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Abstract. Evaluation of the influence of amplitude-frequency and power parameters of external
technological action on bulk products in the process of separation of the impact, the way of low-
frequency oscillations of the working bodies of the separator and the angle of inclination of the
container during processing determines the main indicators of technical and economic efficiency
of the explored process, which is the relevance of the research. The purpose of the study is to
substantiate the operating parameters of the explored separator of volume vibrations by determining
the patterns of change in the kinematic and power characteristics of the vibration drive. To determine
the rational parameters of the vibration screening process, the equations of motion of the working
bodies in the form of a conical sieve surface were obtained using the method of Lagrange equations
of the 2nd kind. Using the solution of the Cauchy problem for linear inhomogeneous differential
equations, the solution of the latter was obtained. Using the Math CAD mathematical environment,
the dependences of the amplitude of oscillations, vibration velocity and vibration acceleration, and the
intensity of oscillatory motion were obtained, which allowed performing a mathematical analysis of
the power and energy characteristics of the vibration drive of the explored separator. The main effects
of the developed design of the vibrating separator are an increase in the driving force of the process of
separation of bulk solids in this work, which was achieved by providing the working cylindrically-conical
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container with vibratory motion; improvement of the conditions for the passage of product particles
through the perforations, which was achieved by providing the sieve surface with volumetric vibrations;
reduction of energy consumption and improvement of the operating conditions of the supporting units
during the operation of the designed vibrating screen, which was achieved by installing additional elastic
elements between the separator body The inclined arrangement of the conical sieve surface allows for
spatial gyratory or circular translational motion, which allows implementing of the advantages of bulk
separation of bulk solids. The results of the analytical study allowed substantiation of the optimal angle
of inclination of the working sieve surface. Based on the analysis, the design parameters of the vibration
exciter were substantiated and specified and the design of this technical system was presented. The
practical value of the conducted research can be attributed to using the designed kinematic combined
vibration exciter of volumetric oscillations in the separator, which allows reducing the weight of the
oscillating parts of the drive and, accordingly, the energy consumption for the separation process

Keywords: vibration separation, conical sieve surface, vibrating screen, volumetric oscillations,
amplitude-frequency characteristics, energy consumption for the drive, vibration velocity, vibration

acceleration, mechanical combined vibration drive, feed mixture, low-frequency oscillations

Introduction

Using low-frequency oscillations to intensify
the separation processes in the processing ag-
ricultural and food industries becomes effec-
tive during the processing of solid bulk hetero-
geneous systems at minimum humidity, which
eliminates the influence of adhesive and sorp-
tion factors. Such conditions determine the
effective implementation of the processes of
vibration separation of grain mixtures and
seed material.

The main distinguishing feature of me-
chanical vibrations as one of the types of
mechanical impacts is the ability to transfer
the energy of high specific power to the pro-
cessed products. Therewith, the possibility of
adjusting the parameters of vibration in a wide
range allows extending its effect to both signif-
icant volumes of products and its local layers
(Palamarchuk et al., 2020a; Wei et al., 2020); the
possibility of combining the process of material
transportation with its technological process-
ing, and for products that vary significantly

in their physical and mechanical properties;
simplicity of machine design; no restrictions
on the granulometric composition of the ma-
terial; possibilities of complex mechanisation
and automation of several production processes;
intensification of technological processes by
establishing a vibrating fluidised layer during
technological processing (Palamarchuk et al.,
2020a). These processes are accompanied by a
rapid increase in the surface of the interaction
of components or phases, an increase in the
rate of convective diffusion, and a decrease in
viscosity, which determines the effects of their
intensification and ensuring the completeness
of the flow. Thus, vibration can be considered
as a universal form of mechanical impact on
processed materials and is widely used in the
implementation of separation of bulk tech-
nological masses, which is one of the most
common processes of food production, in par-
ticular, primary processing of agricultural raw
materials and products.
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The course of change of these processes, in
turn, is determined by both the features of the
physical and mechanical structure of the ma-
terial, and the laws of low-frequency techno-
logical action, namely the amplitude-frequency
and force impact, the way of oscillations of the
working body, the angle of its inclination to
the horizon. The influence of these factors on
oscillatory systems is understudied, and the
design of the corresponding experiments does
not reach sufficient accuracy, which substan-
tiates the relevance of this scientific work and
has broad prospects for development.

