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Abstract. In the article, a mathematical model of the oscillating motion of a vibrating
separator is constructed. The methods of nonlinear mechanics and the calculation scheme of the
vibration separator with an eccentric and a spring suspension, which is presented in the form of a flat
mechanical system with four degrees of freedom, were used for its construction. The amplitude of
oscillations of the vibration separator capacities in the vertical plane is greater than the amplitude of
its oscillations in the horizontal plane. It is believed that the containers of the vibroseparator move
only in the vertical plane, that is, they are in planar motion. The obtained mathematical model makes
it possible to investigate the influence of the separator parameters with their arbitrary combination
on the productivity of its work with the aim of its optimization.
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Introduction and Problem Statement

The field of use of vibrating separators for separating bulk materials into fractions tends to further growth
in machine-building, mining, construction, and other industries. Despite the wide range of applications of
vibration separators, the dynamic processes in such complex systems were described mainly in a linear
formulation, which mostly inadequately reflects the physical phenomena of the separation process [1]. The
needs of practice require the prediction of separation results depending on the structure, physical and
mechanical properties of the components of the medium to be separated, and therefore the appropriate selection
of the type and characteristics of the vibrating separator, taking into account the nonlinear forces that occur
during its interaction with the medium. Solving such complex problems, which take into account the influence
of the drive on the dynamics of various types of environment and the separator, makes it possible to predict the
intensity of interaction between them, to choose the geometric and kinematic parameters of the separator
accordingly, and ultimately to reduce their metal and energy consumption and increase the intensity separation
process. It explains the relevance of the study of dynamic processes in vibration separators.

The magnitude of the vibration amplitude of the container of the vibrating separator is affected by the
parameters of the unbalanced mass of the unbalances, the mass of the working containers of the vibrating
separator, the separated medium, the stiffness of the suspension, the rotation frequency of the unbalances, etc.
The study of the complex influence of these parameters on the intensity of vibration separation of bulk
materials, as well as the geometric parameters of the vibration separator — the dimensions of the working
container, the place of attachment of the imbalance, the location of the suspension, the influence of various
combinations of these parameters -, is an important task. It is possible to make a comprehensive impact of the
above parameters on the intensity of vibration separation of bulk materials by studying dynamic processes in the
vibration separator based on the construction of mathematical models of the movement of the working body of
the vibration separator. With the help of built models at the design stage, it is possible to select such parameters
of the vibrating separator that would ensure the maximum possible intensity of separation of bulk materials.
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Review of Modern Information Sources on the Subject of the Paper

The necessity to apply the phenomenon of separation determines the use of a wide range of separators,
which can be classified into separators with movable and stationary sieves [1]. Separators of the first type have
significantly higher productivity and, accordingly, the level of application due to a better level of interaction of
the sieve surface with the mixture to be separated. The level of rationality of the separation process also
increases with an increase in the number of sifting surfaces (sieves) in the design of the separator [2], [3].
Concentric [4] placement of sieves in drum-type separators, or sequential placement of round or U-shaped
cross-section sieves in separator structures enable their effective use as separators - conveyors with
simultaneous provision of separation phenomena and transfer of separated fractions in space.

Separators with moving sieves are quite complex dynamic systems, the effective design of which and
subsequent operation are possible only based on their thorough theoretical research, particularly with
mathematical modeling. There are several attempts to theoretically describe the dynamics of separators, but all
of them have their limited application. Thus, in [5], [6] only the dynamics of separate parts of the separator are
theoretically investigated, there are no studies of the entire separator as a single dynamic system. In [6], the
motion of oscillating surfaces is studied only in the lincar formulation of the problem, and the obtained
theoretical models are linear, which narrows the possibility of their application. In [7], the dynamics of
separators is studied by numerical methods.

The authors of the article, based on asymptotic methods of nonlinear mechanics [4], developed several
models of vibration processing systems [4, 8], including separators, in the form of sets of analytical expressions,
which included the key parameters of these systems - kinematic, geometric and power. These models are non-
linear and make it possible to describe the dynamic processes occurring oscillating system under study.
According to this technique, the presented vibration separator with the horizontal layering of sieves was studied.

