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Abstract. The existing hydraulic devices, with design based on the usage of “spool-and-sleevecylinder”, have disadvantages such as
low speed reaction and reliability, due to high sensitivity to the pollution in working fluid and non-workability of the construction. The
aim of the research is to substantiate, on the base of mathematical modeling and experimental studies the application in the construction
of fluid control valve the control organ, made of the polymer material in the form of the envelope. The influence of geometric shell
parameters on the quality of the control process is investigated. The conditions and directions of the most effective use of the regulator
are established. The results obtained are engineering basis for the creation of the efficient construction of fluid control valve with
polymer control organ of the envelope form with the enhanced technical characteristics.
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Introduction

Hydraulic equipment, intended to control and distribute the working fluid in hydraulic drives, are used in the drives,
is conventionally based on the application of mainly spool-type devices [1,2]. Availability of the accurate mated surfaces
complicates the design of the hydraulic devices, the technology of their manufacturing and repair as well as decreases
their reliability due to their sensitivity to the pollution of the working fluid [3]. Numerous cases of the failures of
technological machines hydraulic drives as a result of the increased losses, jamming of plungers and spools, seal failures
of the reverse valves. Particular damage such failures cause in case of the shutdown of the mechanisms, performing
seasonal work as it happens in agricultural equipment, operating limited period of time during calendar year but very
intensively, practically continuously. Eliminate or considerably decrease the above-mentioned drawbacks allows the
application of the control devices with the elastic and polymer shutoff and control valves [4, 5, 6].

The analysis of scientific-engineering publications and patent materials shows that there exists rather wide range
of structures where elastic, mainly rubber, elements are used. At the same time, the lack of methods of calculation of
static and dynamic characteristics of hydraulic equipment with the elastic polymer shutoff is serious obstacle for the large-
scale usage of the promising hydraulic devices.

Problem setup. To widen the area of application of the hydraulic and pneumatic systems it is necessary to perform
engineering and research studies, aimed at simplification of the equipment construction in the context of replacement,
where it is possible, of precision elements, for instance, spool-and-sleeve, by simpler non-conventional units without
sacrificing the necessary operating characteristics.

Therefore, the aim of the given research is to design the flow control valve with the polymer envelope as control
organ and its comprehensive study concerning the provision of high operation characteristics.

Flow control valves with the polymer control organ

Analysis of scientific and engineering sources shows the interest of foreign and Ukrainian researchers and
engineers to use polymer envelopes and elastic elements in shut-off, control and actuating units for hydraulic and
pneumatic devices. The elements in toroidal and cylindrical envelope forms are widely used nowadays. Regulation
principle is based on local deformation of shutoff and control organ 3 in the process of changing the working window
size of the regulator for the passage of working fluid. Similar is the construction of the fluid control valve in Fig 16 where
toroidal regulating organ 3 is also used but the regulation principle is formed on the base of macro deformation, i.e.,
deformation of the regulating organ in radial direction, in the peripheral zone for the formation with the collar of the
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housing1 the regulator’s working window. In such construction, unlike the previous one, the combination of permanent
4 and changeable throttling elements is used, it provides more efficient regulation process.

The constructions of the regulators, considered above, contain the genera disadvantage, negatively influencing the
quality of regulation process — this disadvantage is the force of friction between the regulating organ the housing. This
drawback is missing in the constructions [6,7,8] where the envelope is used as the regulation organ (see Fig 1 c¢,d,e).
Regulation principle in such constructions is also based on “macro deformation” of the regulating organ in the radial
direction In the construction [7] (Fig. 1g), the combined principle of regulation is used, that is, deformation simultaneously
in the two aforementioned directions. In this paper attention will be paid to the study, in more detail, of the design
presented in Fig. 1d, which in the opinion of the authors is the most promising.

The study of the efficiency of the polymer shell as a lock-regulating body of the flow control valve was considered
by the authors in [9], in which the dependences of its deformation under the influence of pressure drop in the regulation
process are determined. It is also noted that the deformation of the shell should be limited to the area of elasticity. The
results of this work were used in the development of a mathematical model of the regulator, which is presented in this
paper.

