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The purpose of research. The main purpose of the work is to develop mathematical software for studying the
dynamics of vibration machines of volumetric processing, and calculate the influence of various factors on the
efficiency of the process based on applied systems of automated mathematical calculations, including MathCad and
MatLab. Method. The research was carried out on the basis of a class of vibrating machines with unbalanced drive
type and spring suspension. A mathematical model of loading vibrating processing machines with vertical
perturbation is constructed, which is represented by a layering of flat beams that perform vertical oscillations.
Methods of nonlinear mechanics were used to build a mathematical model. Results. The dynamic processes at
vibration compaction of loading and separation of its fractions for the purpose of increase of intensity of the given
technological processes are investigated. The dependences for determining the influence of physical and mechanical
properties of loading components on the process dynamics are obtained. Scientific novelty. New approaches for
construction of mathematical models of research of processes in machines of vibration processing, in particular
vibration consolidation and separation are considered. In the course of research, differential equations were used to
determine the change in the amplitude and frequency of loading from the influence of external and internal
parameters of the vibration processing process. Practical significance. The obtained mathematical model makes it
possible to investigate the dynamics of loading of the vibrating machine, to determine the amplitude and frequency of
oscillations of loading of the vibrating machine depending on its properties and the properties of the vibrating
machine. The obtained solutions of nonlinear differential equations to describe the motion of loading in vibrating
machines allow to automatically determine the amplitudes, frequencies and trajectories of different components of
loading depending on the parameters of the system "vibrating machine - loading"”, by algorithmizing them in applied
systems of automated mathematical calculations.

Key words: unbound machining tool, vibrating machine, surface treatment, asymptotic methods, unbalanced
drive, nonlinear mechanics.

Introduction.

Among high-efficiency technologies with rather small energy and material consumption the
significant part is made by those which use various vibration processes assisting the increase of processing
quality, level of mechanization and automation of many labour-consuming operations, economic efficiency
and productivity of work etc.

The area of use of vibration technologies is wide enough and also tends to the further growth in
machine-building, mining, building other areas of industry. In mechanical engineering, vibration is used
for various types of intermediate and finishing, grinding, hardening, sorting, transportation, etc. In the
processing and food industries, vibration technologies are used for the processes of loosening, sifting,
grinding of raw materials, creation of dispersion mixtures, cleaning of root crops.

Of course, the increase of efficiency, safety of use and optimization of various modes of operation of
the equipment for realization of vibration technologies assumes first of all improvement of its design
parameters and operational characteristics. As a result, the change of these indicators requires research
conducted in computer-aided design systems (to optimize design parameters) and mathematical calculation
systems (to optimize production indicators).

Analysis of modern information sources on the subject of research.

The development of the computer technology and computer-aided design systems necessitates the
creation of new methods of design, construction and manufacture of vibrating machines in combination
with traditional methods based on experimental research, improvement and modernization of existing
equipment [1]. The study of the motion of individual components of the vibrating machine, in particular,
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its working bodies, is also quite common thing [2], [3], but does not give an exhaustive picture of the
dynamics of the vibrating machine during its operation.

The use of mathematical modeling in the research of dynamic processes in vibrating machines is a
common method [4], [5], [6], which precedes their design. However, the linearization of these models, to
simplify the course of research, often narrows the results in terms of universality of their application for a
wide range of vibrating machines for similar purposes and principles of operation, and leads to an
incomplete theoretical picture of reproduction of real physical processes. Along with the methods listed
above, methods of studying dynamic processes in vibrating machines for various purposes, based on the
use of mathematical numerical methods and computer technology, are also used in practice [7]. At authors
presented work there are developed the a number of nonlinear mathematical models of vibrating machines
for various purposes [8] - surface hardening and cleaning, separators, crushers and mills. Based on these
models, the research of the dynamics of these machines was carried out to determine the optimal
parameters of their designs and the choice of modes of their operation.

The purpose of research.
The purpose of this paper consists in creating the mathematical software for the automated research
of vibration machines dynamics, loading for vibrating seal, loading or separation of its compound for the
intensity increase of these technological processes.

The main material.

