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Abstract

Introduction. Energy conservation is an urgent topic of research in the mechanical engineering all over the world. A
particular direction in these studies is the search for energy-efficient methods of testing technical systems, which provide
the most accurate prediction of the reliability of the designed equipment. The duration of resource tests, established by
technical conditions and GOST standards, causes an irreversible loss of energy, amounting to more than 1.5 of the
resource of the tested machine, and the energy lost in the form of “harmful heat” is released into the environment.
Therefore, the problem of energy saving during testing is given special attention. One of the ways of energy saving under
testing of hydraulic machines is energy recovery. However, in papers devoted to energy recovery during testing of
hydraulic machines, the problems of energy recovery during testing of rotary hydraulic machines were solved, and for
reciprocating hydraulic machines, the problem of energy recovery during testing of plunger hydraulic cylinders was
solved. The results of these studies cannot be directly used for testing reciprocating hydraulic cylinders. In this regard,
the objective of this work has been formulated — to develop the structure and basic scheme of a test bench for
reciprocating hydraulic cylinders, providing the recovery of part of the energy spent on testing, due to which the energy
efficiency of the testing process is significantly increased.

Materials and Methods. The paper used simulation techniques for the stand functioning based on the application of the
theory of volumetric rigidity. To perform preliminary calculations of the stand operation process, a computer program
based on the SimInTech software package was developed.

Results. A structural and schematic diagram of a test bench for reciprocating hydraulic cylinders has been developed. A
mathematical expression has been obtained that provides a preliminary assessment of the test efficiency coefficient. A
computer program based on the SimInTech software package has been created, which allows the design parameters of
the stand affect its operational characteristics, including the coefficient of energy efficiency of the test process.
Discussion and Conclusion. The preliminary calculations of the operating characteristics of the stand showed that the
efficiency coefficient of the proposed stand was 1.7. It can be increased by conducting additional studies aimed at
obtaining rational design parameters of the stand. The proposed stand provides testing of reciprocating hydraulic cylinders
with recovery of part of the expended energy, and its mathematical model allows using the numerical methods in
calculations. This significantly simplifies the calculation process and increases the accuracy of the calculations. At the
same time, it is possible to obtain rational parameters of the stand already at the design stage, without resorting to
expensive and labor-intensive field studies.
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AHHOTALMA

Beeoenue. Bo Bcem Mupe sHeprocOepexeHHe SBIICTCS aKTyalbHOH NpoOIeMoil ais ucclefoBaHWA B 00JacTH
MammHOcTpoeHus. Ocoboe HarpaBlieHHE B STHX HCCIEIOBAHUSIX — MOUCK 3HEProd(h(HEeKTUBHBIX METOIOB UCIBITAHUN
TEXHHYECKHX CHCTEM, KOTOpHIE MO3BOJSIOT Hauboiee TOYHO IPOTHO3MPOBATH HAAEKHOCTh IPOEKTUPYEMOTO
o0opynoBaHUs. YCTaHOBJICHHAS TeXHWYECKHMMHU ycnoBusaMH u ['OCTaMu UIMTENBHOCTH DPECYPCHBIX HCIIBITAaHHUH
MIPUBOJNUT K O€3BO3BPAaTHOM MOTEPE SHEPTUH, COCTABIIONIEH Oosee yeM 1,5 pecypca HCIBITYEMOM MallluHbI, TepsemMast
K€ TP 3TOM DHEPrusi B BUJE «BPEIHOIO TEIUIa» BBUIENSETCS B OKpyXaromlyio cpeny. I[losromy npobGieme
9HeprocOepexeHust B Mpolecce UCIBITaHUH yaensercs ocoboe BHUMaHue. OJHUM M3 MyTel HeprocOepekeHus Mpu
WCTIBITAHUSX THAPABIMYECKUX MAIINH SBJISIETCS peKynepanus sHepruu. OJJHako B paboTax, MOCBAIIEHHBIX PEKyNEpaluu
OHEPIrunu MNpU HCHOBITAHUAX THUAPABIMYCCKHUX MalllWH, PCIIAIMCh 3aJadyu PEKYyIECpalruu SHEPIruu IMpPU HCIbITAHUAX
THIPOMAIINH BPAIIaTeNbHOTO IEHCTBHA, a JUId TMAPOMAIINH BO3BPAaTHO-TIOCTYNATENHHOTO NEWCTBHS OblIa pelieHa
3ajaya pEKyIlepaluyd SHEPIHMU MPU HUCHBITAaHUAX IUIYHKEPHBIX THIAPABINYECKUX IMIMHAPOB. Pe3ynbpTaThl 3THX
HCCIIEOBAaHUH HE MOTYT HANPSIMYIO MCHOJIB30BAaThCS IS MCTIBITAHUH TTOPIIHEBBIX THAPOLMINHAPOB. B cBs3M ¢ 3THM
copMyIMpoBaHa [eJIb HACTOSAIIEH pabOTHl — pa3paboTKa CTPYKTYPHI M IPUHIUITMAIBEHON CXEMBI CTEH/Ia UCTIBITAHUN
TIOPITHEBBIX THAPOILIINHAPOB, 00SCIICUNBAIONIETO PEKYIEPALMI0 YaCTH SHEPTUH, 3aTPaunBAacMO Ha WCIIBITAHHMS, 32
cuéT yero sHepreTuyeckast 3p(HeKTHBHOCTH NPOIECCca UCIBITAHNA 3HAYMTEIBEHO TTOBBIIIACTCS.

