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The vast majority of modern research on the study of hydromechanical systems is based on the use of
the theory of automatic control and management. One of the main components of technical machines and cells
are their drives. Hydraulic drives are often used as power. In general, its functional and operational
characteristics have a decisive influence on the properties of hydrodynamic systems and general technical
machines. In this regard, close attention is paid to the study of hydraulic power drives. However, the power
hydraulic drive of technical machines and units in one form or another necessarily includes both electric and
mechanical drives, which turns it into a system of various drive systems. The vast majority of modern research
is devoted to the study of hydraulic drives, which are based on spool-type hydraulics, which limits the
possibility of using new structural materials in the drive systems of technical machines.

Many technical machines and installations, especially in agro-industrial complexes, work in harsh
conditions, with high temperatures and dust, low quality of working fluid and other unfavorable characteristics
that significantly reduce the reliability of drive systems equipped with hydraulic spool types and quality
equipment. At current levels of working pressure in the hydraulic system, the forces and speeds of the working
bodies of technical machines and units of the agro-industrial complex, the compressibility of the working fluid
and the flexibility of the hydraulic elements of the drive system are determined, become noticeable, which
requires further improvement of theory and methodology.

The theoretical basis of the method of calculating the equipment drive system has been improved on
the basis of the complex characteristics of the hydraulic system introduced by the author - the resulting
volumetric stiffness is used to simplify the drive modeling process by increasing the accuracy of calculation
and analysis of its results.

Key words: method, hydraulic drive, volume rigidity, modeling, drive, system, machine.

F. 14. Fig. 3. Ref. 13.

1. Formulation of the problem

As shown by the results of the analysis of the properties of drive systems of process equipment [1],
one of the main advantages of hydraulic drives is their rigidity, and it should be noted that the rigidity of
hydraulic systems of drives of process equipment is higher than that of other types of drives (electric,
pneumatic and magnetic).

In addition, the rigidity can vary depending on the requirements for them. At the same time, methods
for calculating the rigidity of hydraulic systems of drives of technological equipment are of interest.

2. Analysis of recent research and publications

Main part. The vast majority of modern research devoted to the study of hydromechanical systems is
based on the use of the theory of automatic regulation and control. The mathematical model of the hydraulic
system in this case is compiled on the basis of the flow continuity equation, while taking into account the
compressibility of the liquid and the compliance of the pipelines is carried out by introducing into the equation
a certain fictitious flow rate of the liquid spent on changing the volume of the working fluid during its
compression (expansion) and changing the internal volume of the pipeline section during its expansion
(compression), the values of which depend on the reduced modulus of elasticity of the pipeline [2].

Known methods for calculating the power hydraulic drive and other hydraulic systems, taking into
account the violation of the equation of continuity of the flow during the operation of the system in unsteady
modes. Thus, in [3, 4, 5] a numerical description of hydraulic drives is proposed, in which the “reduced
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stiffness of the pipeline element” [4] is used to determine the pressure increment in the hydraulic lines, and in
the hydraulic cylinder the “stiffness of the cavity under the piston face” [3].

3. The aim of the study

To analyze the improvement of scientific and methodological basis design of systems of drives of
technological machines.

4. Presenting main material

In order to increase the versatility of this method of calculating hydraulic drives and streamline it, we
propose to introduce the concept of “volumetric stiffness of hydraulic systems” into the practice of calculations
as an integrative criterion for assessing their dynamic properties [6].

The essence of the concept of "volumetric stiffness” can be revealed by referring to the generalized
Hooke's law, from which it follows that the change in fluid pressure at various points of the hydraulic system
is proportional to the change in its initial volume [7]:

v,
dp = —E V—l
) 0
then, denoting
- &
G= 5. 1)
we get
dp= —C/dvy,
where
d|
C[ = _El d_f/)[, (2)

where 7, — is the initial volume of liquid; dV; — is the increment in the volume of liquid corresponding
to the increment in pressure by dp; E; = :—I’j — bulk modulus of elasticity of the liquid; £, — liquid volumetric
!

compression ratio; C; — coefficient of “volumetric rigidity” of a certain volume of fluid, which from equation
(1) can be determined as the ratio of the bulk modulus of elasticity of the working fluid to the volume occupied
by it. Thus, “volumetric stiffness” characterizes the stiffness of some (well-defined) volume of liquid.
Equation (2) shows that the “volumetric stiffness” of a fluid is the increment in fluid pressure corresponding
to a unit increment of its initial volume that occurred under the action of this increment of pressure, or, in other
words, the “volumetric stiffness” of a fluid is the increment in pressure necessary to change the initial volume
of liquid per unit. The minus sign in (2) indicates that a positive pressure increment dp corresponds to a
negative fluid volume increment ¢V, and vice versa.