A large galaxy of scientists and engineers
provided the development of areas of applica-
tion of vibration impact in the processes of sep-
aration of solid bulk heterogeneous systems.

In particular, I.I. Blekhman solved the
problem of the motion of a material point
and particles with a flat and rounded shape
on a rough surface that performs periodic
oscillations, and determined the optimal law
of oscillations, substantiating the effective
coefficient of friction during vibration trans-
portation. Goncharevich I.F. (Palamarchuk,
Tsurkan, & Kostenko, 2016) developed the
classification, theory, methods of calculation
and basics of design of vibrating transport and
technological machines, established the ba-
sics of theory and methods for determining
the optimal modes of vibration transportation
of bulk solids, considering the dynamic loads
of the machine. V.S Bykov. (Palamarchuk,
Tsurkan, & Kostenko, 2016) established the
dependences between the structural and ki-
nematic parameters of the separation pro-
cess on flat oscillating sieves, substantiating
the effective modes of implementation of the
working processes of modern grain cleaning
machines. Based on studies of the vibration
movement of finely dispersed bulk products by
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V.V. Gortynsky (Bal-Prylypko, Palamarchuk, &
Nikolaenko, 2019), the theoretical foundations
of the layer-by-layer movement of masses on
a vibrating surface were developed, the move-
ment of bulk bodies in a vessel with circular
and translational oscillations was explored,
and recommendations for the process of vi-
bratory separation of bulk mixtures were sub-
stantiated. The research on the mechanics of
bulk material movement on the working body
of vibrating machines allowed B.I. Kryukov to
determine the resistance caused by aerody-
namic forces, the nature of the movement of
individual particles, and the forces of their mu-
tual friction and collisions; to approximate the
influence of these factors by linear functions
of the absolute and relative velocities of the
product layer. P.M. Vasylenko (Palamarchuk
et al., 2020b) determined the value of the
critical speed of sieving particles through the
holes of the sieve, at an angle of inclination
of the latter not exceeding 10° in particle de-
cent area, considering air resistance. The most
complete theoretical studies of the operation
of a flat sieve that performs longitudinal os-
cillatory movements were performed in the
fundamental works of I.E. Kozhukhovskyi
and P.M. Zaika (Palamarchuk et al., 2020a), in
which the dependences of the quality of sepa-
ration of a flat sieve on such parameters as the
angle of inclination of the sieve to the horizon,
the oscillation angle, the shape and location
of the holes, the sieve dimensions, their specific
loading, moisture content and contamination
of the grain material were obtained. P.M. Zaika
(Palamarchuk et al., 2020a; Palamarchuk et al.,
2022) for the first time recorded a system of
differential equations of spatial motion of the
working body of a vibrating machine with sev-
eral mechanical vibrators, the axes of which
are arbitrarily oriented in space; which allowed




Palamarchuk et al.