Mamepuanst u memoosl. B paboTte NCIIOIB30BAIMCH METOIBI MOJICINPOBAHUS Ipoliecca (pyHKINOHUPOBAHUS CTEH A Ha
OCHOBE NPUMEHEHHUS TeopuH OO0BEMHOI EcTkocTH. Jlsi NpoBeneHMs TpeaBapUTENbHBIX pPacdy€TOB mpolecca
(YHKIIMOHMPOBAHUS CTeH/ja pa3paboTaHa KOMIIBIOTEpHas IporpamMMa Ha 6a3e mporpamMmmHoro kommiekca SimInTech.
Pesynvmamut uccnedosanusn. Pazpaboranpl CTPYKTypHas M IPUHLIUIIMAIBHAS CXEMbI CT€H/Ia UCIBITAHHS MOPLIHEBBIX
THIPaBINYECKUX IUIMHAPOB. [loyyeHo MaTeMaTUIeCKOe BbIpaKEHUE, [TO3BOJIAIOIIEE AaTh IPEABAPUTENILHYIO OLIEHKY
koaddurmenty sddexruBroct ucnpitannii. Co3ana KOMIBIOTEpHAs MporpaMma Ha 6a3e MporpaMMHOIO KOMILIEKCa
SimInTech, naromas BO3MOXHOCTh KOHCTPYKTHBHBIM IapamMerpaM CTEHJa BIMATh Ha €ro 9SKCIUTyaTallMOHHbBIE
XapaKTePUCTHKH, BKIF0Uast K03 duitneHt 3nepreTmdeckoil 3pPEeKTHBHOCTH MPOIIECCca NCTIHITAHNUS.