Equation (1) makes it possible to determine the volumetric stiffness of a working fluid bounded by an
absolutely rigid shell. However, in real hydraulic drives of technological equipment, a liquid (elastic) working
medium moves through pipelines and other elements of the system subject to volumetric deformation, which
must be taken into account when designing hydraulic drives with desired properties. To this end, we will
expand the concept of “volumetric stiffness” to the entire hydraulic system by introducing the concept of
“reduced volumetric stiffness” of the hydraulic system and its elements.

“Reduced volumetric rigidity” allows one to judge the compliance of the system as a whole and each
of its elements separately, similarly to the concept of rigidity of solids, which indicates the property of solids
to resist changing the linear dimensions of these bodies when external forces act on them. In this case, the
“reduced volumetric stiffness” makes it possible to estimate the spatial deformation, which is necessary to
describe the compliance of liquid media and their shells. According to the described logic, we write an equation
for calculating the coefficient of “reduced volumetric stiffness” of the hydraulic system for driving
technological equipment [1]:

G =3, 3)

where C,. — reduced volumetric stiffness of the considered section of the hydraulic drive (its element)

or the system as a whole; dp — is the pressure increment in the considered section of the hydraulic drive (on its

element) or in the system as a whole; dV — is the increase in the internal volume of the considered section of
the hydraulic drive (its element) or the system as a whole, corresponding to the increase in pressure dp.

Equation (3) allows us to define the reduced volumetric stiffness of the hydraulic drive system or its
element [2].
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The volumetric stiffness of the hydraulic system for driving technological equipment is the property
of the hydraulic system to resist changes in the internal volume under pressure.

Considering that the change in the volume of the hydraulic system occurs as a result of an increase in
the pressure of the liquid, which itself is compressed at the same time, the definition for the “reduced
volumetric stiffness coefficient” of the hydraulic system of the drive of technological equipment will be written
as follows: the coefficient of the reduced volumetric stiffness of the hydraulic system of the drive of
technological equipment is equal to the increase in pressure , which occurs due to the introduction into it of an
additional unit volume of the working fluid, reduced to the pressure of the external environment.

The use of the coefficient of reduced volumetric stiffness C,- makes it possible to describe the system
both when the fluid is stationary and when it moves, in the latter case, the equation [3] is used:

dp = Cr (ZQentry B ZQexit) dr, (4)
where dp — is the fluid pressure increment in the considered volume of the hydraulic system during the
time dt; 20, 120, . - are the total flow rates of the fluid entering and exiting the volume under

consideration, respectively; C, — is the coefficient of the reduced volumetric stiffness of the hydraulic system
or its element.

Consider the case when n different elements are connected to a certain point of the hydraulic system,
each of which has its own volumetric rigidity. Then, assuming that the change in pressure at a given point is
instantly transmitted to all points of the considered volume, we write:

n
dv= E v,
i=1

where dV — is the volume of liquid, reduced to ambient pressure, required to change the pressure in the
system by dp; dV; is the volume of liquid reduced to the ambient pressure required to change the pressure in
the i-th element by dp.

The coefficient of the reduced volumetric stiffness of the system as a whole is determined by the
equation [4]:

= dp 1 B 1
TELaAv; oye dViogn 1
i=1dp i=1Cq
after transformations, we finally get:
— H’?:] Ci
== 5
ST ©)

where C.,. is the coefficient of the reduced volumetric stiffness of the hydraulic system, consisting of n
jointly working elements; Ci - is the coefficient of volumetric rigidity of the i-th element of the system.

