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Abstract

Introduction. When applying hydraulic fracturing technology to increase the efficiency of formation fluids, high-pressure
pumps with a crosshead drive assembly are used. The major problem in the operation of these pumps is the wear of the
crosshead guides. The crosshead is a flat sliding friction pair, leading to wear of the plunger seals and a decrease in the
basic pump performance indicators. To solve this problem, it was previously proposed to use new materials and
antifriction coatings, original designs of friction units, etc. However, a detailed description and solution to the problem
under consideration has not been found in the literature at present. The objective of this study is to determine, under
maximum load, the influence of the unit design, process temperature and pressure in the lubrication system on the values
of the parameters that provide for the hydrostatic mode for a flat thrust bearing in a crosshead-guide unit of a high-pressure
plunger pump.

Materials and Methods. The parameters were determined by the simulation technique using modal analysis applicable in
the case of high dynamic loads acting on the studied unit. The calculation of the hydrodynamic parameters of the
lubricating layer was based on the combination of the Reynolds model and the Stokes model in numerical modeling. The
study was conducted using a calculation model representing a section of a plunger pump, considered as “flexible bodies”
model, in the field of gravity forces. The mathematical dependences of the parameters under consideration were presented
in the form of regression equations obtained from the results of a numerical experiment.

Results. The maximum load on the lower crosshead guide was determined, for which further hydrodynamic studies were
conducted. Factors influencing the process were studied — gaps filled with lubricant (depending on the design of the
unit), temperature, and pressure in the lubrication system. Mathematical dependences of the influence of the considered
factors on the values of the parameters determining the establishment of the hydrostatic mode were obtained.
Discussion and Conclusion. The obtained mathematical models show the degree and influence of the factors under
consideration on the studied parameters of the hydrostatic lubrication mode of the unit — the force acting on the crosshead
from the lubricating layer, and the mass flow rate of the lubricant at the outlet of the system. It is found that the greatest
influence is exerted by the change in the volume of gaps filled with lubricant, the mass flow rate of lubricant at the
entrance to the system, which simulates the increase in pressure in the lubrication system of the friction unit. The results
obtained do not contradict the conclusions reached in works on similar topics, and can be used in further research.

Keywords: plunger pump, crosshead, hydrostatic friction, flat sliding bearing, lubricating layer, hydrodynamic
parameters
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue
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AHHOTAIUSA

Beeoenue. lpu ncnonp30BaHUH TEXHOJIOTHH THIPOPA3PhIBA TUIACTA IS TIOBBIIICHUS Y(PPEKTHBHOCTH TIACTOBBIX (DITFO-
UJIOB UCIIOJIb3YIOT HACOCHI BBICOKOT'O ABJICHUS C KPEHIIKOII(HOI KOMITOHOBKO# ipuBOoAHON YacTi. OCHOBHas mpobieMa
TIPH DKCIUTyaTalluy TaHHBIX HACOCOB — M3HOC HAIPABIIAIOMNX KPEHIIKOMI(a, IPEACTABISIIONIET0 COO0H IIOCKYTO MOCTY-
NaTeabHYI0 Napy TPeHUs, NPUBOAAIINHN K H3HOCY YINIOTHEHUH IUTyH)Kepa M CHUYKEHUIO OCHOBHBIX IIOKa3aTenel Hacoca.
Ha myTn pemenns nanHOU 3a1a4u paHee ObIIO MPEATIOKEHO IMPUMEHEHIE HOBBIX MaTepHaIoB M aHTH(QPUKITHOHHBIX IT0-
KPBITUH, OPUTHHAJIBHBIX KOHCTPYKIMH y3710B TpeHus U np. OIHAKO AeTaJbHOTO OIMCAaHUs U PELIeHNs pacCMaTpHUBaeMo
poOIeMBI B HACTOSIIIEE BpeMs B JINTepaType He HaiineHo. L{enpio TaHHOTO MCCIe0BaHus SBISIETCS ONpeAeICHIe IpU
MaKCUMAaJIbHOU Harpy3Ke BIUSHUS KOHCTPYKILUH y371a, TeMIepaTyphl Ipoliecca U AaBICHUS B CUCTEME CMa3KH Ha 3Hade-
HUS TApaMETPOB, 00ECTIEUMBAIOIINX THIPOCTATHICCKUH PEKUM JUTS TUIOCKOTO MOAMSATHUKA B y3J€ KpeHnKomng-Hampas-
JISIOIME TUTYHXEPHOT0 Hacoca BHICOKOTO JJaBJICHMUSL.