Oébcysycoenue u 3axkniouenue. 11poBeieHHbIE TIPEIBAPUTEIBHBIC PACUETHl XapaKTEPUCTHK (PyHKIMOHUPOBAHUS CTEHNA
MOKa3ad, 4To KodddunueHT s3pekTHBHOCTH MpeiaraeMoro creHa cocrasisier 1,7. Ero MOXHO MOBBICHTH 32 CUET
TIPOBEJCHUS JIOTIOJHUTENBHBIX HCCIICAOBAHUM, HAINPABICHHBIX HA MOIYyYeHHWE PAIMOHAIBGHBIX KOHCTPYKTHBHBIX
napameTpoB cTeHna. IIpemioskeHHbI CTeH oOecleunBaeT MCIBITAHUS MOPIIHEBBIX T'MAPABIMYECKAX LMIHHIPOB C
peKymepanuei yacTi 3aTpadeHHOlN SHEPIHH, a €ro MareMaTH4yecKass MOJEb MO3BOJISIET MCIONIb30BaTh NPH pacuérax
YHUCJIEHHBIE METOJbl. DTO 3HAYMTENHHO YIPOIIAET MIPOIECC PacyETOB M MOBBIINIAET UX TOYHOCTH. [IpH aTOM moONyyaTh
palOHAJIBHBIC MapaMETPhbl CTCHAA MOXHO YK€ Ha CTaJuM €Tro NPOCKTHPOBAHUA, HE HpH6eFaﬂ K IOpOTroCTOoAIINM U
TPy03aTpaTHLEIM HATYPHBIM HUCCICAOBAHUSAM.

Ki1ioueBble cj10Ba: MaTeMaTHIECKOE MOACIMPOBAHUEC, TOPIIHEBLIC THAPABINYCCKUC HUIMHAPBI, CTCH AJI UCIIBITAHWA,
pekynepanus SHepruu, KodhpPuiueHT 3¢ HeKTUBHOCTH UCTIBITAHUS

BaarogapHocTu. ABTOPBI BRIP@XKAIOT 0J1aroIapHOCTh PEAAKIUK U PELIEH3eHTaM 32 BHUMATEJIbHOE OTHOLICHUE K CTaThe
Y YKa3aHHbIC 3aMEYaHUs, YCTPAHEHHE KOTOPBIX MO3BOJIMIIO MMOBBICUTH €€ Ka4eCTBO.

Jnst uuruposanus. 3eauH A.P., Pridak A.T., beckonbuisaeni A.H., [Temmmerko A 1O., Ceparokosa FO.A. CteHna ucmbITaHus
TIOPIIHEBBIX THAPABIMYECKUX IMIMHIAPOB C pPEKylepanmeil 3Heprum: CTPYKTypa, MOACIMpOBaHWE W pacu€r. Advanced
Engineering Research (Rostov-on-Don). 2024;24(4):347-359. https://doi.org/10.23947/2687-1653-2024-24-4-347-359

Introduction. Most critical criteria of the quality of modern engineering products are their reliability and energy
efficiency. Reliability is maintained at various stages of the product life cycle [1]: at the stages of theoretical research [2],
development [3], production [4], and operation [5]. Energy efficiency is of great importance in the running of continuously
operating drives of technological [6], transport [7], loading-and-unloading machines [8], hydraulic excavators [9], and
other machines and mechanisms. Energy saving acquires special interest in the operation of highly loaded machines [10],
their testing [11], and diagnostics [12].
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At present, when testing hydraulic machines, loading systems are often used in the form of loading devices that
consume a significant amount of hydraulic or mechanical energy resources, which are inefficiently used and eventually
irretrievably lost.

One of the most important areas of improvement and development of new testing systems for hydraulic machines is
moving away from traditional hydraulic motor loading systems (mechanical, hydraulic, electrical and other braking
systems), which cause significant unproductive energy losses, to systems with energy recovery.

Therefore, the issue of maintaining energy recovery during testing is a relevant area for increasing energy saving of
hydraulic machines. A very promising design in this case is the test bench for rotary hydraulic machines [13], which can
be used as a loading system for a recuperative system of the “pump — motor — pump” type when testing reciprocating
hydraulic machines.

The diagram of the recuperative system of the “pump — motor — pump” type is shown in Figure 1. In this recuperative
system, the test energy transferred from the hydraulic pump to the hydraulic motor is returned from the motor to the pump
shaft through mechanical transmission II, which reduces significantly its unproductive losses during the test. In this case,
the load for the pump is the motor, and the load for the motor is the pump. The energy lost to overcome the internal
resistances of the test system is compensated by the electric motor through mechanical transmission I.