Coefficient of volumetric rigidity of hydraulic lines (pipelines). It is obvious that when the pressure
inside the pipeline changes as a result of deformation, its internal volume will change, which is determined by
the equation [5];

Vp =1 1,

where r and | are the current values of the inner radius and length of the pipe section under
consideration, respectively.

The change in the volume of the pipeline with a change in pressure can be estimated by knowing the
coefficient of its volumetric rigidity, found by equation (3), in which the volume increment is determined by
the formula [6]:

dVe=2z-r-l-dr+m-r*-dl, (6)
where dr and dl are the increment of the pipe radius and its length corresponding to the pressure
increment on dp.

At the same time, it is known that

r

dr =

do @)
‘p.w.m.

where £, ., - is the modulus of elasticity of the pipe wall material; do - is the increment of stress that
occurs in the pipe wall, corresponding to a change in pressure by dp. The stress that occurs in the pipe wall

when the liquid pressure p- is applied to it from the inside can be determined by the formula [7]:
r

o =p g ,
where 9 - is the pipe wall thickness.
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Then the total stress differential in the wall material is found by the expression:
do =p é(rdp + pdr), (8)
but since for pipelines with an elastic modulus significantly exceeding the elastic modulus of the fluid flowing
through them (£, ,,.,, » E;), we can assume that

rdp >> pdr, (9)
then, neglecting the second term in the bracket of the total voltage differential (8), equation (7) can be written
as:

dp, (10)

At the same time, we note that, in accordance W|th Hooke's law, the increment in the pipeline length
under the action of a tensile force is determined by the formula [8]:

dl = - dp ! (11)

Ep.w.m.' T '(I’g— 72) ’
where | is the current value of the pipeline length; r is the current value of the outer radius of the
pipeline.
Substituting the values of dr (10) and dl (11) into equation (6), we make transformations and obtain:

dV m’zl p
- Epom ,,2 2 )P

Or, replacing the radii with the correspondmg dlameters we get:

”déwm
p 4Ep w.m /d -1 d -1 (12)
Where d,, = % is the ratio of the current value of the outer diameter of a cylindrical pipeline to the

current value of its inner diameter [9].
Then from equation (3), taking into account (12), we finally obtain an expression for determining
coefficient of volumetric stiffness of the pipe section wall:

_ ™Epwm 1

Crv.._
v ndi.w.ml<i+¢
dy-1 df,-]

Obviously, generally, the coefficient of volumetric rigidity of the pipeline wall (13) is a non-linear
value that depends on the current values of the pipeline diameters and its length, which are determined by
pressure [9], the change of which is determined by the volumetric rigidity of the pipeline wall. Generally, the
coefficient of the reduced volumetric stiffness of the pipeline with a working liquid is determined by equation
(5) taking into account (1) and (13):

C _ 4Ep,w m 1

rv.p.” 2
71511,_14,_,,,11+ 2 2L 1
Epwm dp-1 d -1

If, however, the deformation of the pipeline in the axial d|rection (pipeline with a small length and
diameter) and the nonlinearity of the coefficient of reduced volumetric rigidity pipeline can be neglected, it
can be determined by the equation [10]:

(13)

E;

CV.V.p‘ % (]+d() Ey (14)
0 Ep.w.m

where C,,, ,, is the coefficient of the reduced volumetric stiffness of the pipeline with the working
fluid; ¥, - the value of the internal volume of the pipeline before its deformation; d, and o are the initial the
value of the inner diameter and the wall thickness of the pipeline (taken constant) respectively.

Determining the coefficient of the reduced volumetric stiffness of the cylindrical wall by equations
(13) and (14), one should keep in mind condition (9), from which it follows that they can be used only for the
calculation of cylindrical pipes made of metal or other material with a sufficiently large modulus of elasticity.
At the same time, in the power hydraulic drive of various equipment, high-pressure flexible hoses (HPR) are
widely used, which are rubber-cord a shell whose elastic properties are not amenable to a rigorous analytical
description [11]. At In this case, it is obvious that the reduced volumetric stiffness of such shells has a
dependence on pressure, which should be determined experimentally. Figures 1, 2, 3 show the experimentally
obtained [12] graphs of the pressure dependence of the coefficients of the reduced volumetric stiffness of
various high pressure hoses.