Vibration-type machines are distinguished by their diversity in structural use and the ability to use
equipment of the same type for various technological operations. Therefore, the developed analytical
solutions for the study and determination of performance should take into account these nuances. It has
been developed for this purpose a software of dynamics research of volumetric processing vibration
machines (nonlinear mathematical models of the vibration machine working body movement and its
loading), which have made possible the programs creation of the process efficiency factors research on the
basis of CAM systems, in particular MathCad and MatLab. The task of creation of mathematical
maintenance for the automated research of the vibrating machines loading dynamics is considered below. It
is designed to study the vibration compaction of the load or the separation of its components in order to
increase the intensity of these production processes.

The object of study is a vibrating machine with a spring suspension and unbalanced drive. This
installation has advantages over other types of machines, which consists in high reliability of component
designs, simplicity of service, compact overall dimensions. Unlike machines of pneumatic or hydraulic
type, which are sensitive to overloads, the vibrating exciter of the vibrating machine can work in a fairly
wide range of changes in operating parameters. Vibration-type machines work as follows: the vibrator,
which acts as an imbalance, drives the working container, which is mounted on an elastic spring
suspension. The perturbing force generated at start-up is necessary to dampen the resistance forces acting
on the loading layer. As a result, an intensive process of interaction of the loaded fractions takes place in
the working container. The intensity of the processing is determined by the parameters of the system, in
particular the perturbation forces, physical and mechanical characteristics of the processing material and
the amplitude-frequency characteristics of the machine. During vibration volumetric processing, the
perturbation forces change in magnitude and direction, as a result of which the loaded particles are evenly
mixed and transported in the desired direction. The ability to move the container in a horizontal or vertical
plane allows controlling this process.

In case of vibration condensation of the container loading or separation of its fractions for density
and size it is enough to ensure only vertical direction of the container fluctuation of the vibration machine
- that is to give to loading only vertical indignation. The result and intensity of such vibration processing of
loading will be determined by amplitude and frequency of loading fluctuations which by the turn will
depend on a type of indignation and parameters of system (vibration machine and loading).
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In the fig. 1 are submitted some basic circuits of vibration machines which provide vertical (or
dominant vertical) fluctuation of the vibration machine’s container - vertical force of loading indignation.
The circuits in fig. l1a, 1b, 1c represent vibration machines, which have exciter drive (shaft with
unbalanced weight fastens to the working container and its rotation predetermines varying movement of
the container in a vertical plane). In fig. 1d the circuit of vibration machine is submitted which container
changes vertically for the account of crank mechanism. In vibration machine represented on fig. la
fluctuation only along a vertical axis of the container is achieved by the terminator of movement 5 and it’s
directing 4 (different constructive performance). Such design switches off completely fluctuation of the
container along its horizontal axis. In vibration machine represented on fig. 1b the suspension bracket
consists of vertical and horizontal springs, and rigidity of horizontal springs is much more then rigidity of
vertical one that predetermines dominant vertical fluctuations compared with insignificant horizontal.

Fig. 1. Vibration machine for realization of vibration condensation of loading or separation of its
compound (1 - working container, 2 - driving exciters, 3 - spring suspension bracket, 4 - directings of
horizontal movement terminator, 5 - horizontal terminator of movement with rollers, 6 - crank mechanism

In vibration machine represented on fig. 1c presence of two exciter drives independent between
itself and attached not to the bottom of the container (the fig. 1a - b), but to its lateral walls predetermines
universality of application of the machine: at the rotation of exciters in one direction - the container carries
out flat movement in vertical plane and the machine can be used for vibration volumetric processing of
products; at the rotation of exciters of identical weight with identical eccentricity and angular speed in
opposite directions horizontal compound indignation from left and right exciters are mutually
compensated - container moves only vertically. Besides, the presence permits two independent exciter at
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the expense of redistribution of amplitude of fluctuations of the container to carry out separation of loading
compound of vibration machines not only along a vertical axis of symmetry of the container, but also along
horizontal. Rather vibration machine which circuit represented on a fig. 1d, it can have the limiter of
horizontal fluctuations as well as in vibration machine represented on the circuit 1a. Besides instead of a
spring suspension bracket in vibration machine which circuit represented on a fig. 1, there can be other
type of a suspension bracket, in particular pneumatic.