Mamepuanvt u memoost. OtipenieNieHue MapaMeTpoB MMPOBOIMIOCH METOIOM MMHUTAIIMOHHOTO MOZICTHPOBAHUS C HC-
M0JIb30BaHUEM MOJAJIbHOTO aHAJIN3a, IPUMEHUMOTrO B CJIy4yae BOSHUKHOBEHMS BBICOKUX TUHAMUYECKHUX HArpy30K, Jei-
CTBYIOIINX Ha MCCIEAyeMbIi y3emn. PacueT ruapoqnHaMUYecKuX apaMeTpoB CMa309HOTO CIIOS OCHOBAH Ha OOBEIUHE-
Huu Mozenu PeitHonbaca u Mogenu CTokca B YMCIEHHOM MOJienupoBaHuu. MccnenoBanue MpoBOIUIIOCH C UCIOIB30Ba-
HUEM PAaCYETHOM MOJIEIH, IPEeACTaBILIIONIEH cCO00H CEKIHIO TUTYHXEPHOT'0 Hacoca, pacCMaTPHUBAEMOM C TOUKH 3PEHHUS
MOJIENTN «TUOKHX TEN», B MOJIE CHJI TPaBUTAIMK. MaTeMaTHYecKHe 3aBUCUMOCTH PAacCMaTpPHBAEMbIX MTapaMeTPOB Mpe-
CTaBIICHBI B BHJIE YPABHEHUI PETPECCHUI, OTYICHHBIX IT0 Pe3yIbTaTaM YHCICHHOTO SKCIIEPUMEHTA.

Pezynomamut uccnedosanua. OnpenencHo 3Hau€HHE MaKCUMAaJIBHOW Harpy3KH Ha HIDKHIOIO HalpaBIISIOLIYIO0 Kpeuil-
Kotda, Ui KOTOPOTO MPOBOAWIHCH AATFHEHIIINE THAPOANHAMHYECKIE HCClIeoBaHms. VccnemoBanbl (GakTOPhl, OKa3bl-
BalOIINE BIMSHKUE Ha MPOIECC — 3a30pHl, 3aMOJIHSIEMbIE CMa3KOH (3aBHCSIIUE OT KOHCTPYKINH y3Ia), TeMIIepaTypa u
JaBJICHUE B CHCTeMe cMa3Ku. [lomydeHsl MaTeMaTHUeCKNe 3aBUCUMOCTH BIMSHUS PACCMOTPEHHBIX (PAKTOPOB HA 3HAUE-
HUS IapaMeTPOB, ONPEAEIAIOINX YCTaHOBICHHE THAPOCTaTHUECKOTO PEXKIMA.

Obcyrncoenue u 3akntouenue. 1lorydeHHbIe MaTEMaTHYECKIE MOJIETH MTOKA3BIBAIOT CTENICHb U XapaKTep BIUSHUS pac-
CMaTpUBaeMbIX (DaKTOPOB HA HCCIEAyEeMbIe TapaMeTPhl THIPOCTATHIECKOTO PEKUMa CMa3KH y3J1a — CHITY, NEHCTBYIO-
HIYIO Ha KPEHIIKoI(h) OT CMa304YHOIO CJI0S K MACCOBBIIM PacX0j] CMa3KH Ha BBIXOJIC CUCTEMBbI. BBISBICHO, 4TO HanOOJIbIIICE
BIMSHHUE OKa3BIBAIOT U3MEHEHHE 00beMa 3a30pOB, 3aMlOJTHEHHBIX CMa3KOW, MAcCOBBIH pacxo[a CMa3Kd Ha BXOJE B CH-
CTeMy, KOTOpPBIH MOEINPYET yBEIUUEHHE NaBICHUS B CMa304HOM cucTeme y3ia TpeHus. [loryueHHble pe3ynbTaTsl He
MIPOTHUBOPEYAT BBEIBOJAM, MOJIYYCHHBIM B pa0OTax MOJOOHON TEMAaTHKH, U MOTYT OBITh HCIIONB30BAHEI B JAITbHEHITNX
HCCIIEZIOBAHUSX.