51

solving the problem of moving agricultural ma-
terials as discrete solids on the working sur-
faces of separators; to cover the mechanism of
self-sorting processes, rumbling, to solve the
problems of clogging and cleaning the holes of
sieves. M.V. Bakum explored the possibility of
sifting and post-cleaning grain material on se-
rial grain cleaning machines and grain clean-
ing machines with high-frequency modes of
movement of working bodies. A.V. Zilbernagel
developed a method for calculating the limit-
ing velocity of the relative movement of grain
depending on the angle of the elongated sieve
opening under the condition of particle pas-
sage through the opening. O.V. Chernyakov
based on modelling the movement of grain
material on the sieve established that bihar-
monic vibrations of the sieve are one of the
effective ways to improve the technological
process of grain separation. B.I. Kotov and
S.P. Stepanenko confirmed that a promising
area for further productivity increase, with a
standardised quality of grain cleaning on vi-
brating sieve separators, is the intensification
of loosening of the grain layer by braking ele-
ments-rippers, in particular when using grav-
itational-inertial, centrifugal, vibration-cen-
trifugal executive bodies. L.M. Tishchenko
(Rogovskii et al., 2020; Cherntongchai et al.,
2019) has developed methods for calculating
the intensification of vibrating centrifugal
separation processes in terms of technical in-
dicators of productivity and quality. The study
of the process of vibro-pneumatic centrifugal
separation of seed mixtures by V.V. Bredikhin
allowed obtaining analytical dependences of
the separation time and the speed of move-
ment of the mixture layer on the main oper-
ating and design parameters of the process.
O.M. Vasylkovsky received a model of the
process of separation of the grain mixture on

the inertial straight-through separator, which
allowed establishing that the completeness of
the separation of the grain mixture and the
specific productivity of the separator simulta-
neously increase with the increase in the speed
of movement of the material on the sieve, the
maximum value of which is limited by the con-
ditions of possible degradation of the grain in
interaction with the rotor blades. O.B. Kozya es-
tablished that the quality of the process of sepa-
ration of seed materials on non-perforated fric-
tion oscillating surface significantly depends on
the structural and kinematic parameters of the
vibrating grain cleaning machine: amplitude,
frequency and angle of oscillation, and angles of
inclination of the working body to the horizon
in the longitudinal and transverse ways (Bazaluk
et al., 2022; Barrero, Taiebat & Dafalias, 2020).

According to the results of the analysis, it
can be concluded that the problem of exploring
the influence of mechanical drive bodies of sepa-
rators on the dynamics of their work and energy
consumption has not been practically performed.

The purpose of the study is to determine
the mode parameters of the drive of volumetric
oscillations of the conical working body of the
separator of coarse grain products through the
theoretical analysis of the amplitude-frequency
and energy characteristics of this process. To
achieve this purpose, the following main ob-
jectives of the scientific work were defined: to
analyse the current state of analytical studies
of the processes of vibration separation of bulk
solids, to determine the patterns of change in
the main parameters of vibration and to sub-
stantiate the design scheme of the separator
being explored.

Materials and Methods

To perform the above objectives, a prototype
model of the vibrating screen was developed,
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and a set of special devices was manufactured
that provide a measurement of amplitude-fre-
quency and energy characteristics and auto-
matic control of the drive shaft rotation speed
of the vibrating exciter. During the analytical
studies, the Lagrange method was used to com-
pile the equations of motion of the actuators,
and the Delambert method to determine the
main power and energy characteristics of the
oscillating system. Processing of the obtained
dependencies was performed in the mathemat-
ical environment of MathCAD.

Results and Discussion

The explored process of separation of a bulk
heterogeneous system as a driving force con-
tains centrifugal alternating force and moment
load on the technological environment, for the
establishment of which the development of a
vibration exciter of spatial oscillations was
provided to set the sieve surface in motion.
The developed mechanism rationally fits into
the design of a vibrating screen with a conical

sieve and can be used to generate both plane
and spatial vibrations (Palamarchuk et al.,
2020c, Deng et al., 2019). This drive is char-
acterised by kinematic vibration excitation
and the presence of spring-bearing units.
The vertical arrangement of the drive shaft of
this vibrating exciter with the horizontal ar-
rangement of the bearing surface of the con-
ical screen (Fig. 1, a) allows for establishing a
gyratory, i.e. gradual movement of the work-
ing bodies of the machine in the horizontal
plane. To increase the speed of movement of
the loading mass, it is advisable to perform the
sieve surface inclined (Fig.1, a,b), for which a
sleeve with an inclined outer surface was used.
Fixing the support sleeve on the drive shaft
of the vibrating exciter and the presence of a
spring-loaded sieve platform results in the gy-
ratory spatial movement of the working bodies
of the vibrating screen (Fig. 1, a). The elastic
elements of the support nodes partially elimi-
nate parasitic vibrations that can be transmit-

ted to the structure.