(T

5

ot
%

<
<%

>
3%
2

&

d e
Fig. 1. Constructions of expenditure regulators: a, b - regulators with toroidal ESO [4, 5]; ¢, d, e - regulators
with a shell ESO [6, 7, 8]

Mathematical model of fluid control valve with the polymer regulating organ of the envelope form

Fluid control valve with control body in the form of envelope - as an object of mathematical study can be
represented by the calculation model, which is depicted on (fig. 2). Fluid regulation process performed by this structure
is realized by the combination of two, serially connected throttles, permanent 6 and changeable 7. The flow Q; into inner
volume W; of the envelope, passes across the permanent throttle 6, volume, hosed between cylinder and envelope W, and
across changeable throttle 7, created in the form of the annular gap &§ between the external surface of the control polymer
element 4 and circular collars § at the internal cylindrical surfaces of the pieces 2 and 3 into the output channel.

To provide the uniformity of the control organ of the hydraulic technological machine operation it is necessary to
maintain the consumption value Q; constant. This can be performed by means of changeable throttle 7 that maintains
constant pressure differential as a result of the change of the passage area of the working window cross-section due to the
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deformation of the control element (Fig.2). The dynamics of the flow control valve with the polymer control element is
described by the system of differential equations (1), under such assumptions:

— the coefficient of flow through the working window of the regulator is constant

— volume of the polymer control element is unchangeable;

— polymer control element — is lineally elastic body;

— the area of the end surface in the equation of the balance of forces, acting on the control organ, is not taken into
account;

— the area of working window of the changeable throttle is connected with the displacement of the control element

by the linear dependence.
5 6 2 7
fa, o
oo A | "E //fB(S:ﬂ

\iml\f\ \\%7
%

-

v

‘ 7
’g/ 1 sk

=N

RN

A
s

5 X
o)
Fig. 2. Calculation scheme of the fluid control valve with the polymer regulating element
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where p; p» ps — are pressures in the input, intermediate and input cavities of the regulator, correspondingly; O; O, — are
expenses in the intermediate and output cavities of the regulator correspondingly; m — is the mass of the control element;
denv, lew, fenv — external diameter, length and total area of the control element correspondingly; K — is the compression
ratio; m — is the orifice coefficient; diuror perm — 1S the diameter of the permanent throttle; diuror souse — 15 the diameter of
chartable throttle window; Cy— is the drag coeftficie; P — is the density of the fluid.

The process of the formation of changeable throttle area of the considered regulator differs fundamentally from
the similar devices, where area change of such element is provided by the motion of the spool (axial or annular) or by the
valve, at the same time, motion of the latter is obstructed by the forces of dry and liquid friction, characterized by the
corresponding damping coefficients. In the consumption regulator with the polymer control element the formation of the
changeable working window takes place due to the deformation of the envelope, that is why, the above-mentioned forces
of resistance (friction) are missing but other forces, preventing the deformation of the envelope, take place. First of all,
these are mechanical characteristics, namely, the rigidity of the envelope in the radial direction, that depends on the
material and the shape of envelope, as well the forces of deformation resistance of the envelope, which cause the filling
of the cavity with the working fluid.

Thus, it is necessary to determine the damping coefficient, that characterizes the force of the fluid resistance in the
intermediate chamber, caused by the deformation of the polymer control element. In general, the force of resistance,
emerging during the relative motion of the body in the fluid consists of the resultant frictional forces, directed along the
tangent line to the surface of the body and pressure force, which is the result of pressures differential at the external and
internal surfaces of the body. The action of the fluid on the body in general case can be reduced to the vector; that is
applied to a certain point, called pressure centre. The vector acting on the solid body, is presented in the form of head
resistance force, directed along the vector of the flow rate
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ﬂ:Cf'p2'fenv , (2)
where C; — is the drag factor; P - is the fluid density; f.,. - is total area of the control element.

The experimental studies proved the adequacy of the taken assumptions. It is determined that in case of control
element deformation rate change the non-linear change of the phase shift was revealed. The reduction of the fluid control
valve intermediate cavity volume leads to the increase of deformation resistance and causes this delay. To present this
phenomenon in the mathematical model the empiric component, shown in Fig. 3, is introduced. By means of Data Fit 8
software on the base at the regression analysis the empiric dependence (4) with the reliability of 99,9% is determined:
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The impact of the intermediate cavity volume of the fluid control valve on the deformation rate was determined
(see Fig. 3).With the increase of the intermediate cavity volume the deformation rate and damping coefficient decrease
proportionally.
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Fig. 3. Dependence of the damping force on the rate of Fig. 4. Static characteristic of fluid control valve: 1 — G55;
polymer control element deformation 2 fluid control valve with the polymer control element