KiaroueBble cji0Ba: IUTYH)KEPHBIH HAacoC, KPEHWHKON(, THAPOCTAaTHUECKOE TPEHHE, IUIOCKAN ITOCTYHaTeIbHBINA
MOJIIIMITHUK, CMA30YHBIN CIIOH, THAPOIUHAMUYECKHUE TTapaMeTPhI

BaarogapHocTH. ABTOPHI BBIpaXArOT ONArofapHOCTh KaHAWAATY TEXHHYECKHX HayK, AOIeHTy EdmmoBy A.B. 3a
KOHCYJIbTAIIMH TI0 KOHCTPYKIMSAM KPEHIIKO(HBIX Y3JIOB.
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Introduction. In recent years, hydraulic fracturing (HF) and massive hydraulic fracturing technologies have been widely
used for the efficient extraction of formation fluids. The unique properties of the materials used in hydraulic fracturing
provide a short production cycle and a small investment compared to the conventional extraction. Energy companies often
refuse to participate in long-term projects with an unstable and unknown future. However, the flexible manufacturing process
of HF technology avoids the uncertainty that is typical of mineral commodity markets that focus on the short-term [1]. The
HF technology requires the use of high-pressure pumps (105 and 138 MPa) with high flow rates (9,000 1/min) and a capacity
of more than 5,000 kW. The elastic seals of piston pumps do not withstand the required loads and do not allow adjusting the
tightening forces of the seal pack. This has led to the use of plunger pumps under these conditions. With such capacities, the
load on the pump rod (plunger) can reach more than 140 tons. With a pressure in the hydraulic part of the pump of 105 (138)
MPa (using highly aggressive and highly abrasive media as working fluids), sealing packs operate under extremely difficult
conditions, the modeling of which is the subject of papers [2, 3]. To relieve the radial load on the plunger seals, a crosshead
arrangement of the drive part is used, when the entire radial load from the connecting rod group is taken up by the crosshead
(slider). In high-power pumps (3,500-5,000 kW), the load on the crosshead in the contact zone with the guide can reach tens
of tons, which can cause the breakdown of the oil film in the contact zone.

The crosshead, moving along the guides, provides radial fixation of the plunger, taking up significant alternate loads
from the connecting rod and the pressure of the pump working medium. The crosshead is made of high-alloy steels and
experiences significant loads, unlike the guides, which, in addition to centering, must provide a minimum of friction costs.
Wear of the crosshead guides causes wear of the plunger seals and a decrease in pressure and feed. The crosshead guides
are a composite structure — a rigid base made of carbon steel and antifriction liners. To reduce wear of the liners, liquid
lubricant is supplied to the contact area under pressure by means of an oil hydraulic system. Uniform distribution of
lubricant in the contact area is provided by oil distribution grooves on the crosshead. However, these measures ultimately
provide a rather short service life (800—1,000 hours) of the crosshead group, which entails a reduction in the service life
of the entire pump. This determines the urgency of studying the conditions for the occurrence of a hydrostatic mode in
the unit under consideration, which is a flat sliding bearing. Such interaction is a typical example of flat sliding of a solid
surface of one part relative to another, which occurs in numerous mechanisms. The friction pair under consideration is an
open hydrostatic pair and has the advantages and disadvantages inherent in such systems. The instability of the position
of the moving element causes inevitable deviations in the hydrostatic pressure.

Sliding bearings are units that determine the reliability of numerous modern high-speed and highly loaded machines
(pumps, turbochargers, internal combustion engines, etc.). Sliding friction units have a number of common disadvantages
that cause premature wear and reduce the service life of a machine or unit. These include insufficient load-bearing and
damping capacity, leading to intensive wear, increased power losses, and lubricant consumption, as well as increased
mechanical wear of the bearing surfaces of the pads (so-called “bearing sagging’), which requires increased clearances.