Main Material Presentation

The schematic diagram of the vibration separator selected for modeling is presented in Fig. 1. The
following designations are used in the figure: 1 — working container of the vibrating separator;, 2 —
unbalanced vibrator; 3 — belt coupling; 4 — vibration separator frame; 5 — a set of sieves for separation.

The vibrating separator consists of three working containers 1, in which there are separation sieves 5
with different cell sizes. The largest cell is in the upper sieve of the upper container, the smallest is in the
lower sieve of the lower container. From 0 to 6 sieves can be installed in working containers (2 sieves in each
container). Thus, this separator can separate the mixture into a maximum of 9 fractions (three fractions in
cach container — two accumulate on the sieves, the third — on the bottom of the container). Containers are
connected by nozzles in which separation sieves are also installed. The mixture to be separated is loaded into
the upper container. Under the action of imbalances 2, which are set in motion by asynchronous electric
motors through belt couplings 3, the working containers begin to vibrate making a planar movement. The
working mixture is thrown up and moved (due to the different amplitude of left and right unbalance
oscillations with different unbalanced masses) along the upper container. The largest particles remain on the
upper sieve, and the smaller ones fall on the lower sieve. Particles of a certain size remain on it, which do not
pass through the cell of the corresponding sieve. The rest of the mixture falls to the bottom of the upper
container and, passing through the sieve of the connecting pipe, which also separates one fraction, falls on the
upper sieve of the second (middle container), etc. The separation process on the middle and lower containers
are similar to that on the upper one. As a result, the mixture is separated into 9 parts. At the end of the
separation process, the operator turns off the drive, opens the side openings on the containers (there are 3 of
them on each container — a circle of sieves and a bottom), turns on the drive and the separated mixture is
discharged from the vibrating separator under the influence of vibration to the outside - each fraction is
separated by size into a separate tray. This is how the investigated vibration separator works.

Calculation scheme of the generalized vibration separator. The amplitude of oscillations of the
containers of the vibrating separator in the vertical plane (the plane of rotation of imbalances) is much greater
than the amplitude of its oscillations in the horizontal plane. Therefore, it can be assumed that the containers
of the vibrating separator move only in the vertical plane (in the plane of rotation of imbalances), that is, they
are in planar motion. The calculation scheme of the vibrating separator can be represented as a flat
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We will introduce the following notations and assumptions: working containers have masses My,
Mz, Mis, XOgY - stationary coordinate system; X;05 Y, . the moving coordinate system associated with
the center of rotation of the imbalance and the vertical axis of symmetry of the containers moves together
with them, and its coordinate origin is the point O coincides with the center of rotation of the imbalance;
¢ — the rotation angle of the containers relative to the initial position during their movement (the rotation

angle of the moving coordinate system relative to the stationary one). At the initial moment, the centers of
the moving and stationary coordinate systems coincide, the geometric center of the container is at the point
Os , and its center of mass is a point S, lies on the axis Y. Let Oy, O,, O; be the geometric centers of the
containers of the vibrating separator, OsD = r — the radius of rotation of the balance (the amount of
eccentricity of the balance). We assume that mass My, — unbalanced mass concentrated in one point, ® —
the angular speed of rotation of the imbalance (we take it as a constant value for a certain processing
mode), a, and a+a, — the initial phases of the imbalance position; o =of — the angle of rotation of the
imbalance at an arbitrary moment relative to the initial position; C — total stiffness of ¢lastic elements; C;
and C, — stiffness of the right and left suspension, respectively; Lspr — the length of the undeformed
suspension (springs); AB; and CF; - the length of the springs at any moment of the movement of the
container; AB and CF - the length of the spring at the initial moment of time, b and q — distance from the
left and right suspension supports to the axis OsY — fixed coordinate system.

The developed scheme generally reflects the structural and kinematic parameters of the
investigated vibration separator. It will make it possible to build an adequate parameterized unified
mathematical model of the movement of a generalized vibrating separator, which will make it possible
to investigate the influence of design parameters and technological modes on the intensity of
separation of bulk materials in it.