Thus, in vibration machines with vertical movement of the container to loading the container
enclosed only vertical indignation. The purpose of this work is to study the dynamic processes of vibration
machines of the vibration type. It has been previously investigated that the mathematical model of bulk
homogeneous load can be a layering of flat elastic beams, which in some way interact with each other and
with the walls of the container. However, the proposed type of kinematic perturbation of the system leads
to another motion of the medium - these are transverse, vertical oscillations. The nature of this movement
has not been previously investigated. As in the mentioned works, the environment will be modeled also as
a layering of flat beams, for them we will consider cross oscillations. This movement of the load provides
this type of kinematic perturbation and restrictions on the movement of the container. The differential
equation of motion of the conditionally selected layer of the loaded medium takes the form:

Uy, +a%u,, =ef (U,u,,...,u,,,mt), (1)

7777

El . . i . .
where a® = —F(E, I, F, r - parameters which characterize physically-mechanical properties
r

of environment), u(t,z) - vertical moving of a layer loading with coordinate z at the any moment of time
t;ef(...) - analytical 2p periodic till mt function which takes into account: a) a deviation of the elastic
characteristics of loose loading from the linear law of elasticity; b) influence dissipative and other nature of
viscous-elastic forces on dynamics of process; c) influence of kinematic indignation on vertical
fluctuations of environment (m- frequency of kinematic indignation, e - small parameter which specifies
the maximum order of smallness of the mentioned above nonlinear and external forces in comparison with
linearly elastic forces of environment).
Accepting to attention a kind of contact of loading and walls of the container we shall consider that

for the differential equation (1) the following regional conditions are carried out:

u(zt) _, =ulzt) _ =0, )
where | - geometrical parameter of the container.

In particular: a) if to take into account only that fact that the material of loading satisfies close to
the technical law of elasticity, the function f(...)- accepts a look:

()= -2t (u, ) (3)
1z
b) If the forces of resistance and dissipative forces satisfy the law of Bolotin, f(...)- accepts a look:
f :ut(B+Bou2); (4)

¢) If to take into account only kinematic indignations, the specified function with sufficient accuracy
is represented by the sum Furie by harmonics k xmxt (k =1,2,...).
The physical contents of regional conditions (4) answers contact of stratifications of beams to
walls of the container, which approximately can be simulated immovable articulate fastening.
We shall proceed to construction solution of the equation (1). With this purpose we shall consider
the not indignant equation, which answers (1), that is equation

utt +a2uzzzz = O (5)

Separating in (5) replaceable according to the formula u(z,t)=2(z )Xcos(vvt) for a finding of
unknown function Z(z) is received the differential equation:
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Z, -u‘z=0, (6)
W2
a’’
The function z(z), proceeding from (3), satisfies regional conditions z(O) =z(l)=0,
2,(0)=2,()=0.
The generalized solution of equation (6) is expressed through function of Bogoliybov-Krylov:

where u’ =

K,(uz) = %(chuz +cosuz), K,(uz) = %(Shuz +sinuz), K,(uz) = %(chuz - cosuz),

4
K,({uz) = %(shuz —sinuz) as follows: Z(z) = & S,K, Uz). @)
i=1
Satisfying the condition (7), we shall receive:
Z(z):ansinnxrl)xz, )

where a, - any constant

Given the last equation, the single-frequency and frequency solutions of the undisturbed equation
(6) will look like:

n2 2
W, :aI—E : 9
_ npz
u,(t,z) =a, cos(w,t+a,)xsin Tp . (10)

The presence of different dissipative forces and resistance forces leads to accelerated damping of
high-frequency oscillations and the formation of a dynamic process with one (in most cases the first)
frequency. Therefore, in this system we shall consider so-called one-frequency modes of fluctuations with
frequency equal by first -n =1 (main frequency). Last appreciably facilitates a technique of research of the
indignant equation (1), and at finding of its solution an index k we shall omit. We shall accept the solution
of regional task (1-2) as

u(t,z):acos(y)xsin% LY SWt+g, (11)
where a - amplitude, g - initial phase one-frequency of dynamic process (replaceable in time).
In view of properties of completeness of system functions
{Zn (z)}: ‘isin %g for the finding of the laws of change of amplitude and frequency of
fluctuations of a loading layer in a not resonant case (w 1 m) the differential equation are received:

2p2p |
1 pZp

— \ \ O\ - - pXZ - -
&= f.lz,a,q,§ )Jsin——cosjdjdgdz ,
hp? 000 (z.a,0.§) —cosjdjdg
1 2p2p |l pz
B=w + v0n f.lz,a,g,§)sin—sin jdjdgdz, g =mt, 12
Be lepzagggl( q.J) -sinjdjdadz , g (12)
where
2 5 b
f(z,a,0.J)= fgacosj sin%,—astinj sin%,pl—acosj cos%,...,—%pTg acosj sin%,qj.
€ 0

For a case of the main resonance w » m the laws of change of amplitude both the differences of
phases of the own and compelled fluctuations are determined from system of the differential equations:
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pl
a&: 1 00 f(z,a,9,] +q)sin%cos(j +q )dqdz
00

2p

|
00 f,(z,a,q,J +q)sin %sin(j +q )dqdz (13)
00

PBew-m+
2alw]
where J =y -(q.
As an example we shall consider cross fluctuations of loading only in view of its nonlinear-elastic
properties, that is for a case, if the function f(...) looks like (3). Amplitude-frequency characteristic of

cross fluctuations of loading changes according to parities:
&=0
- 5. 9 2p o
_&:aﬁgg +—a xa’ g+, (14)
elg 32 elg
From the last formula it can be seen that the natural frequency of the loading layer depends not
only on its physical and mechanical properties, but also on the amplitude (initial perturbation), given that
for the accepted assumptions the system is conservative.
If in addition to take into account action of external periodic indignation, that is the right part of
the equation (1) looks like

f(.. )——az‘l?T (u,) +exb,sinmxt, (15)
The equation which describe dynamic process in close to a resonant case, accept a look:

.2 h)
u(z,t) = arsin P2 cosx Xtégg +jT, (16)

| elg ~ 35

Zxe x
& - 4 2e b, 5C0S]
plaxp?+mx?)

,p* LA ?xe xb,
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In the given dependences eb - is expressed through amplitude of external indignationb .

B= a——m+2—2xa xa )sinj.

& b o
bg=—=.
rk g
In the fig. 2 is represented, as an example, resonant curve of development of amplitude of loading
fluctuations at its following physically-mechanical parameters: E = 210" Hxm™2, |=1m,
rF =72kgxm1.
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Fig. 2. Diagram of the dependence of the amplitude of vertical oscillations of the layer of the
medium at the resonant state for by = 0,0014m? xkg -1 (curve 1), by = 0,0009m? xkg -1 (curve 2).

Conclusions.

The use of different types of calculations and the obtained software allows to study the dynamics of
the loading layer of the vibrating machine, to determine the frequency and amplitude of oscillations of the
layer depending on its physical and mechanical properties and design characteristics of the vibrating
machine. Solutions of the obtained nonlinear differential equations describing the movement of the loading
layer in the middle of the container allow to determine automatically the trajectory, amplitude, frequency,
load, optimize the vibration processing, correct calculations and use these calculations in further studies of
technological vibrating machines.
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Hanionanenwuii yHiBepcutet “JIbBiBChbKa mosniTexHika”