Due to its high topicality, numerous researchers are working on the problem under consideration. The authors [4]
formulate indices for assessing the efficiency of the load by comparing the results to similar ones calculated on a virtual
test model. In the area of research conducted for friction units, the use of new materials and antifriction coatings is
proposed [5]. The quality of friction units is taken into account in the initial calculations and design. At the same time,
modeling methodologies are constantly being developed and improved [6]. The parameters affecting friction units are
constantly changing in accordance with operating conditions and materials. There is a need for new methods of modeling
and experimental verification of the models obtained. A number of studies are devoted to the problem of developing
optimized bearing units. Paper [7] describes an evolutionary optimization approach that enables designing a bearing with
exceptional characteristics both under specific and extreme operating conditions. An optimization approach was used in
developing a thrust bearing prototype. Some researchers are considering issues of obtaining a protective coating that
reduces wear on contact surfaces [8]. The results of studies [9] are devoted to the development of a mathematical model
of finite-length radial plain bearings and dampers with porous structural elements on the surface of the bearing bushing.

A number of researchers have noted the significance of selecting a suitable contact force model for analyzing the
dynamic response due to the presence of clearance. The closest to the problem under consideration is the study presented
in [10]. The conducted modeling and testing have shown that the dynamic characteristics of the mechanism taking into
account friction have significant differences at the acceleration level. Considering friction increases energy consumption.

The clearance in the prismatic pair of the slider(crosshead)-guides affects the dynamic characteristics and causes a chaotic
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response of the mechanism. Based on the experiment conducted by the authors of the paper, a 3D model of a hinge with
clearance for a slider-crank mechanism was proposed. This model is a comprehensive description of contact modes, which
uses a group of contact force models reflecting various phenomena of contact action. Nonlinear dynamic characteristics
of a mechanism with a sliding joint with clearance are established by combining theoretical calculation, modeling and
experiment. However, the study does not cover the slider-guide pair, and therefore, does not provide a complete
description and solution to the problem under consideration.

All the studies under consideration are to some extent devoted to the problem of increasing the service life of
engineering devices, developing new technologies or improving existing technologies and calculation methods that
increase the wear resistance of sliding friction units. Most of the papers are devoted to the operation of radial and thrust
bearings with linear contact surfaces. The calculations provided in them cannot be fully applied to flat bearings and
translational action. All the results obtained can form the basis of the present study, but require verification of applicability
for the planar contact of rubbing surfaces considered here. To develop an optimal design of the friction unit power supply
system, it is necessary to conduct a multifactorial study based on the Reynolds equation, whose boundary conditions are
the conditions of equality of pressure in the forcing and drain planes. This calculation is needed to determine the
parameters at which the hydrostatic friction mode is created. This research is aimed at determining, at maximum load, the
effect of the unit design, process temperature, and pressure in the lubrication system on the values of the parameters that
provide the hydrostatic mode for the flat thrust bearing in the crosshead-guide unit of a high-pressure plunger pump. The
research objectives include developing a computational model, performing a numerical experiment, processing its results,
identifying the relationship, and establishing mathematical dependences between the parameters that affect the
establishment of the hydrostatic operating mode of a flat translational friction unit.

Materials and Methods. Currently, numerous widely known approaches to modeling the motion of deformable
structures have been developed and are actively used to study complex engineering systems. The most acceptable research
method in the case of impossibility or high cost of conducting an experiment on a real object, due to its high cost and
significant mass and dimensional characteristics, is the method of simulation modeling. Among various methods of
approximate solution to the problem, the finite element method (FEM) stands out. This is a simple, but at the same time
very productive method, allowing for many different formulations oriented to various areas of application. It is well
studied and widely used in practice. In the considered case of high dynamic loads acting on the studied unit, when it is
required to take into account the inertial coupling between large displacements of the body and elastic deformations, the
use of modal analysis is applicable. Modal analysis allows obtaining natural frequencies, shapes and vectors of modes,
helps in the assessment of forces and reactions of the system at natural frequencies arising as a result of minimal
deformations. The study of force interaction in the system under consideration is assumed on a solid model of the plunger
pump section by means of modal analysis taking into account free vibrations and the frequency of natural modes of all
elements of the mechanism. This method gives good results in the case of conducting studies on the dynamic
characteristics of a structure subject to vibration [11].

Modeling the contact interaction of the crosshead and guides is reduced to solving a dynamic nonlinear problem of
the mechanics of a deformable solid body. In this formulation, it represents a system consisting of a crank shaft,
connecting rod, and crosshead-plunger. During the pump operating cycle, non-stationary dynamic stresses arise in the
structural elements, and the contact interaction is characterized by a time-varying contact area and force. The motion of
the mechanical system is described by the Lagrange equation of the second kind:
ﬁ[a—.T)—a—T+a—U=Qi,i=1,n, 1)
ot\ 0q, ;
where T — kinetic energy of the system; U — potential energy; Q; — generalized force; g; — generalized speed;
i — number of degrees of freedom of the given system.