Results and discussion

Mathematical modeling of the motion of the vibrating separator. The movement of the vibrating
separator (the movement of any point of the working containers during an arbitrary time interval of the
separation of bulk materials) can be described by a system of analytical expressions, which includes all its
necessary parameters (solutions of the system of differential equations that describe the movement of the
vibrating separator). The mathematical model of the movement of the container (working body) of the
vibrating separator is the law of movement of its geometric center (point Q) or it’s center of mass, and the
angle of rotation of the container around its center of mass. By substituting here the coordinates of any
point of the container, the movement of which must be investigated, and the necessary parameters of the
vibration separator, it is possible to obtain expressions for constructing the trajectories of the movement of
the selected point of the container and determine its amplitude, amplitude-frequency characteristics.

The differential equations of the oscillatory motion of this mechanical system can be derived from
Lagrange's equations of the II kind:

T 0
where L=T7—(P+P)) — the Lagrangian function, 7"=7, + 7}, — kinetic energy of the system, consisting

of the sum of the kinetic energy of the containers and the energy of imbalance; P — the potential energy of
the system (containers and imbalance), P, — the potential energy of the elastic suspension of containers;

q; — generalized coordinates, ie ¢, =X, , ¢, =Y, . s =¢.a & =%, . & =%, . & :<|§‘, respectively, their

generalized velocities.
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An imbalance, as mentioned above, is considered a material point in which the mass of the
imbalance is concentrated, and therefore the expression for finding the kinetic energy of a material point is
used to record the kinetic energy of the imbalance.

The Lagrangian of this mechanical system, taking into account the above, took the form:

M

L (&, +rcos(@f+¢ +0, ) o +) +(§, +rsin(@r+¢ +a,)o +§)*) +

L=—=
2

+M;1 (4, 85 sing +$(Frgr +S)cosd)® + (B, +¢F cosp +

+§(Figt +S)sin¢)2)+%«xos ~ ¢ cosd)’ +

M,
2

+(§o, — BN, cos +§(N,rgy + S)sing)*) + % F -

+(B,, — 9 sing)” + —= (&, +&N, sing +FN,1gy + S)cosp)” +

o 2
{71((%6 —beosd +dsing +b)* +(y,, —bsing -

~dcosd +d)’ —(d - £)?) +%((x06 +qcosd + fsing —¢q)” +
_l’_
+(¥,, +gsing —cosd +d)Y —(d- f)

M g(y,, + I sing — (Figt +S)cosp — (F1gt +.5)) +
+[+MKzg(y06 +Wcosh —W)++M, g x
(Yo, =Ny sing —cosh (Nyzgy +.5) = (Nigy +5)) +
+Mpg(rcosa, + y, —rcos(@f+¢ +a,))

We substitute the derived expressions for each generalized coordinate into Lagrange equations
of the II kind, reduce them to such a form that only the sum of the second derivative of the
generalized coordinate and the product of this coordinate by a certain coefficient remains in the left
part, and we transfer the other terms to the right side of the equation. In this way, the equation is
reduced to a system of perturbed (from a mathematical point of view — they have a time-varying
function on the right-hand side, from a physical point of view — the presence of an external periodic
disturbing force (or several forces), which sets the system in motion — the driving force of the
vibrating separator) of nonlinear differential equations, which will be the mathematical model of the

movement of the vibrating separator container:

B +o x, =cf.@0.for+a,):
& +0y, =/ ¢.ffor+a,);, 3)
Frol (it =c"f, .48 .8),

> <

1 c . . .
where € = v e're, 0, = "M — natural frequency of oscillations of the container; ¢ — total stiffness of

the suspension; M — total mass of containers, imbalance, separating medium; o, (/) — “frequency” of

circular oscillations of containers, taking into account unbalance.
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Consider the third equation. The angle of rotation of the container ¢ changes by an insignificant

amount — from 0° to 4°. Therefore, it can be argued that sing ~¢ , and the third equation of the system

can be written as i+ k129 =0,
where kl= \/Z: b =C (B +d*)+Coq’ +df —M g(ligt +8)+ M gW —M g(N,igy +.5)),
1

