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Vibratory conveying equipment with steady elliptical oscillations

Andrei M. Shikhov'*, Sergei A. Rumiantsev', Evgenii B. Azarov'
1 Ural State University of Railway Transport, Ekaterinburg, Russia
*e-mail: usart@inbox.ru

Abstract
Introduction. Vibratory conveying equipment is widely used in many branches of mining industry at
various enterprises (concentrating mills, transfer points at railway stations, steelworks, etc.). Design of
vibratory conveying equipment with new qualities requires a more detailed analysis of oscillation
parameters, in particular, oscillation parameters of machine working member.
Research aim is to investigate the oscillation parameters of vibratory conveying equipment with three
vibration exciters by means of vibratory equipment dynamics mathematical model.
Methodology. The nature of working member movements is studied by means of vibratory equipment
dynamics mathematical model. The model is based on the numerical solution to a system of differential
equations governing the dynamics of vibratory conveying equipment with n-unbalance vibration
exciters.
Results. The present article investigates the parameters of oscillations and the features of the center-of-
mass motion in vibratory conveying equipment with three vibration exciters placed on one working
member. As a result of numerical experiment, the impact of location of vibration exciters and eccentric
torque of unpaired vibration exciters on the working member vibration parameters has been determined.
The dependence between the direction of mass center trajectory and the direction of an unpaired
vibration exciter rotation is studied.
Summary. The quoted results of theoretical studies through a mathematical model show that the addition
of a third vibration exciter to vibratory conveying equipment design qualitatively influences working
member vibration parameters. by changing the position and eccentric torque of an unpaired vibration
exciter, it is possible to get the various options of working member vibrations. Consequently, the study
of new types of vibratory equipment is a very promising direction.

Key words: vibratory conveying equipment, vibrating screen; self-synchronization; vibration exciter;
dynamics; mathematical model.

Introduction. Vibratory conveying equipment is widely used in many branches of
mining industry at various enterprises (concentrating mills, transfer points at railway
stations, steelworks, etc.) which is due to a variety of advantages: high capacity, low
energy intensity of the process, simple construction, and high availability [1-5].

Design of vibratory conveying equipment with new qualities requires a more
detailed analysis of oscillation parameters, in particular, oscillation parameters of
machine working member.

The machine represents a single solid body, a working member, which is attached
on springs enabling it to carry out plane-parallel motion. Special devices, vibration
exciters, generate the motion of the working member. Mechanical unbalance
vibrators are used as vibration exciters [6—9].

Vibratory equipment with unbalanced rotors attached to the working member and
generated by electric motors operate in synchronization under particular circumstances
(despite a possible difference between the parameters of working members and electric
motors as well as the absence of kinematic links between their rotors). In this case, the



126 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 8. 2019 ISSN 0536-1028

synchronization of rotors, which are not kinematically interconnected and are generated
by two independent electric motors, is reached naturally due to the natural properties of
the oscillatory system itself.

Works [10, 12] consider the dynamics of vibratory conveying equipment with
independently rotating vibration exciters which base their operation on the phenomenon
of vibration exciters self-synchronization. The main attention of these work is focused
on the study of transient dynamic processes leading (or not leading) to vibration exciters
self-synchronization which ensures steady and reliable operation of vibratory
equipment.

In this type of machines, synchrony and the required relations between the rotor
phases of the two vibration exciters are achieved due to the adaptability
of the synchronization phenomenon, discovered by A. N. Kosolapov [13].

The adaptability is manifested in that under certain conditions the direction of the
resultant exciting forces generated by the vibration exciters “controls” the position of
the center of inertia of the body it is attached to.

The present article investigates the parameters of oscillations and the features
of the center-of-mass motion in vibratory conveying equipment with three vibration
exciters placed on one working member.

The method of numerical experiment. The nature of working member motion is
investigated with the help of a mathematical model of vibratory equipment dynamics
[10, 11]. The model is based on the numerical solution to a system of differential
equations governing the dynamics of vibratory conveying equipment with n-unbalance
vibration exciters; for the instance with three vibration exciters and non-impact loading,
the system is as follows:
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Here x, y, ¢, ¢, — the generalized coordinates of the system, where x, y — the
coordinates of the center of masses of the vibratory equipment working member in
some Cartesian coordinate system, rigidly bound with the base; ¢ — working member
angle of rotation about the axis reestablished in the center of masses; ¢, — angle of
rotation of the i-unbalance about an axis of an electric motor; L, (¢,) — the torque of the
i-unbalance; R, (¢,) — the rotational resistance torque for the i-unbalance;
I, — the indexes of the rotational direction of the i-unbalance, with the value accepted as
1 for the unbalances rotating in a counterclockwise direction (positive direction),
and —1 for the unbalances rotating in a clockwise direction; M — the total mass of
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the vibratory equipment (the working body and the unbalances); m, — the mass of the
i-unbalance; J — inertia of the vibratory equipment about the center of masses;
J. — inertia of the i-unbalance about the axes of rotation; €, — the radius of gyration of
the i-unbalance about the axes of rotation; 8, — the angle which references the position
of the i-unbalance; 7, — the distance between the center of masses and the axes of the