The formulation of the FEM in terms of absolute coordinates takes into account small elastic deformations and the
motion of the body as a whole. This formulation covers the entire spectrum of possible problems in the area under
consideration, but it is very complex both for its study and for carrying out practical calculations. Therefore, the
application of this approach in problems in which elastic bodies participate in macromotion, but are subject to only small

deformations, often turns out to be unjustified from the point of view of efficiency.
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The most effective method of model reduction is the Craig-Bampton method, widely known as dynamic reduction or
the method of coupled substructures. When deriving the equations of the dynamics of elastic bodies subject to global
motion and small deformations, the following additional approximation is introduced: the inertia of the elastic structure
is concentrated in the nodes of its FEM model. This approximation makes it possible to derive the equations of dynamics
quite simply. These equations themselves turn out to be simple. The Craig-Bampton method determines the matrices of
the generalized mass and generalized rigidity through the modal transformation [12].

The study of hydrodynamic parameters of the lubricating layer is based on the combination of the Reynolds model
and the Stokes model in numerical simulation.

Continuity equation:

Ou v ow_

0. 2
ox oy Oz )

Navier-Stokes equations for the model of motion of a viscous incompressible medium [13]:
Ou Ou  Ou ou -1 op

—+u-—+v +w—=——+n-Au+g,,

ot Ox oy oz p Ox

@+u~@+v~@+w-@:_—1~@+n-Av+gy, 3)
ot Ox oy 0z p Oy

ow ow ow ow -1 0p
— U —tV—Fw—=—"
ot Ox Oy oz p Oz

where v, w, u — components of the speed vector in the Cartesian coordinate system x, y, z; 1 — kinematic viscosity; g,
gy, g- — components of mass forces; p — density of matter.

The Reynolds-Stokes-Galerkin finite element method (R-SGFEM) with sliding boundary conditions was used to
model and study the hydrodynamic lubrication. The effects were obtained on the basis of the Stokes equation, which was
calculated by the Galerkin finite element method [14]. Among them, the modified Reynolds equation effectively handles
the sliding boundary with different degrees of slippage. The Stokes equation solves the problem of recirculation in micro-
channels. The Galerkin method with elements can accurately simulate the pressures and speed in the lubricating field with
high accuracy and good adaptation to the shape of the boundaries. The motion of a continuous medium is described by a
system of hydrodynamic equations.

Mathematical dependences are supposed to be presented in the form of regression equations obtained from the results
of a numerical experiment. To construct regression equations, it is supposed to apply multivariate regression analysis
using the theory of experimental design [15].

Research Results. As a calculation model for the numerical experiment, a section of a plunger pump was simulated
consisting of: crank shaft (1), connecting rod (2), crosshead (3), crosshead guides (4), rod (5), plunger (6), seal pack (7) (Fig. 1).
The materials of the elements used in the dynamic calculation were: steel with an elastic modulus of 207 GPa (crank shaft,

connecting rod, crosshead-plunger), bronze with an elastic modulus of 106 GPa (guides) and 100 GPa (plunger seals).

Fig. 1. Plunger pump section
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The system was considered from the point of view of the “flexible body” model with six modes. An analysis of the
crosshead motion in the field of gravitational forces was performed for each element of the section [16]. The connections
(contact, rotation) were redefined, the shaft rotation frequency was set to 80 rpm (480 deg./s). Maximum plunger pressure
was 105 MPa, plunger diameter — 80 mm. The pressure from the pumped medium on the plunger during the injection
process was modeled by a spring with the appropriate stiffness, taking into account the plunger stroke of 164 mm. At
suction, the spring is automatically disconnected. The dynamic model is shown in Figure 2.

Fig. 2. Dynamic research model

Using this model, the maximum load on the lower crosshead guide was specified to be 43.5 kN, and its position
corresponding to this load was determined. All further calculations were performed for this load value. Based on the
determined position of the maximum load on the lower crosshead guide, the calculated hydrodynamic model shown in
Figure 3 was simulated. The gap between the crosshead and the guide was 0.35 mm. The thickness of one of the six

calculated boundary layers of the hydrodynamic calculation was 0.03 mm.