Based on the use of a recuperative system of the “pump — motor — pump” type [14], a test stand for hydraulic machines
with reciprocating motion (plunger hydraulic cylinders) [15] has been developed, which allows for significant energy
saving during the testing of plunger hydraulic cylinders.

;

Electric motor

Pump

Mechanical transmission I Mechanical transmission I1

7/

s

- \ \
Motor

Pressure valve Shunt valve

Fig. 1. Scheme of recuperative system of “pump-motor-pump” type

However, the said stand does not allow testing hydraulic piston cylinders. This research objective is to develop the
structure and basic diagram of a stand for testing piston hydraulic cylinders, which would provide the recovery of part of
the energy spent on testing, as well as its modeling and preliminary calculation of operational characteristics.

Materials and Methods. Based on previously known testing methods, a test stand for checking piston hydraulic
cylinders with energy recovery was developed [16]. The structural diagram of the proposed experimental stand is shown
in Figure 2.

The stand system includes four hydromechanical subsystems and a system for monitoring and controlling the testing
process:

1) primary energy source, which includes an electric motor EM and a hydraulic pump P and is designed to compensate
for the energy lost by the system during testing;

2) hydraulic cylinder testing mechanism, including the tested hydraulic cylinders HC1 and HC2, mechanical
transmission MT and hydraulic distributor HD;

3) guiding system consisting of check valves CV1, CV2, CV3 and CV4 and designed to control fluid flows when
changing the direction of movement of the working parts of hydraulic cylinders;
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4) energy recovery system, including hydraulic motor M, pressure hydraulic valve PV and mechanical transmission
MT, designed to create a load on the tested hydraulic cylinders and return part of the energy from the shaft of hydraulic
motor M to the shaft of hydraulic pump P and implement energy recovery during testing;

5) control and management subsystem “Automatic Control and Management System” (ACMS), designed to monitor
the basic technological parameters of the hydraulic cylinder testing process and manage this process. It includes pressure
sensors PS1...PS4; speed sensors SS1 and SS2; rotation sensor RS and kilowatt meter KM, designed to measure pressure
at characteristic points of the system, the rotation speed of the shafts of the hydraulic pump P and hydraulic motor M, the
angle of rotation of the rocker arm RA, the power consumed by the electric motor EM, and further processing of
information. For this purpose, the ACMS has an electronic system for processing, displaying on the screen and printing

the received information about the progress of the test.

|
| PS2 fe—— HCI RA He2 M .
el
: : I . P B =
| I _IL._ HD :I RS _: | 4% cv2 I
| = - I
| L____.___.—I i ILCV3 cv4_:
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Fig. 2. Structural diagram of the experimental test stand for piston hydraulic cylinders with energy recovery

In the structural diagram (Fig. 2), solid lines show the hydraulic and mechanical connections of the system elements,
and dashed lines show the connections of the ACMS elements.

According to the proposed structural diagram, the energy conversion model on the experimental stand will be
implemented as follows.

The energy that arises at the output of the primary energy source / as a result of its operation Ny, is transmitted with
some losses to the input of the hydraulic cylinder testing mechanism /7 Ny

Nuxit = Nowst *Niir (D

where 1.y — efficiency factor taking into account the corresponding energy losses.

The output power of the hydraulic cylinder test mechanism /7 after its double conversion within the second subsystem,
taking into account the corresponding losses, can be determined from equation:

Nt = Nowir *Nur» (2)
where Nguxir — output power of the hydraulic cylinder testing mechanism /I; n; — efficiency factor of the hydraulic
cylinder testing mechanism /7, taking into account energy losses arising in the second subsystem as a result of its double
conversion — from hydraulic to mechanical and vice versa. They consist of losses of hydraulic energy in the internal
hydraulic lines of the system and losses of mechanical energy during the movement of the pistons of the hydraulic
cylinders HC1, HC2, and energy in the mechanical transmission MT from the leading hydraulic cylinder HCI to the slave
hydraulic cylinder HC2.
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The power supplied to the input of the third subsystem of the guide system /// will be determined taking into account
the losses of hydraulic energy between the testing mechanism of hydraulic cylinders /7 and subsystem ///, which is lost
to overcome the hydraulic resistance of the corresponding hydraulic lines:

Nt = Nogar *Nir—iir» (3)

where Ny — capacity of the hydraulic flow at the input of guide system /I, n; i — efficiency of the hydraulic
transmission (hydraulic system) between the second and third subsystems, taking into account energy losses in the
corresponding hydraulic lines.

The capacity of the fluid flow at the outlet of the third subsystem is determined from equation:

Nt = N - N (4)
where Ny — capacity of the fluid flow at the outlet of subsystem /I7; n;; — efficiency of the third subsystem, taking
into account energy losses during the operation of the guide system.

The capacity of the fluid flow at the inlet of the energy recovery system is determined from equation:

Nty = Nttt *Nazr-1v > (%)
where Ny — capacity of the fluid flow at the outlet of the fourth subsystem; n;» — efficiency factor, taking into
account the corresponding energy losses.

The output power of the energy recovery system consists of two components: the power of the hydraulic flow
transmitted from the drain of the energy recovery system to the input of the hydraulic pump P, and the mechanical energy
transmitted from the hydraulic motor shaft to the hydraulic pump shaft through the mechanical transmission MT.

In this case, the total power given by the energy recovery system Ny,sp to the primary energy source can be determined
from formula:

Nty = Nosgy My (6)
where 1,y — total efficiency of the energy recovery system /V.

The total power supplied to the input of the primary energy source Ny from the energy recovery system, taking into
account the total efficiency factor, which considers both mechanical and hydraulic energy losses during its transfer from
the output of the energy recovery system to the input of the primary energy source 1;-; can be determined from formula:

Nuxi = Nuway *Npy-1- (7

Power Ny, received at the input of the primary energy source from the output of the energy recovery system is added
to power Nojux, received from the output of the electric motor EM, and is converted by the pump P into power Nuyw of
the working fluid flow at the output of the primary energy source, which can be determined from formula:

Nt :(Na,umx ‘MNoa-n +Nm)~nﬂ, ©)
where o — efficiency of the mechanical transmission between the electric motor EM and the pump P; nu — total
efficiency of the pump.

Nofux = Nomsx "Nops ©)
where Ny — power at the input of the electric motor EM (power consumed by the electric motor from the power supply
network); noq — efficiency of the electric motor.

The joint solution to equations (1)—(9) allows us to obtain equation:
1

Nomgux “Nop-n *Nog *Mu = de]{ Ny Ny N "Nur-v Ny 'nIV—IJa (10)

I1-11

or

Nor  _ Non-a " MNox "Mu "Nr7-11 . (11
Nomex 1 =My Myer N Nagr-ov My - Mav 1
In the right part of equation (11), we see the ratio of the power supplied to the tested hydraulic machines (HC1, HC2),
to the power consumed by the electric motor of the power source of the test system /. This is nothing more than the
efficiency factor of the test system k,4¢. Thus, the efficiency factor of the recuperative system under consideration is
generally determined from formula:

Nop-u "MNog "Mu N7 (12)
L=y My M M-y "My " Nav s
From equation (12), it is evident that in the general case, efficiency factor k44 of the proposed piston hydraulic cylinder

kapp =

testing system is determined by the efficiency factors of the subsystems and elements that make up the testing system. In the
numerator of equation (12), there is the product of the efficiency factors of all energy transmission elements — from the
primary source of electrical energy to the hydraulic cylinder testing mechanism, and in the denominator, there is the
difference between the unit and the product of the efficiency factors of the remaining elements of the system. Thus, to
increase the efficiency factor of the testing system, it is required, first of all, to increase the efficiency factors of all the
elements that make up the system.
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Theoretically, if the efficiency of all elements that make up the hydraulic cylinder testing system are equal to 1, then
the efficiency factor of the testing system becomes equal to infinity.