i-unbalance; c,, ¢, €, €, € Vo — the generalized stiffness ratios of elastic supporting

clements; &, k, k k k —viscous resistance coefficients; g — gravitational acceleration.
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Fig. 1. Scheme of vibratory equipment with three unbalance vibration exciters
Puc. 1. Cxema BHOpOMAIINHEI ¢ TpeMs Ae0aIaHCHEIMU BUOPOBO30Y IUTEISIMU

The unbalances lay-out diagram shown in fig. 1 was used for the numerical studies.

Fig. 2 presents a graph of behavior of the generalized coordinates of a mechanical
system with three vibration exciters within the first 15 seconds after start from the state
of rest (fig. 2, a) and the trajectory of the center of masses of the working member
during stable operation (fig. 2, b). Colored lines of a graph correspond to the following
generalized system coordinates relative to the initial position: the green line — x
(horizontal oscillations of the center of masses); the red line — y (vertical oscillations of
the center of masses); and the blue line — ¢ (the rotational angle of the working member).

Dependence of vibration parameters on the adjustment angles. In order to
determine the behavior of vibration parameters of a machine with three vibration
exciters when the adjustment members y, and vy, are changed, as initial parameters, let
us assume that y, = 180°, y, = 0°, unbalance 1 rotates in a counterclockwise direction,
and unbalances 2 and 3 rotate in a clockwise direction. Working member oscillation
dynamics at initial parameters is shown in fig. 2. The arrangement of vibration exciters
rotation axes will be changed due to the change of the adjustment angles vy, and v,.
Trajectories of the center of masses of the working member under various values of the
adjustment angels are shown in fig. 3.
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When the adjustment angle y, of an unpaired vibration exciter is reduced, the ellipse
will rotate in the direction of angle alternation (y, = 340°; y, = 320°), oscillations of the
working member don’t change significantly, i. e. remain practically the same as in
fig. 2, a. When angle v, is reduced by more than 45°, the ellipse stops rotating.

When the angle vy, is increased, an oscillation ellipse of a working body will be the
same as when angle v, is reduced by the same measures, and the ellipse of motion of
the center of masses will be inversely rotated relative to the horizontal axis (y, = 20°;
Y, = 40°).

’ When the adjustment angle of a pair of vibration exciters y, reduces, the ellipse
rotates in the direction of angle alternation by the angle approximately equal to the
rotation angle of the axes of the pair (y, = 160°; y, = 140°; y, = 120°). Horizontal
oscillations reduce, and the vertical ones increase.

Ye
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Fig. 2. Vibrations of the working member of vibratory equipment with three vibration exciters:
a — working member oscillations curve; b — trajectory of the center of masses
Puc. 2. Bubpamun pabodero oprana BHOpOMAIIHHBI C TPEMs BHOPOBO30YIUTEIISIMHU:
a — rpaduk KonebaHuii padouero oprana; b — TpaeKTOPHUs ABMKEHHS [IEHTPA Macc

When v, angle is increased, the oscillations of the working member will be about the
same as when vy, angle is reduced by the same measures (y, = 200°; y, = 220°;
v, = 240°), and the ellipse of motion of the center of masses, as well as when the axis
of an unpaired unbalance vibration exciter is rotated, will be inversely rotated relative
to the horizontal axis.

Thus, based on design considerations, it is inefficient to excessively increase the
adjustment angle of the unpaired vibration exciter and reduce the adjustment angle of a
pair of vibration exciters, because the rise of engines, which generate the vibration
exciters, increases. The adjustment angle of a pair of vibration exciters y, = 180° should
not be kept either, because the engine of each vibration exciter is better to be adjusted
on a separate stiff support.

On the authors’ opinion, the adjustment angle of an unpaired vibration exciter
Y, = 330° and the adjustment angle of a pair y, = 210°, will be most optimal. All follow-
up studies of this set of experiments were carried out with these exact adjustment
angles.