Fig. 3. Computational hydrodynamic model

The study was based on the following hypotheses and assumptions:

1. The friction pair slider — guide is a flat axial sliding bearing (thrust collar pivot-pad).

2. To provide hydrostatic conditions, the lubricant must be supplied under sufficiently high pressure so that the
external load is balanced hydrostatically. To calculate, it is necessary to determine the amount and pressure of liquid
required to be supplied into the gap to maintain the optimum thickness of the lubricating layer.

3. We make the assumption that the bearing is flat and wedge-shaped, we do not take into account the clearance. The
clearance is considered as geometric (the space between the guides and the crosshead, corresponding to the fit in the unit
under study).
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The following parameters are accepted as factors affecting the provision of hydrostatic conditions for a flat plain
bearing, which includes the crosshead-guide assembly under consideration:

— volume of lubricant in the gaps of the assembly under study depends on the design option, cm?;

— lubricant temperature in the contact zone, °C;

— pressure in the lubrication system, MPa.

The lubrication pressure was set through the lubrication flow rate at the system input. A preliminary regression
analysis was performed to determine the relationship between these parameters. The pressure was measured for a fixed

volume of 125 cm® and a temperature of 50°C. The results are shown in Figure 4.

P=-0.4501+5.5505 - x
P, MPa T T T T T T T T T T

2.0

1.8

1.4

1.2

0.8 . . . . . . . . . .
024 026 028 030 032 034 036 038 040 042 044 mokg/s

Fig. 4. Relationship between pressure Feu and lubricant flow rate mo at the system input

The results presented in Figure 3 show a directly proportional, close to linear dependence and confirm the correctness
of using the lubricant flow rate at the input to the system to simulate the process of setting the required pressure.

To conduct a full factorial experiment 23, the variation intervals presented in Table 1 were determined, and the design
matrix was compiled (Table 2).

The output parameters were: the force from the lubricating layer acting on crosshead Fip, N and the lubricant flow rate
at the outlet of the system, defined as the amount of liquid flowing through the gaps R, B, L, F.

Table 1

Intervals of Variation of Factors

Variation factors

X1 X2 X3
Factor levels

Design option . L
Pressure in lubrication

(volume of lubrication Temperature, °C
3 system, MPa
system, cm’)
Lower level (-) Option 1 (V1 =1.532) 20 1.0
Basic level (0) Option 2 (V2 =4.125) 50 1.5
Upper level (+) Option 3 (V3 =5.475) 90 2.0
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The design matrix and the response function values are presented in Table 2.

Table 2
Design Matrix 23 of Full Factorial Experiment
Input parameters Output parameters
V2
. . o . X3 ! Lubricant
Experiment Design option . Force from .
X2 Pressure in . consumption
number (volume of o lubricant layer on
.. Temperature, °C lubrication parameter (rate of
lubrication crosshead Fly,
3 system, MPa flow through gap),
system, m°) kN
m kg/s
1 " N y 15.803 03127
Option 3 90 2.0 ’ '
2 . * y 23.278 0.2104
Option 1 90 2.0 ’ ’
3 i g y 44.940 0.3139
Option 3 20 2.0 ’ ’
- - +
4 Option 1 20 20 66.074 0.2091
5 " N y 93.14 0.1689
Option 3 90 1.0 ‘ e
_ + _
6 Option 1 90 10 14.005 0.1169
J’_ — —
7 Option 3 20 1.0 27.310 -0.1661
. g y 40. 11
8 Option 1 20 1.0 0.969 0.1155
0 0 0
18. 2
? Option 2 50 1.5 8.579 0.2756

After processing the results of the numerical experiment, according to the presented planning matrix, dependences
were obtained, describing the influence of the factors under consideration on additional parameters:

y; =13.2984+3.052x, +3.56x; —6.5x,x, + 0.9xx3 —1.65x,x,x3, “)

¥, =0.1240.14x; + 0.096x, x5. 5)

After the transition from the standard scale to the natural scale, the regression equations took the following form:
— equation describing the pressure from the lubricating layer on the crosshead, N:
Fp =-10.94+2.67V —9.75m, —26.89¢ —0.004V¢ +18.46Vm, +1.64mt —0.398mVt. (6)

— equation describing lubricant consumption (flow through gaps), kg/s:
M =0.59 —1.37my +0.696m,V . @)

To visualize the results and perform their further analysis, graphs of the force function acting on the crosshead were
constructed. When fixing one of the factors at the basic level, the obtained dependences are presented in Figure 5.

