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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. 
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Аннотация 
Введение. При использовании технологии гидроразрыва пласта для повышения эффективности пластовых флю-
идов используют насосы высокого давления с крейцкопфной компоновкой приводной части. Основная проблема 
при эксплуатации данных насосов — износ направляющих крейцкопфа, представляющего собой плоскую посту-
пательную пару трения, приводящий к износу уплотнений плунжера и снижению основных показателей насоса. 
На пути решения данной задачи ранее было предложено применение новых материалов и антифрикционных по-
крытий, оригинальных конструкций узлов трения и пр. Однако детального описания и решения рассматриваемой 
проблемы в настоящее время в литературе не найдено. Целью данного исследования является определение при 
максимальной нагрузке влияния конструкции узла, температуры процесса и давления в системе смазки на значе-
ния параметров, обеспечивающих гидростатический режим для плоского подпятника в узле крейцкопф-направ-
ляющие плунжерного насоса высокого давления. 
Материалы и методы. Определение параметров проводилось методом имитационного моделирования с ис-
пользованием модального анализа, применимого в случае возникновения высоких динамических нагрузок, дей-
ствующих на исследуемый узел. Расчет гидродинамических параметров смазочного слоя основан на объедине-
нии модели Рейнольдса и модели Стокса в численном моделировании. Исследование проводилось с использова-
нием расчетной модели, представляющей собой секцию плунжерного насоса, рассматриваемой с точки зрения 
модели «гибких тел», в поле сил гравитации. Математические зависимости рассматриваемых параметров пред-
ставлены в виде уравнений регрессии, полученных по результатам численного эксперимента.  
Результаты исследования. Определено значение максимальной нагрузки на нижнюю направляющую крейц-
копфа, для которого проводились дальнейшие гидродинамические исследования. Исследованы факторы, оказы-
вающие влияние на процесс — зазоры, заполняемые смазкой (зависящие от конструкции узла), температура и 
давление в системе смазки. Получены математические зависимости влияния рассмотренных факторов на значе-
ния параметров, определяющих установление гидростатического режима.  
Обсуждение и заключение. Полученные математические модели показывают степень и характер влияния рас-
сматриваемых факторов на исследуемые параметры гидростатического режима смазки узла — силу, действую-
щую на крейцкопф от смазочного слоя и массовый расход смазки на выходе системы. Выявлено, что наибольшее 
влияние оказывают изменение объема зазоров, заполненных смазкой, массовый расход смазки на входе в си-
стему, который моделирует увеличение давления в смазочной системе узла трения. Полученные результаты не 
противоречат выводам, полученным в работах подобной тематики, и могут быть использованы в дальнейших 
исследованиях. 

Ключевые слова: плунжерный насос, крейцкопф, гидростатическое трение, плоский поступательный 
подшипник, смазочный слой, гидродинамические параметры 
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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 l/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:  

 , 1, ,i
i i i

T T U Q i n
t q q q
 ∂ ∂ ∂ ∂

− + = = ∂ ∂ ∂ ∂ 
 (1) 

where T — kinetic energy of the system; U — potential energy; Qi — generalized force; qi — 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: 

 0.u v w
x y z
∂ ∂ ∂

+ + =
∂ ∂ ∂

 (2) 

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

 

1 Δ ,

1 Δ ,

1 Δ ,

x

y

z

u u u uu v w u g
t x y z x
v v v vu v w v g
t x y z y
w w w wu v w w g
t x y z z

∂ ∂ ∂ ∂ − ∂ρ
+ ⋅ + ⋅ + ⋅ = ⋅ + η⋅ +

∂ ∂ ∂ ∂ ρ ∂
∂ ∂ ∂ ∂ − ∂ρ

+ ⋅ + ⋅ + ⋅ = ⋅ + η⋅ +
∂ ∂ ∂ ∂ ρ ∂
∂ ∂ ∂ ∂ − ∂ρ

+ ⋅ + ⋅ + ⋅ = ⋅ + η⋅ +
∂ ∂ ∂ ∂ ρ ∂

 (3) 

where v, w, u — components of the speed vector in the Cartesian coordinate system x, y, z; η — kinematic viscosity; gx, 
gy, gz — components of mass forces; ρ — 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, cm3; 
− lubricant temperature in the contact zone, °С; 
− 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 cm3 and a temperature of 50°C. The results are shown in Figure 4. 

 

Fig. 4. Relationship between pressure Fсм and lubricant flow rate m0 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 Fкр, 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 

Factor levels 

Variation factors 

х1 х2 x3 

Design option  
(volume of lubrication 

system, cm3) 
Temperature, °С 

Pressure in lubrication 
system, MPa 

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 

 

0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 m0, kg/s
0.8

1.0

1.2

1.4

1.6

1.8

2.0

P, MPa
P = –0.4501 + 5.5505 ∙ x 
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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 

Experiment 
number 

Input parameters Output parameters 

х1 

Design option 
(volume of 
lubrication 
system, m3) 

х2 

Temperature, °С 

x3 

Pressure in 
lubrication 

system, MPa 

y1 

Force from 
lubricant layer on 

crosshead Fсм, 
kN 

y2 

Lubricant 
consumption 

parameter (rate of 
flow through gap),  

m kg/s 

1 + 
Option 3 

+ 
90 

+ 
2.0 

15.803 0.3127 

2 
– 

Option 1 
+ 
90 

+ 
2.0 23.278 0.2104 

3 
+ 

Option 3 
– 

20 
+ 

2.0 44.940 0.3139 

4 – 
Option 1 

– 
20 

+ 
2.0 66.074 0.2091 

5 + 
Option 3 

+ 
90 

– 
1.0 93.14 –0.1689 

6 – 
Option 1 

+ 
90 

– 
1.0 14.005 0.1169 

7 + 
Option 3 

– 
20 

– 
1.0 27.310 –0.1661 

8 – 
Option 1 

– 
20 

– 
1.0 

40.969 0.1155 

9 0 
Option 2 

0 
50 

0 
1.5 

18.579 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:  

 1 1 3 1 2 1 3 1 2 313 298 3 052 3 56 6 5 0 9 1 6 ,5y . . x . x – . x x . x x – . x x x= + + +  (4) 

 2 3 1 30 12 0 14 0 9 .0 6y . . x . x x= + +  (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: 
 кр 0 0 0 010 94 2 67 9 75 26 89 0 004 18 46 1 64 0 398 .F – . . V – . m – . t – . Vt . Vm . m t – . m Vt= + + +  (6) 

− equation describing lubricant consumption (flow through gaps), kg/s: 
 0 00 59 1 37 0 696 . M .  – . m  . m V= +  (7) 
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. 

  
a) b) 

Fкр = 27.908 – 6.153 ∙ x + 12.63 ∙ y + 9.85 ∙ x ∙ y Fкр = 91.229 – 0.4395 ∙ x – 12.502 ∙ y + 0.06 ∙ x ∙ y 
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c) 

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;  

c — value of the force at V = 4.125 cm3  

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

 

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. 

 

Fig. 7. Dependence of mass flow rate on volume 

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 

Fкр = –8.692 + 0.224 ∙ x – 142 ∙ y + 1.25 ∙ x ∙ y 

Pсм-вых = 0.59 – 0.37 ∙ x – 0.23 ∙ y + 0.649 ∙ x ∙ y 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 V, m3

0.130

0.135

0.140

0.145

0.150

0.155

0.160

0.165

PC, kg/s
Pc = 0.12 + 0.008 ∙ x 
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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 c). 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 ½. 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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