Dependence between the motion of the working member and the eccentric
torque of the third vibration exciter. Under the initial parameters the unpaired
unbalance was 30 kg and 600 mm radius of gyration, i. e. the eccentric torque (me) was
18 kg - m. The parameters of vibrations of vibratory conveying equipment with these
values are presented in fig. 2, 3. The influence of eccentric torque change on the
trajectory of the center of masses is shown in fig. 4.

When the eccentric torque of the unpaired vibration exciter is reduced (me =10 kg - m),
the minor axis of an ellipse is reduced, it becomes more elongated (converges to a line
segment) and rotates in a counterclockwise direction, i. e. the effect of the unpaired
unbalance of a vibrating exciter on the system is reduced, the oscillations steadily
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become the same as the ones of the vibratory conveying equipment with two vibrating
exciters.

When the eccentric torque is increased (me = 30 kg - m), the ellipse rotates in
a clockwise direction, horizontal oscillations reduce, ellipse becomes more round.

The maximum roundness of an ellipse is achieved when the eccentric torque of the
unpaired vibration exciter is numerically equal to the eccentric torque of one
of the paired vibration exciters (me = 45 kg - m). In this case, vertical oscillations are
about the same as horizontal, with a rather wide inclination angle of ellipse.

It is not necessary to allow too large vertical oscillations, as soon as the conveyed
material will be thrown at a great height, and excess energy will be wasted on it,
1. e. power consumption increases and the probability of material out-throw beyond the
working member increases.
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Fig. 3. Trajectories of the center of masses of vibratory equipment working member under various
values of adjustment angles vy, and y,
Puc. 3. TpaekTopuu ABMKEHHS LEHTpa Macc pabo4ero oprana BAOPOMAIIHHBI IPH Pa3IHYHBIX
3HAYCHHUAX YCTAHOBOYHBIX YTJIOB Y| H V)

In case the eccentric torque of the unaired vibration exciter is increased, the ellipse
will elongate again and will remain rotating in a clockwise direction, and the oscillations
will increase significantly.

In the following set of numerical experiments the eccentric torque of the unpaired
exciter was accepted as 18 kg - m, with this approach an approximate average thickness
of ellipse is achieved.

Dependence between the motion of a working member and the direction of the
unpaired vibration exciter rotation. Under the initial conditions, vibration exciter
1 rotates in a counterclockwise direction, and vibration exciters 2 and 3 rotate in a
clockwise direction. The character of machine vibration under these parameters is
shown in fig. 2.

Change in the direction of an unpaired vibration exciter rotation changes
the rotational direction of the ellipse, which characterizes the trajectory of the center of
masses. Consequently, it may be concluded that the direction of the unpaired vibration
exciter rotation determines the trajectory of the center of masses: ellipse rotates
in the same direction as the unpaired vibration exciter.
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The parameters of the working member oscillations are not significantly influenced
by the direction of the unpaired vibration exciter rotation.

Change in the direction of a pair of vibration exciters rotation does not change the
direction of ellipse rotation, oscillation parameters of a working member do not change
significantly as well.
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Fig. 4. Trajectories of the center of masses of vibratory equipment working member under various
values of eccentric torque me:
a—me=10kg - m; b—me=30kg - m; c—me=45kg - m
Puc. 4. TpaeKTOpHH ABIKEHHS LIEHTpa Macc pabouero opraHa BHOPOMAIIMHEI TIPY Pa3InYHbIX
3HAYEHHMAX HKCIEHTPUYECKOTO MOMEHTA /ME:
a-me=10kr-m; b—me=30xkr - mM;c—me=45kr - m

Summary. Addition of the third vibration exciter into the structure of vibratory
conveying equipment will therefore qualitatively influence the parameters of its motion
(vibration). Elliptical motion of the center of masses can increase the speed of material
motion along the working member, consequently, the capacity is improved and the
possibility appears to convey along the horizontal plane and the inclined plane in any
direction (including material up feed).

Summing up this set of experiments, the following conclusions can made.

Vibration exciters position on the working member influences the vibration
parameters of the working member.

When reducing the eccentric torque of the unpaired vibration exciter, ellipse of
motion of the center of masses of the vibratory equipment becomes more elongated
(converges to a line segment) and rotates in a counterclockwise direction; when the
eccentric torque is increased, ellipse becomes more round and rotates in a clockwise
direction, horizontal oscillations reduce while the vertical ones increase, and the angle
of ellipse inclination increases.