Fp=27.908-6.153 -x+12.63-y+9.85 -x-y Fep=91.229-0.4395 - x— 12.502 - y + 0.06 - x - y

> 70

Il <68 I > 60

Bl <58 M <60

[ <48 Il <50
<38 <40
| <28 <30

B <18 <20

B <3 <10

a) b)
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Fip=-8.692+0224 - x—142-y+125-x"y

Il > 50
Il <48
M <43

<38

<33
<28
M <23
<18

Fig. 5. Dependences of the value of the force acting on the crosshead on the lubricating layer, with different combinations
of variation factors: a — value of the force at t = 50°C; b — value of the force at m = 0.346 kg/s;
¢ — value of the force at V =4.125 cm?

The graph of the dependence describing the lubricant consumption (flow through gaps) is shown in Figure 6.

PcM-Bmx =0.59-037-x-0.23 - y +0.649 - x - y

Il > 0.800
Bl <0725
Bl <0.625
[ <o0.525
[ <0.425
[ <0.325
B <0.225
B <o0.125
Bl <0.025

Fig. 6. Lubricant consumption at the system outlet (flow through gaps)

The dependences of the mass flow rate of lubricant at the system outlet (Fig. 6) and the mass flow rate of lubricant
supply (Fig. 7) on the volume of gaps filled with lubricant were also determined.

P.=0.12+0.008 - x
PC,kg/S T T T T T T T T T

0.165 F .

0.160 F .

0.155 F .

0.150 F -

0.145 F .

0.140 F -

0.135 F -

0.130 1 1 1 1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 55 7, m?

Fig. 7. Dependence of mass flow rate on volume
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Discussion and Conclusion. The resulting mathematical model, describing the dependence of the force acting on
the crosshead on the lubricating layer, shows that temperature has no great impact on the parameter under
consideration, since the coefficient of the regression equation for this factor is recognized as insignificant, and its

influence is realized only in pair interaction. This is well illustrated by Figure 4 b, c. The change in the volume of gaps
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filled with lubricant and the mass flow rate of lubricant at the inlet to the system, simulating the increase in pressure
in the lubrication system of the friction unit, have an equal effect. Simultaneous increase of these parameters leads to
a decrease in the force acting on the crosshead and maintaining the hydrostatic mode of operation of the unit when the
values are equal to the normal force pressing the crosshead against the guides. It is determined that an increase in
volume leads to a decrease in pressure in the system, and the desired effect is not achieved (Fig. 4 a). When fixing the
pressure in the lubrication system, an increase in the volume of gaps filled with lubricant results in an increase in the
force being studied and gives a positive effect (Fig. 4 b). Similarly, fixing the gap with increasing pressure leads to an
increase in the force of lubricant pressure on the crosshead (Fig. 4 ¢). The results of the numerical experiment do not
contradict the conclusions made in works that describe basic equations of the hydrodynamic theory of lubrication [9],
the rationale for the selection of initial and boundary conditions [10], as well as those papers that consider various
methods of supplying lubricant to the friction unit [16]. These results can be used in further research.

The equations obtained for the mass flow rate of lubricant at the system outlet, defined as its outflow through the gaps,
show that it depends on the parameters of the mass flow rate at the system inlet (lubricant supply to the unit) and the
volume of the gaps. The other factors considered do not affect this parameter. In this case, an increase in volume leads to
a decrease in the force acting on the crosshead, and an increase in mass flow leads to an increase in it (Fig. 5). The analysis
of the relationship between the mass flow rate of lubricant at the outlet of the system and the volume of the gaps allows
us to establish that the ratio of the increase in flow through the gaps to the increase in volume is approximately . This
shows that to maintain the pressure in the system at the same level with an increase in the volume of the gaps, a twofold
increase in the mass flow rate of lubricant when feeding into the system is required.

To determine the extremum for each of the parameters under consideration that affect the process of establishing the
hydrostatic mode and identify the optimal value of the initial operating parameters of the unit, it is necessary to conduct
a second-order experiment that takes into account the patterns identified in this work.
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