In accordance with the considered structural diagram, presented in Figure 2, a basic diagram of the experimental stand
has been developed (Fig. 3). In it, as a hydraulic recuperation system, a hydraulic transmission HST-90 is used, including
an adjustable hydraulic pump P1 and a nonadjustable hydraulic motor HM, kinematically connected by mechanical
transmission MT2.

The primary energy source / on the experimental stand has a hydraulic connection with the hydraulic cylinder testing
mechanism // through hydraulic line /1, which, in turn, is connected through hydraulic lines /13 and /14 to the guide
system /11, and then through hydraulic line /16 to energy recovery system /V and through hydraulic lines /6, [9 and /10 —
to the primary energy source /.

Fig. 3. Hydro-kinematic diagram of the test stand for piston hydraulic cylinders

Thus, the hydraulic system of the stand, like its energy system, is a closed circuit.

The most effective method of preliminary study of the properties of the technical systems being developed is its
modeling with subsequent research [17]; therefore, to confirm the correctness of the previously considered method of
modeling the test stand for piston hydraulic cylinders, its mathematical model has been developed using the theory of
volume rigidity [18]. For this purpose, the hydraulic system of the stand is divided into sections by characteristic points
(a total of 32 points, including points 01, 02, 03 and 04 of the feed system).

In accordance with the theory of volume rigidity of hydraulic systems, the time derivative of pressure, taking into
account the reduced coefficient of volume rigidity of the section under consideration Cyp;, can be determined depending
on the values of incoming Qs and outgoing liquid flow rates Qy.ix; using formula:

P (Y 0w O (13)

The flow rates of the working fluid for substitution into equation (13) are determined in accordance with the actual
operating conditions of the system using known dependences [19].
The feed rates of hydraulic pumps P1 and P2 and the flow rate of the hydraulic motor HM are determined taking into
account their volume efficiency factors.
Since the shafts of the hydraulic pump S2 and the hydraulic motor S3 are connected through a mechanical
transmission, the following dependence is satisfied:
®p3 = Opyl3 2, (14)
where i3 » — gear ratio of mechanical transmission MT?2 of rotation from the shaft of hydraulic motor S3 to the shaft of
hydraulic pump S2.
The rotation speed of the hydraulic pump shaft is set by the angular speed of the electric motor shaft S1 wg, and is
determined from the ratio:
Wp) = Wyl 2, (15)
where 7| » — gear ratio of mechanical transmission MT1 of rotation from the shaft of hydraulic motor S1 to the shaft of
hydraulic pump S2.
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The flow rates through the valves (pressure valves PV1...PV3 and check valves CV1...CV6) are determined by their
flow characteristics from the ratio:

if P < Pronen> then Oy, = 0;

D00 2 Praonas then Oy, = Oy L2 Lot (10
AP rnom

where p.; — pressure at the valve inlet; piomp — valve start-to-open pressure; Apwnom — difference between the full
valve open pressure at the nominal flow rate and the start-to-open valve pressure; Ox; — actual flow rate of the working

fluid through the valve; Quinom — nominal flow rate of the valve.
Figure 4 shows the kinematic diagram of the hydraulic cylinder testing mechanism. When modeling its operation, it
should be borne in mind that the speed of piston movement of the hydraulic cylinder HC1 is determined by the flow rate

of the working fluid supplied to its piston cavity:
by =2as (17)

L, = const

Fig. 4. Kinematic diagram of the hydraulic cylinder testing mechanism

The movement of hydraulic cylinder L, is transmitted to the mechanical transmission M T, which performs a rotational
movement around point A4.