Figure 1. Schematic diagram of the developed vibrating screen with the drive of volumetric
vibrations at the straight and inclined arrangement of the working sieve surface: M, - torque
on the drive shaft; w - angular speed of rotation of the drive shaft; C, and C, - stiffnesses of
elastic elements, respectively, of the conical working body and the drive shaft; 6 - the angle of
inclination of the sleeve for adjusting the inclination of the sieve surface
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Using the Lagrangian method, the basic
equations of motion of the working container
were obtained (Palamarchuk et al., 2019, Zhu

et al., 2019, Ashtiani, Salarikia and Golzarian,
2017) and their solution using Cauchy solu-
tions:

_05a.t | Fm(w}-k32) Oxg  0.5Fpaeprt(kZ+wd)) . F(axw, sin w,t+(k2—w3) cos w,t)
x=e T7F 2__2\2 ZzCOprt‘l' - 2_, 2\2. 2,2 Sl‘l’lpxt-l' 2_ 2\2. 2,2 1)
(ki-w3)?+azw; Px (ki-w3)?+azw; (ki-wH+aiw;

_ Fin @y w, oS pyt ) Fnw,p;(0.5a2—k2+w? . Fon((k3-w}) sin w,t—ayw, cos w,t
y=€0'5ayt(—";y222 2y2+(ﬂ+—m22y(22y = ) sinpy t)+ ( T ) (2)

(k3-w3) +adw} Py (k3-w}) +ayw} (k3-w}) +a3w}

where w, is the angular velocity of the drive shaft
of the vibration exciter;;z - = and K== the
natural frequencies of the system; o, = 2,/kiZ - w?
and «,=2,1485-«Z - the dissipation coeffi-
cients of the system in the corresponding areas;
Fr = mew} — the specific modulus of the forcing
force; p, = /iZ—025.Z and , _ Jm - the re-
duced frequencies of the system.

The following indicators were used as criteria
for evaluating the developed vibration drive: the
amplitude of oscillations of the working contain-
er for the nominal mode A; angular velocity of the
drive shaft w; power consumption for the drive

of the oscillating system for the nominal mode

N and its minimum value N __ ; vibration velocity

min?
v=A-w and vibration acceleration, a=A-w? of oscil-
latory motion; vibration intensity I=a-v=A%w?.

Using the composite equations of motion
of the executive bodies of the vibrating screen
and their mathematical analysis, graphical de-
pendences for the kinematic and energy param-
eters of the investigated vibrating drive of the
separator for 50 positions of the support sleeve
were obtained in the mathematical environ-
ment MathCAD, the average values of which are
presented in Figures 2, 3, 4.
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Figure 2. Dependences of the average values of the kinematic characteristics of the screen
vibrating exciter on the angular velocity of the drive shaft: v — vibration velocity; a — vibration
acceleration; I = a-v - vibration intensity
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Figure 3. Dependence of the average values of the components of the vibration amplitude
on the angular speed of the drive shaft
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Figure 4. Dependence of average values of power consumption for the vibration separation
process on the angular speed of the drive shaft: N — power on the drive shaft; N, — minimum
power value on the drive shaft; ® — the angle between the drive shaft axis and the OZ axis
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Exploring the changes in power on the
drive shaft depending on the angle of rota-
tion of the support sleeve, a sinusoidal nature
of the change in this value was noted (Fig. 3).
It allowed determining the peaks of minimum
energy consumption for specific angles of ro-
tation of the sleeve. The double peaks of the
kinematic characteristics indicate the presence
of two elastic couplings in the system.