The given system of differential equations (1) was solved in the MATLAB-Simulink-software environment. As a
result of study the static characteristic (Fig 4) of the fluid control valve with the polymer control element was obtained,
using this characteristic the range of pressure differential can be determined at which the changeable throttle will
adequately respond to the disturbance (4p=0,1...1 MPa for Q=0,5-10-3 m’/s). The analysis of the static characteristics
showed that the accuracy of flow stabilization across the fluid control valve with the polymer control organ is 10% lower
as compared with the serial analog G55-2.
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Fig. 5. Transient process in the fluid control valve with the polymer control
element (reaction on «stage» disturbing signal)
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The range of geometric parameters of the control element of the fluid control valve were determined (Fig. 2). For
instance, for the fluid control valve with nominal flow O=0.5 10 m?/s the diameter of the control element d=0.022 m with
the wall thickness 2=1.5 10 is optimal. With the increase of the wall thickness of the control element accuracy of flow
stabilization increases by 3.5% and regulation time increases by 6%. The analysis of the transient processes, obtained as
a result of simulation mathematical modeling (see example in Fig 5) shows that the fluid control valve has the increased
speed and stability characteristic (transient process has smooth aperiodic character and lasts not more than 0,0/s.The form
of the transient process shows that the component of the second order (response rate of the envelope) in the balance of
forces equation, acting on the envelope, practically does not influence its character, that is why in the engineering
calculation this component is not taken into account.

Experimental test stand for the flow control valve with the polymer envelope as control organ

Experimental studies of the fluid control valve were performed at a special stand (Fig. 6, 7), that corresponds to
the calculation scheme. The main components of the stand are executive part, consisting of the hydraulic cylinder C,
regulating valve R1, spring Sy, that performs the function of the mechanical positional load for the hydraulic cylinder and
distribution valve R2 for the simulation of the hydraulic load. Pump station consists of the feed pump FP, main ump of
changeable working volume P/ and pressure-relief valve PV1. Hydraulic motor HM and the tachometer T is intended for
the measurement of the hydraulic fluid consumption. Measuring-registration equipment with the analog —to —digital
adaptor 1406 and the computer was used. Test sample is used with the set of pressure sensors and displacement sensors.

b
Fig. 6. Hydraulic circuit of the stand for the experimental Fig. 7. General view of the test sample of the valve (a) and
research of fluid control valve operation characteristics wiring diagram of the sensor for envelop deformation
with the polymer control element of the envelope form measurement (b)

Construction composition of the stand for experimental research enables to obtain static and dynamic
characteristics of the studied fluid control valve due to the available pump station with the regulated consumption and
blocks for the creaction of static and dynamic load on the object of the research.

As a result of the experimental research carried out, the obtained oscillograms of the transient processes (see the
sample in Fig 8) proved basic operation characteristics of the fluid control valve with the polymer control organ that were
declared as a result of mathematical simulation modeling, namely, fast operation speed and the quality of the transient
processes al satisfactory static characteristics.
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Fig. 8. Transient process in fluid control valve, determined experimentally:
1, 2, 3 — pressure in the input, intermediate and output cavities of the valve , correspondingly; 4 —form of
disturbance action signal; 5 — displacement of the generating envelope; 6, 7 — pressure in the intermediate and
output cavities of the valve, determined by means of mathematical modeling

Conclusions

It is shown that the fluid control valve with the controlling element of the envelope form of polymer material,
according to the proposed scheme by the authors, provides satisfactory technical specifications: the accuracy of the flow
stabilization has been improved by 3.5% compared to the serial analogue G55-2, and the transition time has been reduced
by 60%. The analytical calculations of deformation dependences of the shell on the pressure of the working fluid have
determined the operating range of the control body 0.1 ... 1.0 Mpa. The basic geometric parameters of the control element
at the flow rate Q = 0,5 - 10-3 m%/s are defined. The diameter d = 0,022 m with wall thickness h = 1,5 - 10~ m.

The reliability of the results obtained by analytical and mathematical modeling is confirmed by experimental
research. In the case of development of design documentation in accordance with the applicable standards, such a
regulator can be implemented in real production.

