmin tomin edilmasi tigiin gozciiklii mikrorelyefden semarali istifads etmak olar.

Acgar sozlar: stirtiinms ciitliiyiy; silindr qolu; piston halqas; gozciiklii mikrorelyef; hidrodinamiki model; riyazi
model; ANSYS Fluent; ikiol¢iilii parametrik analiz.
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