dy =M +J+ M+ M W + M N
Its solution can be represented as
¢(1) =L, sinkt + L, coskt,
where L, L, — are determined by the initial parameters of the mechanical system.
In this case, taking into account the above, the final system of equations will have the form:
_kz(Ll sinkt + L, coskt (M ,r cos(@ 1 + L, sinkt + L, coskt +o.,) + M x ]
X [(FJg‘c +8)cos(L, sin kt + L, cos kt) — F, sin(L, sin kt + L, cos kt)] -
—M . W cos(L, sinkt + L, coskt) + M (N, sin(Z, sin kt + L, cos kt) +
+(N,tgy +S)cos(L, sinkt + L, cos kt)) —(Lkcoskt — L ksinkt)’ x
B+ c _ 1 —M . () cos(L; sinkt + L, coskt) + (Fi1gt +S)sin(L, sinkf + L, coskt) +
M oey +M . Wsin(L, sinkt + L, coskt) + M . (N, cos(L, sinkt + L, coskt) — +
—(Ntgy +S)sin(L, sin kt + L, cos kt)) + (Ptgy + S)sin(L, sin kt + L, coskt))
+M (o +Lkcoskt — L,ksinkt)(—C,q + C\b) —sin(L, sin kt + L, cos kt) x
x(Cd-C,/)+Cyqg-Cph

& (L, sinkt + L, cos kt) (M, (r sin(o ¢ + L, sin kt + L, coskt +a.)) + 4
M (F cos(L sinkt + L, coskt) + (Fiigt +8)sin(L, sinkf + L, coskt)) —
—M  Wsin(L, sinkt + L, coskt) + M, (Nyigy +8)sin(L, sinkt + L, coskt) —
—N, cos(L, sinkt + L, coskt)) + (Ptgy +.5)sin(L, sinkr + L, coskt))) —
C 1| -(Likcoskt — L ksinkr)’ x (M (Figr +S)cos(L sinkt + L, coskt) —
& | —Iysin(L, sinkf + L, coskt)) — M. W cos(L, sinkt + L, coskt) + M x
x(N, sin(L, sin kt + L, coskt) + (N,tgy +5) x cos(L, sinkt + L, cos kt)) —
—Psin(L, sinkt + L, coskt))) — M r(o + Lk coskt — L,k sin kt)* x
xcos(w?+ L sinkt + L, coskt +a.,) +cos(L, sinkt + L, coskt)(C;d + C, f) +
xsin(Z, sinkt + L, coskt) x (Cb - C,q) —d(C, + C) + (M +M, +M, +M;)g
Fr 1’9 =0.
The next step is the construction of the solution of this system of equations to obtain analytical
solutions - the movement model of the generalized vibration separator.
Using the Poincaré method, the solution of a perturbed system of nonlinear differential equations,

which describes the motion (small oscillations) of a given mechanical system (the vibrating separator
operates in a stationary mode), can be represented in the form of a series of powers €, which are

convergent if sufficiently small € ):

X, () = X, sin( %ﬂrax) +ey, ((I),('&,&,O)f—i—(lo)-i-sz)(; ((I),d&,(ﬁ‘,mﬂrao)f..,
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. C
Yo, (1) =y, sin( ﬁtﬂxy) +sxy(d),d&,(ﬁ‘,cot+oc0)+82X;((|),<|§‘,&,mt+ao)+...,

where & = % << 0 -the condition of smallness is fulfilled;

%! ((I) S or +oc0) — some functions that are determined according to the Poincaré method:

, . , (1Y
Analyzing the system according to the weight of the parameters €’ :(ﬁj , where ie [O;oo) , We

limit ourselves in constructing the solution to the first two members of the series - the first represents the

solution of an undisturbed system, the second — the effect of an external perturbation.

Therefore, the solutions of the perturbed system (3) (the system of equations defining the

generalized coordinates) in the first approximation (taking into account the first two terms of the series) in

the general case took the form (5):

Xo, () = X, sin( ﬁﬂrax) +sjﬁc((l),d&,(f}&,mt+a0)sin(\/§(r—u)jdu ,

Yo, (1) = yosin( iﬂray)+sIfy((l),d&,(ﬁ‘,mﬂrao)sin(\/%(t—u)jdu .

)

where ];((I),d&,(ﬁ‘,mﬂrao) and fy((l),(ﬂ‘,(ﬁ‘,mﬂrao) — functions of the right-hand side of equations in

generalized coordinates x, and y, system of equations of the data above.