The angular rotational speed of mechanical transmission MT is determined by the tangential component v; of the
movement speed of the piston of hydraulic cylinder HC1. It depends on angle i between the direction of its movement
and radius 71, that connects the point of rotation of the mechanical transmission MT and point B; that joins the rod of the
hydraulic cylinder HC1 with it:

%
®aAp :l,
n
or
V- Sin
o = 205 P (18)
n

Rotating around point 4, mechanical transmission M T transmits movement to the piston of the slave hydraulic cylinder
HC2, whose speed vu also depends on angle 3, between the direction of its movement and radius r,, that connects the
point of rotation of the mechanical transmission MT and point B; that joins the rod of the hydraulic cylinder HC2 with it:

Vg = 24D (19)
sinf3,

Having solved equations (18) and (19) simultaneously, we obtain a formula that determines the relationship between
the speed of movement of the pistons of the leading hydraulic cylinder HC1 and the slave hydraulic cylinder HC2:

7, sin
Vip =V = By . (20)
n sinf3,

From the analysis of triangles (according to the law of cosines) AG1B; and AG»B,, angles i and [, are determined:

2 2 g2
L +n" =L

cosP =———mm

2Lyn |

Ly +rs =15

cosP, = c2th 2
2L 1
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where L, and L,,— distances between the axes of the connection of the housings of the corresponding hydraulic cylinders
to the stand frame and their rods with the mechanical transmission MT; L; and L, — distances from the axis of rotation
of the mechanical transmission MT and points G; and G» of connection with the stand frame of the housings of hydraulic
cylinders HC1 and HC2, respectively.

During the return piston stroke of the slave hydraulic cylinder HC1, the working fluid is supplied to its rod cavity, and
then the rest of the calculation formulas remain unchanged.

o
Vi = Sm @1
In dynamic calculations, the movement of the piston of the leading cylinder HC1 is described by the equation of
motion:
dvy 1
— = Sy Ps —Suum - Ps—Vi ki —F1), 22
d M, ( Ps ar P T V1 Kipl 1) (22)
dx
=V . 23
il (23)

where vy and x,; — speed and displacement of the piston of the hydraulic cylinder HC1; M, — reduced mass; S, and
Suur— working areas of the pistons of the hydraulic cylinders; ps and ps— pressure in the corresponding cavities of the
hydraulic cylinder HC1; &mp,) — friction factor during movement of the working element of the first hydraulic cylinder
HC1, taking into account friction in the transmission mechanism RA; F; — force of impact on the working body of the
leading hydraulic cylinder from the side of the hydraulic cylinder HC2.

Force F) is determined by formula:

F = (Sn P20~ Suur - P23+ Vi 'ksz)' Z’;E? , (24)
where pyand p,3— pressure in the piston and rod cavities of the slave hydraulic cylinder HC2, respectively; v and &> — speed
of movement of the working body of the slave hydraulic cylinder HC2 and friction factor during its movement.

Research Results. Figures 5-9 show the results of the preliminary calculation of the proposed mathematical model
of the test stand. The calculations were performed using a special program developed in the SimInTech environment [20].
The calculations allowed us to determine the functional parameters of the stand already at the design stage and take
meaningful measures to improve them.

Having analyzed the graphs of the piston motion parameters of the tested hydraulic cylinders (Fig. 5), it can be
concluded that the test cycle of the piston hydraulic cylinders HC63.500.16.000 on the proposed stand will last about four
seconds. The piston motion speed, when the rod is extended, will be 0.24 m/s, and when it is retracted — 0.32 m/s.
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Fig. 5. Change in the parameters of the piston movement of the leading hydraulic cylinder under testing:
1 — displacement; 2 — speed

The graphs (Fig. 5) show that the hydraulic cylinders are exposed to working fluid pressures of 120 to 130 atmospheres
under testing. Of particular interest is the fact that during testing, at the moment of reversing the direction of movement
of the piston, the pressure at all considered points becomes the same — about 70 atmospheres.
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Figure 6 shows data on the pressure at the nodal points of the hydraulic system of the stand under testing.
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Fig. 6. Pressure change at characteristic points of the hydraulic system of the stand under testing of hydraulic cylinders:
1 — hydraulic pump outlet; 2 — hydraulic motor inlet; 3 — piston cavity of HC1; 4 — rod cavity of HC1