124



Ne1(116) /2022 TexHika, eHepreTHka,
TpaHcnopt AIIK

=
{

Vol. 116, No 1 /2022

—_—2 4 3 1
s 6
=
~ 4
&
o
o 2 —
£t
0w O
o~ 0
5 0 10 20 30 40
£
=)
3
> Pressure, MPa

Fig. 1. Graphs of the dependence of the reduced volumetric stiffness coefficients on pressure: 1 — pressure
dependence of the coefficient of reduced volumetric stiffness of a high pressure hose with a nominal diameter
di = 16 mm, the length of which, without taking into account the length of the fitting nipples (net length of the
rubber-cord sheath), is L11 = 0.94 m; 2 — pressure dependence of the coefficient of reduced volumetric stiffness of
the same high pressure hose, the length of which, without taking into account the length of the fitting nipples, is
L2 =1.94 m; 3, 4 — pressure dependences of the coefficients of the reduced volumetric stiffness of the same hoses,
recalculated according to equation (5) per 1 meter of their length
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Fig.2. Graphs of the dependence of the coefficients of reduced volumetric stiffness on pressure:
1 —pressure dependence of the coefficient of reduced volumetric stiffness of a high pressure hose with a nominal
diameter d, = 32 mm, the length of which, without taking into account the length of the fitting nipples, is
L1 =0.88 m; 2 — pressure dependence of the coefficient of reduced volumetric stiffness of the same high pressure
hose, length which, without taking into account the length of the fitting nipples, is L» =1.88 m; 3, 4 — pressure
dependences of the coefficients of the reduced volumetric stiffness of the same hoses, recalculated according to
equation (5) per 1 linear meter of their length

—3 4 2 1

cm3
o N w SN

0 10 20 30 40

Volumetric stiffness, MPa /

Pressure, MPa

Fig.3. Graphs of the dependence of the coefficients of the reduced volumetric stiffness of the high pressure
hose on pressure when they are included in the circuit in series: 1 - pressure dependence of the coefficient of
reduced volumetric stiffness of high pressure hoses with a nominal diameter di. = 16 mm, the net length of the
rubber-cord shell of which is L1, = 1.94; 2 - pressure dependence of the coefficient of the reduced volumetric
stiffness of the high pressure hose with a nominal diameter d> = 32 mm, the net length of the rubber cord shell of
which is L1 = 0.88; 3, 4 - pressure dependences of the coefficients reduced volumetric stiffness of the above sleeves
connected in parallel in the circuit; (3 - determined by equation (5) using experimental data)
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Analyzing the graphs shown in Fig. 1, 2, 3, it is easy to see that the coefficients reduced volumetric
stiffness of all investigated high-pressure hoses in the zone of low pressure (p < 15 MPa) increase non-linearly.
This character of the change in the coefficient of reduced volumetric stiffness can be explained by the fact that
in this zone of pressure change the shell expands due to the selection of gaps between the strings of a braided
metal cord, as well as possible presence of undissolved air in the system. With further increase in pressure
working fluid inside the shells, the coefficients of their reduced volumetric stiffness change linearly, since in
this case their volume changes due to the stretching of the strings forming cord, and changes in the modulus
of elasticity of the liquid itself [13]. That is, here, with some approximation, the HPH can be considered as a
metal shell with certain rigidity characteristics.

Obviously, to describe the stiffness characteristics of high pressure hoses of different lengths, there is
no need to experimentally determine the coefficient of the reduced volumetric stiffness of each of them. It is
sufficient to know the coefficient of reduced volumetric stiffness per unit length of each type of shell, which
will allow, using Eqg. (5), to calculate the coefficient of reduced volumetric stiffness of a high-pressure hose of
any length.