Therefore, the solution of the system in the first approximation will have the form (6):

. C
X, (1) = x,sin ﬁﬂrax +

+€

O ey

i (L, sinkt + L, coskt)(M ,rcos(w? + L, sinkt + L, coskt +a.,) +
+M [(Figr +S)cos(L, sinkt + L, coskt) — F; sin(L, sin kt + L, coskr) |-
—M . W cos(L, sinkt + L, coskr) +
+M [N1 sin(L, sin kt 4 L, coskt) + (Ntgy +S)cos(L, sinkt + L, cos kt)ﬂ -
~(L kcoskt — L ksinkt)® x
M (Fcos(Ly sinkt + L, coskt) + (Figt +S)sin(L, sinkt + L, coskt) +
x| +M ¢ Wsin(L, sinkt + L, coskt) + M, (N, cos(L; sinkt + L, coskt) —
—(Nytgy +S)sin(/, sinkf + L, cos kt)) + (Prgy +.5)sin(/, sinkt + L, cos kt))
+M r(o + Lk coskt — L,k sin kt)(—C,q + C,b) —sin(L, sin kt + L, cos kt) x

| X(Cd -G, 1)+ Cq-Cb

xsin(\/g(r - u)jdu,
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. C
Yo, (1) = yysin ﬁﬂray +

& (L, sinkt + L, cos kt (M, (rsin(of + L, sinkt + L, coskt +a.,) +

+M . (B cos(L, sinkt + L, coskr) +

+(Htgr +8)sin(L, sinkt + L, coskt) — M Wsin(L, sinkt + L, coskt) +
+M . (Nyigy +S8)sin(L; sinkt + L, coskt) — N, cos(L; sinkt + L, cos kr)) —
—K cos(I, sinkt + L, coskt))) — (L kcoskt — L ksinkt)* x

(M. (Fyigt + S)cos(L, sinkt + L, coskt) — Iy sin(L, sinkt + L, cos kt)) — X
—M W cos(L, sinkt + L, coskt) + M . (N, sin(L, sinkt + L, coskt) +

+(N,tgy +S)cos(L, sinkt + L, coskt)) — Psin(L, sinkt + L, cos kt))) —

—~M r(o + Lk coskt — L ksinkt)’ cos(of + L, sin kt +

+L, coskt +o.,) +cos(L, sin kt + L, coskt)(C\d + C,, f) +sin(L sin kt + L, cos kt)(C,b — C,q) -
—d(C+C)+ M +M +M, +M, +M,;)g

xsin(\/g(r - u)jdu,
¢(f) =L, sinkt + L, coskt.

The obtained system of equations describes the movement of the vibrating separator during an
arbitrary time interval of its operation. The connection between the coordinates of the points of the
containers relative to the two reference systems — fixed and moving (connection with the center of rotation
of the imbalance) has the form:

+€

O Sy

X, =X, +,c080 (1) - ¥, sin (7).

Vi, = Yo, +X;smd(t) + y, cosd(?).

Using the last ratio, it is possible to determine the horizontal and vertical component of the vibration
amplitude of any point of the container of the vibrating separator in the plane of its movement - in the
plane of unbalanced oscillations at an arbitrary moment in time or during the period of operation of the
vibrating separator during the separation of bulk materials. It is also possible to construct the trajectory of
the movement of a given point during the investigated time interval of processing, to find the influence of
all kinematic and geometric parameters of the vibration separator on the amplitude of oscillations of any
point of the working containers, to investigate their importance in terms of influence on the magnitude of
the amplitude and the nature of the oscillations of the containers, and also, at arbitrary their variations
among themselves, over the entire interval of the possible change of these parameters.

The obtained dependencies are solutions of the system of differential equations - the investigated
vibration separator. The built model is parameterized and contains all the necessary geometric and
kinematic parameters of the vibrating separator.

Conclusions

A unified parameterized model of a vibrating separator with an unbalanced drive and a spring
suspension has been developed, which can be used (by changing its parameters or setting them to zero) for
a wide range of designs of vibrating separators with three working containers, as well as for separators
with two or one working containers, with by their various arrangement relative to each other and the frame
or suspension of the separator. The built model of the vibrating separator covers all the dynamic
phenomena that occur in it and allows to study of the influence of its basic parameters on the amplitude of
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vibrations of the containers of the vibrating separator (parameters that can be changed during the operation
of the separator), to obtain graphical dependences of the amplitude of vibrations of the separator containers
on its parameters and trajectory movements of arbitrary points of the containers in the plane of their
oscillations. These dependencies can be used to select the required operating modes of the separator.
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