As can be seen from Fig. 4, the envelope
of minimum power values on the drive shaft
changes according to a sinusoidal law with a
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period of change in the angle between the axes
of the working container and the drive shaft
equal to ©, . = 22°. Such a sufficiently large val-
ue of this design parameter is not appropri-
ate for technological and structural reasons.
Therefore, when choosing the optimal angle 0,
the dependence can be used

®,,=360-7_ 0 3)

where z - the maximum integer to obtain a
positive value in equation (3): it is obvious that
forz =16;0 =14°

NG//4 1 - elastic element
2 - vibrating plate
3 - shaft
4 - axis

5 — bearing support

6 — adjustable spring

7 — upper group of adjusting stops
8 - bushing

9 — bearing

10 - body

11 - lower group of adjusting stops

Figure 5. Structural diagram of the vibration exciter with the guide sleeve
of the explored sieve separator
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Based on the theoretical studies, the design
of the gyratory vibration drive of spatial oscilla-
tions was developed (Fig. 5), which presents the
main structural components of the developed
vibration exciter, in particular, the mechanism
for adjusting the inclination of the working sur-
face of the support sleeve.

Conclusions

1. Using the Lagrange equation of the second kind,
the dependences for the main independent move-
ments of the executive bodies of the explored vi-
brating screen were compiled, and their solution
was obtained using the Cauchy method, which
allowed determining the patterns of change.

2. Based on the obtained equations of mo-
tion of the executive bodies of the vibrating
screen, the dependences of the main kinematic
and energy parameters of the explored vibra-
tion excitation scheme of the separator were
obtained.

3. The modes of minimum power consump-
tion on the drive shaft alternate approximately
every 22° of rotation of the working surface of
the support sleeve to the vertical; the optimal
angle between the axes of the working contain-
er and the drive shaft for the technological and
structural features for the explored machine is
14°, which allowed clarifying the design scheme
of the vibrating exciter of the developed screen.
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OOrpyHTYBaHHA aMILIITYAHO-4aCTOTHHUX XapaKTEPUCTHK
Ta KOHCTPYKTHBHHX IIapaMeTpiB BiOpo30ymKyBaua
cernaparopa 00’eMHHX KOJIMBaHb

Irop ITaBnoBuu IManamapuyk?, Oner MuxkonaiioBuy OMeJbSHOB!,
Muxaiino Muxaittosunuy MymTpyk?, Bomogumup IaBinoBuu Bacmis?,
BikTop Bonogumuposuu Capauna?, Mapis MuxaiiiBHa JXemtincbka?,
3inaiza AuppiiBaa byposa?, Makcum MukosnaiioBuu I'ynzeHko?,
Cepriit OnekcanapoBuy Pimin’

'BiHHMIIbKMIT HAlLliOHAIbHUI arpapHuii YHiBepCUTeT

21008, Byn. CoHstuHa, 3, M. BiHHu1ig, Ykpaina

’HarrioHaJbHMIT YHiBepcUTET 6GiopecypciB i MpUpPOmOKOpUCTYBaHHS YRpaiHu
03041, Byn. T'epoiB O6oponu, 15, M. Kuis, Ykpaina