5. Conclusions

Improving the methods for calculating and designing drive systems for technological equipment based
on the application of the reduced volume stiffness coefficient hydraulic system during their modeling allows
to simplify the modeling process along with the simultaneous increase in the accuracy of calculations and the
quality (visibility) of their analysis.
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JOCKOHAJICTb OCHOB MATEMATHUYHOI'O METOAY NPOEKTYBAHHS
I'APOCUCTEM ITPUBOAY TEXHIYHUX MALINH

Ilepesadxcua Oinbuticms cyuacHux 0OCHIOHCeHb, NPUCBAUEHUX BUBYEHHIO 2i0POMEXAHIYHUX CUCTEM,
IPDYHMYEMbCS HA GUKOPUCIAHHT Meopii agmoMamuyno2o pe2yniosanus ma ynpasninusa. OOHIEI0 3 0CHOBHUX
CKAA008UX MEXHIUHUX MAWUH [ ocepedKis € ix npusodu. 1 iopasiiuni npusoou 4acmo sUKOPUCMOBYIOMbC K
cunosi. 3azanom, 1io2o YHKYIOHANbHI Ma eKCIAYAMAYiliHi XapaKmepucmuky Maoms SUPIUATbHUL GNIUE HA
61acmMuBoCcmi  2iOPOOUHAMIMHUX CUCTHEM | 302ANbHOMEXHIYHUX MAuiuH. Y 383Ky 3 yum nuavhy yeazy
NPUOINEHO OOCTIONCEHHAM 2I0PABIIUHUX CULOBUX NPUE00ie. DOHAK CUNOBULL 2IOPONPUBOD MEXHIYHUX MAULUH |
azpecamis 6 miti uu iHWIN GopMi 0008'13K060 GKIIOUAE AK eNeKMPUYHULL, MAK | MeXAHIYHUL NPUBOOU, U0
nepemeoproe 1020 6 cucmemy pisHOMAHImMHUX cucmem npusody. Illepesadsicna 6Ginvicms CyYaACHUX
00CHI0JCEHb NPUCEAHEHA BUBHEHHIO 2IOPONPUBODIS, 8 OCHOBL SIKUX JEXHCUMb 2I0PABTIKA 30JI0MHUKOB020 TMUNY,
WO 00MeNCYE MONCIUBICMb BUKOPUCTNAHHA HOBUX KOHCMPYKYIUHUX Mamepianie y cucmemax npusodis
MEXHIYHUX MAUUUH.

Bacamo mexuiynux mawun i ycmanogox, 0cooauBo 8 acpOnpoOMUCIOBUX KOMNIIEKCAX, NPAYI0Ions 8
AHCOPCMKUX YMOBAX, 3 BUCOKUMU MEMNEPpAmypamu i 3anuienicmio, HU3bKOW AKicmio poboyoi piounu ma
IHWUMU  HeCRPUAMIUSUMU XAPAKMEPUCMUKAMU, WO 3HAYHO 3HUNCYIOMb HAOIUHICMb CUCmeM HPU8ooy,
ocHawjeHux 2i0pagIiuHuUMU 30J0MHUKOGUMU MUnamu i AKIiCHUM obnaonanusm. Ilpu nomounux pigHsax
POOOUO20 MUCKY 8 2IOPOCUCTEMT BUSHAYATOMBCSL CUMU | UBUOKOCTE PYXY POOOUUX OP2AHI8 MEXHIUHUX MAUUUH
i acpecamie AIIK, cmucaugicms pobouoi piounu i eHyuKicme 2i0pasiiuHux enemeHmie nPpusooHol cucmemu.
CMams NOMIMHUMU, WO BUMARAE NOOATLULO20 BOOCKOHALEHHS Meopii ma MemoouKu.

Teopemuuna 0CHO8a MEMOOUKY PO3PAXYHKY CUCHEMU HPUBOOY 0OIAOHANHS 00CKOHANEHA HA OCHOGI
66€0CHUX ABMOPOM KOMNWIEKCHUX XAPAKMEPUCTMUK 2i0pAGIIYHOI cucmeMu - GUKOPUCIAHA pe3Yibmyloyd
00'emHa srcopcmKicms  0036018€ CHPOCMUMU NPOYEC MOOEN8AHHS NPUBoOy, NIOBUWUBWU MOYHICTb
PO3PAXYHKY M AHANI3Y. 1020 pe3yibmamis.

Knrouoei cnoea: memoo, 2ioponpusio, ob'emHa sicopcmricmv, MOOETO8AHHS, NPUBIO, CUCMEMA,
Mawiuma.
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