PeryasiTop BUTPaTH 3 MOJIMEPHUM KEePYIOYHUM OPraHoM 000J0HKOBOI Gopmu

B.II. lypauk, O.J1. Bpunbkuii

Anomayia. Icuyioui peeynoroui 2iopoazpezamu, KOHCMPYKYiA AKUX OA3YEMbCA HA SUKOPUCTAHKI 300MHUKOBOI nApu Maioms pso
HeOoNiKi8 — ye HegUCOKA WeUOKOOIs, HedOCMAamHA HAOTIHICMb 6HACTIOOK NIOBUWEHOT YymAU8OCmi 00 3a0pyOHeHHs poboYoi piouHU
ma He mexHoIo2iuHicmy KOHcmpykyii. Mema pobomu — 0OIDYHMYBAHHA HA OCHOBI MAMEMAMUYHO2O MOOEN08AHHA Mmda
EeKCnepUMeHmMaIbHUX 00CAIOHCEeHb BUKOPUCTAHHSA 8 KOHCINPYKYIT pe2yiaAmopa eumpamu Kepyrouo2o opeanda iz NoIiMepHo2o mamepiany
y 6uenaoi 060n0HKU. JJOCTIONCEHO NIUE 2eOMEMPUUHUX NAPAMempie 000I0HKU HA SKICMb npoyecy Kepysanus. Bemarnoesneno ymosu
Ma HANPAMKU HAUOLIbW eheKmuUeH020 UKOpUCMAnHs pe2ynsmopa. Ompumani pe3yribmamu npedCmaesisitoms IHIHCEHEPHY OCHO8Y 015
CMBOPEHHsL eqheKMUBHOI KOHCMPYKYIL pe2yiamopa sumpamu 3 NOJMEPHUM KePYIOUUM OP2aHOM 000JIOHKO80I (hopMu 3 NiOGUUeHUMU
MEeXHIYHUMU XAPAKMEPUCTHUKAMU.

Kniouosi _cnosa: pecynamop eumpamu, nonimepnuii Kepylouuil opean, MOYHICMb pe2yNi08anHs, WEUOKOOIs, MexHOI02IUHICTb
KOHCMPYKYIi.

PeryasiTop pacxoaa ¢ moJiMMepHbIM YIPABJISIONIUM OPraHOM 000/I09KO0BOM
(popmbI
B.I1. ypauk, O.J1. Bpunkwuii

Annomayun. Cywecmeylowue pecyrupylowue 2uopoazpezanvi, KOHCMPYKYUs KOMOPLIX 6Oazupyemcs HA  UCHONb308AHUU
30J0MHUKOBOU NAPbL, UMEIOM PO HeOOCMAMKO8 - MO HesblcoKoe bbicmpodeticmeue, HeOOCMAmouHds HAOEICHOCMb 6Cle0Cmaue
NOBBIUEHHOU YYECMBUMENbHOCU K 3A2PA3HEHUI0 padouell HCUOKOCmU U He MeXHON02UYHOCmb KoHcmpykyuu. Llens pabomur -
000CHO8aHUE HA OCHO8E MAMEMANUYECKO20 MOOENUPOBAHUS U IKCNEPUMEHMANbHBIX UCCIe008AHUL UCNONIb308AHUS 8 KOHCIPYKYUU

105



ISSN 2521-1943. Mechanics and Advanced Technologies #1 (82), 2018

pe2ynsmopa pacxood ynpasnaoujezo op2ana ¢ NoIumMepHo2o mamepuaia 6 euoe obonouxu. Mccnedosano enusnue ceomempuieckux
napamempos 060I0UKU HA KAYecmBo NpoYecca YNpAasneHus. YCmanoeienvl YCI08us U HanpaeieHus Haubonee >P@PekmusHozo
ucnonwvsosanusa pezynamopa. Ilonyuennvie pesynomamvi npeocmasiaionm UHICEHEPHYIO OCHO8Y Osl CO30aHUA IPhexmusHoll
KOHCIPYKYUU pecyisimopa pacxood ¢ noIUMepHbIM YRPAGIAIOUUM OP2AHOM 0D0NI04eYHOU (HOPpMbL C NOBLIUEHHBIMU MEXHUYECKUMU
Xapaxmepucmuxkamu.

Kniouesvie _cnosa: pezynsmop pacxooa, noaumepmvlii ynpasisowuil opear, MOYHOCMb pe2yiuposanus, Ovicmpodelicmaue,
MexXHON02UYHOCTNG KOHCIMPYKYUU.
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