The direction of the unpaired vibration exciter rotation determines the trajectory of
the center of masses, and change in the direction of rotation of a pair of vibration
exciters does not influence the direction of the trajectory of the center of masses.
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BubpoTrpancnopTHbie MAIIUHBI ¢ YCTOWYUBBIMHU IIMITHIECKUMH
KO0JIe0OaHUSIMH

Inxos A. M.1, Pymsinues C. A.l, Azapos E. B.!
! Vpanbckuii rocy1apCcTBEHHbIH YHUBEPCHUTET My Tel coobueHus, Exarepunlypr, Poccust.

Pecgpepam
Beseoenue. Bubpompancnopmuvie MawiuHbl HAUWIU WUPOKOE NPUMEHEHUE 80 MHOSUX OMPACTIAX 20PHOU
NPOMbBIUIEHHOCIU U HA PA3TUYHBIX NPEOnpusmusix (o6o2amumensHule habpuru, nepezpy30uHvle NyHKmMbl
JHCENe3HOOOPONCHBIX CIMAHYUL, MEMALIypeuiecKue 3a8ooul u m. 0.). IIpoekmuposanue subpompancnopm-
HbIX MAWUH C HOBbIMU Kawecmeéamu mpebyem 6oliee NoOpoOHO2O0 AHAIU3ZA NAPAMEMPO8 KOIebaHuil,
6 HACMHOCMU NAPAMEMPOs KOLeOaHULl paboye2o Op2aHa MAUUHbL.
Llenv pavomet. C nomowwio mamemamuieckoli Mooenu OUHAMUKY 8UOPOMAUUHBL UCCIe008amb napame-
mpul KoneOaHUll 6UGPOMPAHCHOPMHOU MAUWUHBL C MPeMs BUOPOBO30YOUMeNIMU.
Memoouxa. Vccneoosanue xapaxmepa O8udiceHUli paboye2o 0peand OCYWeCmEISemcs ¢ NOMOUbIO
Mamemamuyeckoll Mooenu OUHAMUKY 8UOpOMauuHbl. B ocHoge moldenu nexcum uucienHoe peuieHue
cucmemsl  OughpepenyuanbHblx YpasHeHuu, ONUCHLIBAIOWUX OUHAMUKY GUOPOMPAHCROPMHBIX MAUUH
¢ n-0eOANaHCHBIMU BUOPOBO30YOUMETSIMU.
Peszynomamot. B cmamve npedcmasieno ucciedosanie napamempos Koieoanuti u 0cobenHocmelti 0gudice-
HUSL YeHmMpPa MAacc eUOPOMPAHCROPMHOL MAWUHbBL C MpPeMsl BUOPOGO30YOUMENSIMU, PACHOIONCEHHLIMU HA
o00HoM paboyem opeane. B pesynomame uuciennoeo sxchepumenma onpeoeneHo IusHue pacnoioNceHus
6UOP06O36YOUmeNnell U IKCYEHMPUUECKO20 MOMEHMA HENAPHO20 8UOP0BO30YOUmeNs Ha Rapamempsl GU-
opayuii pabouezo opeana ubpomawiunsl. M3yuena 3a6ucumocms HANPAGLEHUs MPACKMOPUU OBUICEHUS
YeHmpa Macc om Hanpaesilenusi 6paujeHuss 0OUHOUHO20 8UbP0OBO36YOUmersl.
Buisoowt. Ilpusedennvie pe3ynomanvi meopemuyecKux uccie008anuti ¢ NOMOUbIO MAMeMamuyecKo Mo-
denu noxaszvlearom, ymo 00HaeieHue mpemveco sUuOPOEO3OYOUmMeNst 8 KOHCIMPYKYUo UOPOMpPaHCcnopm-
HOU MAUIUHBL KAYECMEEHHO GIUSIem HA Napamempbl 6ubpayuli paboue2o opeand: UsMeHeHUueM NoJLONCeHUs!
U IKCYEHMPUUECKO20 MOMEHMA OOUHOYHO20 UOPOBO30YOUMEIIsL MOJICHO NOLYHANb PAIUYHbLE GAPUAHMbL
subpayuii pabouezo opeana. Cnedosamenbho, uzyyeHue Ho8bIX MUNnog GUOPOMAUH ¢ mpemsi 6ubpPo8o36y-
oumenamu s167151emcsi 6eCoMa NePCneKmMUGHLIM.

Knrouesvle cnosa: eubpompancnopmuvie MauwiuHbl, GUOPAYUOHHBIL 2POXOM, CAMOCUHXDOHUIAYUS,
6UOP06030YOUmMENb, OUHAMUKA, MAMEMAMUYECKAsL MOOEeb.
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