JOCJIIKEHHS TUHAMIKU 3ABAHTAXKEHHS BIGPAIIIHHUX
MAIINUH 3 BEPTUKAJIBHUM 35YPEHHAM

a Toninvnuywxuti B.I"., Pebom JI.I1., Bpunuyx P.A. 2021

Merta. Po3pobutu MaremaTndHe 3a0e3MeUeHHs A TOCIiKeHHS JUHAMIKK BiOpamiifHuX MamuH 00’ €MHOTO
00poOIICHHS, Ta PO3paxyHKY BIUIMBY DPi3HUX YMHHHKIB Ha €()EKTHBHICTH Tpolecy Ha 0a3i MPUKIAJIHUX CHCTEM
ABTOMATH30BaHMX MaTeMaTHYHHX pO3paxyHkiB, 3o0kpema MathCad Tta MatLab. Meroguka. [locmimKkeHHs
MPOBOIIINCh HAa OCHOBI Kjacy BiOpoMamuHu 3 Ae0alaHCHMM THIIOM NPHUBOLY 1 NPYXUHHOKIO IIiJIBICKOIO.
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[loOymoBana MaTeMaTWYHa MOJCTh 3aBaHTAKCHHS BiOpaliifHMX O0OpOONIOBAIBHUX MAIIUH 3 BEPTHUKAILHUM
30ypeHHsIM, siKa TpelCcTaBieHa HallapyBaHHSAM IUIOCKHX OajioK, LI0 3/IHCHIOITH BEPTHKaJIbHI KoJMBaHHS. JIist
moOyJOBA MaTeMaTHIHOI MOJIETi BUKOPUCTAHO METOIM HENiHIHHOT MexaHiku. Pe3yabTaTn. JJochimkeHo TUHAMITHI
IpoIiecH TpW BiOpaliifHOMy VIIUTBHEHHI 3aBaHTaXCHHS 1 cemaparmii Horo ¢pakmii 3 METOK ITiJBUIICHHSI
IHTEHCHBHOCTI JAHUX TEXHOJIOTIUYHUX MpolieciB. OTPUMAHO 3aJI€)KHOCTI Ul BU3HAYCHHS BILIMBY (Di3MKO-MeXaHIYHUX
BJIACTHBOCTEH CKIIAJIOBUX 3aBaHTa)KEHHs HA JUHAMIKy mporecy. HaykoBa HoBH3HA. PO3IIsIHYTO HOBI MigXOqH IS
moOyJOBA MaTeMaTHYHUX MOJIENEH TOCTIIKCHHS MPOIIECiB B MalllMHAX BiOpaIliitHoi 00poOKH, 30KpeMa BiOpaIiifHOro
yuriipHeHHs. Ta cenapaunii. OTpuMaHni AudepeHnianbHl PIBHAHHS Ul BU3HAUEHHS 3MIHM aMIUNTYyId Ta 4YacTOTH
3aBaHTa)KEHH BiJl BIUIMBY 30BHIIIHIX Ta BHYTPIIIHIX TapaMeTpiB nporuecy BiOpooopodku. IIpakTuyHa 3HAYYIIICTD.
[NoGynoBaHa MaTeMaTH4YHA MOJIENb A€ MOKJIMBICTH JIOCIIJUTH JUHAMIKY 3aBaHTaXXCHHS BIOpOMAIIMHN, BU3HAYUTH
aMIUITyJy Ta 4YacTOTy KOJHMBaHb 3aBaHTaKCHHS BIODOMAIIMHM B 3aJ€KHOCTI BiJ IOTo BIIACTUBOCTEH Ta
BJIacTUBOCTEH BiOpamiiiHoi MamuaM. OTpHMaHi pPO3B’SI3KM HENHIHHUX OU(EpeHUiadbHUX PIBHAHB OIHCY PYyXy
3aBaHTa)KCHHS y BIOpaliifHAX MaIIMHAX JAI0Th 3MOTY aBTOMAaTH30BAaHO BH3HAYATH aMILIITYIH, YACTOTH Ta TPAEKTOPIl
PyXy PpI3HHX CKJIaJOBHX 3aBaHTAKCHHA B 3aJIC)KHOCTI BiJl MapaMeTpiB CHUCTEMHU ,BiOpamiifHa MamuHa -
3aBaHTXKEHHS , IIJIIXOM iX alNropuTMizamii y MpUKJIaIHUX CHCTeMaX aBTOMaTH30BaHUX MaTeMaTHYHUX PO3PAXyHKIB.

KarouoBi cioBa: He 3B’s3aHHU IHCTpYMEHT OOpOOJCHHSA, BiOpallifiHa MalimHa, TOBEpXHEBa 0OpPOOKa,
ACHIMITTOTHYHI METO/H, 1eOaTaHCHUI MPUBIi, HETiHIHA MEXaHiKa.
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