The graphs of pressure variations in low-pressure hydraulic lines, which are shown in Figure 7, allow us to estimate
the magnitude and nature of the pressure change at the input to the feed hydraulic pump of the stand. It can be seen that
at the moment of reversal of the piston movement of the tested hydraulic cylinders, the pressure in the suction branch of
the main hydraulic pump of the stand increases sharply to 70 atmospheres. Particularly noteworthy is the fact that when
the direction of the piston movement of the leading hydraulic cylinder changes from extension to retraction, the pressure
at the outlet of the feed pump grows less than the setting pressure of its pressure valve. To explain this effect, it should
be recalled that the hydraulic system of the stand is essentially a closed system, i.e., the working fluid from the drain of
the recovery system enters the suction branch of the main pump of the stand. At some point during the operation of the
stand, this fluid is not enough, the main pump receives additional fluid flow from the feed pump. This fact is very
important to remember when designing a test stand.
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Fig. 7. Change in pressure at characteristic points of the low-pressure hydraulic system under testing of hydraulic cylinders:
1 — output of the hydraulic system of the hydraulic cylinder testing mechanism; 2 — input of the main hydraulic pump;
3 — output of the feed hydraulic pump

The graphs of power variations on the hydraulic machines of the test stand during testing (Fig. 8) show that the highest

Machine Building and Machine Science

power during testing of hydraulic cylinders occurs at the output of the hydraulic pump, and the lowest — at the input of
the main energy source of the bench — the electric motor. This is the main objective that the authors were trying to
achieve by creating a stand with a recuperative system: the recuperative system returns part of the energy spent on testing
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hydraulic cylinders back to the hydraulic pump, which reduces the overall energy consumption of the primary source,
and this provides an increase in the energy efficiency of the testing process. It should also be noted that when the direction
of movement of the pistons of the tested hydraulic cylinders is reversed, the power on some elements of the stand takes
on a negative value. Obviously, this is the effect of the release of energy accumulated in the system during its elastic
deformation, volume compression in the hydraulic system.
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Fig. 8. Change in power on the hydraulic machines of the stand under testing of hydraulic cylinders:
1 — hydraulic pump output; 2 — hydraulic motor shaft;
3 — in the hydraulic cylinder testing system; 4 — electric motor input

The graphs (Fig. 9) show that the instantaneous efficiency coefficient takes on a zero value when the direction of
movement of the pistons of the tested hydraulic cylinders is reversed. This is explained by the fact that at this moment,
the piston of the hydraulic cylinder stops, and therefore, the power on the tested hydraulic cylinders also goes to zero.
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Fig. 9. Test efficiency factors:1 — instantaneous value; 2 — average value

It is also seen that the value of the average test efficiency ratio approaches the value of 1.7. This indicates that the
power of the hydraulic cylinder test is 70% greater than the power expended during this test.

Discussion and Conclusion. The results of the research done by the authors and presented in this article show that
the proposed stand scheme allows testing piston hydraulic cylinders with a test efficiency factor of 1.7. Considering that
tests performed using classical loading methods have an efficiency factor of no more than 0.8-0.9, it can be concluded
that the proposed energy recovery scheme is two times more efficient than classical loading methods. That is, when testing
the same hydraulic cylinders, the energy consumed is more than two times less than when testing through special loading
means (mechanical, hydraulic, etc.) without energy recovery.
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The maximum (highest) value of the efficiency coefficient for testing piston hydraulic cylinders using the proposed
stand can be determined by equation (12). The proposed mathematical model of the stand and the program developed for
its study allow for a preliminary study of the influence of various design and functional parameters of the stand on the
test efficiency factor, as a result of which rational values of the design parameters of the stand can be obtained.
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