33axiHOITIOMOPCHKMI TEXHOJNOTiYHUI YVHIBEPCUTET

70-310, Byin. ITsictyB, 17, m. llenyH, [Tonbima

AHoranig. OniHKa BIUIMBY aMIUITYIHO-UYaCTOTHMX Ta CUJIOBUX IlapaMeTpPiB 30BHIilIHbOI
TEXHOJIOTiYHOI i1 Ha CUTIKY TPOLyKIIiF0 yIIpolieciiicenapallii BIUIMBY, HAPSIMKY HU3bKOYACTOTHUX
KO/MMBaHb poGOUMX OpraHiB cermapaTtopa Ta KyTa Haxwiy KOHTejiHepa y TMpoiieci 06po6Ku
BU3HAUa€ OCHOBHI IMOKAa3HUKYU TEXHIKO-eKOHOMiYHOi e(heKTMBHOCTI AOCTiIKyBaHOTO IPOIIECY,
IO CTAHOBUTDb AKTYAIbHICTh MPOBEJEHNX MOCTiIKeHb. MeTOW JOCTiIKeHHSI € OOTPYHTYBaHHS
PEXMMHUX TapaMeTpiB [OOCTiIKYyBAaHOTO cemapaTopa O06’€MHMX KOJMBAHb 3a PaxyHOK
BU3HAUEeHHS 3aKOHOMiPHOCTE 3MiHM KiHEMAaTUUHUX Ta CUIIOBUX XapaKTePUCTUK BiOpOIIPUBOLIY.
Ilyis BU3HAUEHHS pallioHaTbHMX ITapaMeTpiB Ipoliecy BibpalliifHOro rpoXouiHHS 6y OTpUMaHi
PiBHSIHHS PyXy po60UYMX OPraHiB y BUIVISIII KOHIYHOT CUTOBOI MOBEPXHi BUKOPUCTOBYIOUM METOT,
piBHsHB JlarpaHxa 2 pofny. 3acTOCOBYlouM pillleHHs 3anadi Ko fjis niHiiHMX HEOZHOPIAHMX
nudepeHIiaTbHUX PiBHSHB OYJI0 OTPUMAaHO PO3B’SI30K OCTAaHHIX. BUKOPUCTOBYIOUM MaTeMaTUIHe
cepemoBuie Math CAD, 6yau oTpuMaHi 3aJ€XHOCTi aMIUTITYIX KOJIWBaHb, BiOPOIMIBUAKOCTI Ta
BiOpOIPUCKOPEHHS, iIHTEHCMBHOCTI KOJMBAJIBHOTO PYXY Jaay 3MOTY 3Ii/AICHUTU MaTeMaTUIHUIL
aHaJIi3 CUIOBUX T €HEPTeTUYHMX XapaKTePUCTUK BiGPONPUBOAY JOCTiIKYBAHOTO cermapaTopa.
OcHOBHUMM edeKTaMy po3pob6iaeHoi KOHCTPYKIii Bi6palliifHOro cemapaTtopy € 30i/lblIeHHSs
pyIiitHOI cwiM mpoluecy cemapailii cumkoi mMacu B 1iit pob6oOTi, 0 JOCSIIIN yepe3 HaZaHHS
po6ouOMy UMJIIHIAPUYHO-KOHIUHOMY KOHTeliHepy BiGpalliiiHOro pyxy; TOMIMNIIeHHs YMOB
MIPOXO/I)KeHHST YaCTOK IPOAYKIii duepe3 mepdopaliii, Mo HoCSmu 3aBASKM HAZAHHIO CUTOBI
ITOBEPXHi 06’€MHUX KOJMBAaHb; 3MEHIIEHHSI EHEPTOBUTPAT Ta MOTITIIIEHHS YMOB POOOTHU OTIOPHUX
BY3JIiB ITiJT 4acC eKCIuTyaTarlii MpoeKTOBaHOTO BiGPOTrPOXOTY, IO JOCIT/IV BHACTIJOK BCTAHOBIEHHSI
IOAATKOBUX TIPYKHUX eJIeMEHTIB MiXX KOPITyCOM ceraparopa Ta MiJIIMITHUKOBUMMU BY3IaMU
BEPTUKAJIbHOTO IIPMBOJHOTO Basly Bibpo36ymkyBaua. IToxmuiie posTairyBaHHsS KOHIiYHOI CMTOBOL
ITOBEPXHi Jjae 3MOTIY 3Ii/iICHIOBATH IMPOCTOPOBMIA ripalifinuit a0 KOJIOBMUIi MOCTyHaAbHUI PyX,
IO A€ MOKJIMBICTH peasizyBaTu mepeBaru 00’€MHOTO PO3MiIJIEHHSI CUIIKUX Mac. PesymbraTu
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