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INVESTIGATION OF A SPATIALLY-OSCILLATING VIBRATING SCREEN WITH
LONGITUDINAL RIDGES
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Abstract. The aim of the study is to improve the efficiency of classifying fine-grained bulk materials by creating a
mathematical model of a vibrating screen with a corrugated screening surface operating in spatial (three-dimensional)
vibration mode. The design with an inertial vibration exciter installed under the bottom of the box at an angle to the
working surface is considered.

The first part presents a dynamic calculation of the screen. Linear vibrations in the vertical plane of symmetry of the
screen and rotational vibrations around the horizontal and vertical axes passing through the center of gravity are
considered. Lagrange equations of the second kind are compiled, taking into account inelastic resistance. Amplitude-
frequency and phase-frequency characteristics are constructed. In the resonance zone, a sharp increase in the
amplitudes of the screen's oscillations is observed. In the operating frequency zone, the amplitudes of the oscillations
and the phase characteristics of the system stabilize.

The screen has a corrugated working surface. Therefore, the second part examines the movement of a particle of
material within a single corrugation relative to a local coordinate system. Differential equations of motion of the particle
along the working surface and perpendicular to the corrugation cross-section are derived. Given the initial conditions,
expressions for the displacement of the particle in the specified directions are obtained. Under the action of vibration, the
layer of material becomes loose. From this, it can be assumed that the movement of particles approximately
characterizes the behavior of the material at individual points on the surface of the screen. Graphical dependencies of
the movement of material along the working surface and in the transverse direction were obtained. Their analysis
showed a relatively constant movement of particles along the box to the unloading point. Across the width of the screen,
there is a significant difference in the speeds of movement in the central part and at the edges. This indicates the
presence of intensified mixing of the material in the transverse direction, which has a positive effect on the quality of its
classification.

The practical significance lies in the formation of recommendations for selecting the geometry of corrugations,
frequency and phase excitation parameters for materials with different particle sizes, as well as in ensuring operation in
the resonance range, which reduces peak inertial loads, energy consumption and wear.

The originality and value of the work lie in the construction of a consistent model that, for the first time,
systematically combines the geometry of the corrugated surface and the spatial kinematics of the deck with the
indicators of the loosening process, creating a basis for multi-criteria optimization of the structural and kinematic
parameters of the screen.

Keywords: vibrating screen; spatial vibrations; corrugated screening surface; mathematical modeling; classification
efficiency.

1. Introduction

The development of modern screening technologies is aimed at improving the
efficiency of classification and separation of bulk materials through new structural
and kinematic solutions, optimization of screen geometry, and improvement of the
dynamic characteristics of machines. A promising direction is the transition from
traditional single-axis vibrations (linear or circular) to multidimensional trajectories
and complex spatial modes, which allows intensifying the screening process without
increasing the size of the equipment.

Two-shaft self-balancing or self-synchronizing vibration exciters are widely used
on screens, which provide rectilinear vibrations of the box at a certain angle to the
screening surface. In high-performance screens, the length of the screening surface is
5-8 m, which reduces the thickness of the material layer by 3—10 times. To improve
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the efficiency of classification, screens with variable mesh vibration parameters along
the length of the screening surface is proposed [1].

One promising direction is the use of a single-axis inertial vibrator with a vertical
axis, which provides spatial vibrations of the working surface. A theoretical analysis
of material movement under such conditions was carried out in [2, 3]. The authors
took into account the change in vibration viscosity across the thickness of the layer
and considered the movement of material along the box and across it within the
framework of two separate tasks, which allows describing the complex dynamics of a
bulk medium.

Another approach is proposed in [4], where the influence of the geometric
parameters of the screen and the location of the vibrator on the movement of material
across the working surface is analyzed. The results of the research made it possible to
determine the optimal parameters for material movement, and experimental tests [5]
confirmed the effectiveness of the proposed design scheme, which ensures
simultaneous directed movement of material to the unloading point and its intensive
mixing.

The next stage in the improvement of screens was the use of a screening surface
with longitudinal corrugations, which contribute to the intensification of material
mixing and increase the efficiency of classification [6]. Analytical studies of this
design solution are not yet available.

The problem of taking dissipative processes into account in vibrating systems is
of fundamental importance for an adequate description of their dynamics. The classic
work [7] sets out the basics of the theory of internal friction in the oscillations of
elastic systems, the mechanisms of energy losses, and methods of taking damping
into account in analytical models.

This direction has been developed by domestic researchers in their works devoted
to mathematical modeling of real structures. Thus, in [8], a mathematical model of a
vibrating separator with a sequential arrangement of screens was constructed, which
made it possible to evaluate the influence of vibration parameters and geometry on
the efficiency of separation of finely dispersed materials. In [9], the dynamics of
vibrating machines for processing product surfaces were modeled, determining the
patterns of oscillatory motion and the influence of design and operating parameters
on the processing process. In the study [10], a model of a two-mass oscillatory
system with parallel elastic and damping elements was proposed, which allows taking
into account both elastic and dissipative properties of the system for calculations and
optimization of vibration drives and working bodies.

The works of Professors Uchitel and Zaseselsky [11, 12], devoted to the spatial
oscillations of the working bodies of vibrating machines, deserve special attention. In
[11], the trajectory field of a vibration exciter with inhomogeneous and spatial
vibrations during the sorting of metallurgical charge is determined. The interaction of
vertical and horizontal vibration components and their influence on the movement of
material along and across the surface is considered. Experimental confirmation is
given in [12], where the mode of impulse vibrations ("beating") is investigated, which
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provides more intensive mixing of the material, reduces stagnation on the surface,
and improves the uniformity of classification.

Thus, the works of Uchitel and Zaseselsky form the theoretical and experimental
basis for the study of spatial vibrations and can serve as a guideline for the design and
optimization of vibratory classifiers.

Vibrating screens are used to classify fine-grained materials, but this process is
labor-intensive and relatively inefficient. For such material, the traditional approach
to layer thickness, which was supposed to be 3—4 average particle sizes, is no longer
followed; in order to increase productivity, it is fed onto the screening surface in a
relatively thick layer. At the same time, the live cross-section of the screening surface
is relatively small. Under these conditions, separation by size occurs as a result of
interrelated processes of segregation, screening, and vibratory transport. The intensity
of these processes is determined by the particle size distribution, particle shape,
physical and mechanical properties of the raw material, and the thickness of the layer,
which decreases during transportation. With this in mind, it is necessary to make a
rational choice of the structural and dynamic parameters of the screen.

It 1s common practice to install two-shaft self-balancing or self-synchronizing
vibration exciters on screens, which form rectilinear vibrations of the box at a certain
angle to the screening surface, as proposed by Professor V.P. Nadutyi. In high-
performance screens, the length of the screening surface reaches 5-8 m; during the
screening process, the thickness of the material layer can decrease by 3—10 times. To
increase the efficiency of classification, screens with variable parameters of sieve
vibrations along the screening surface is proposed.

A promising direction for the classification of finely dispersed materials is the use
of a single-axis inertial vibration exciter, the axis of which is located in a vertical
plane and provides spatial vibrations of the working surface. The theoretical
justification for such material movement was provided by Professor L. M.
Tishchenko, who considered a loose medium as a system that acquires the properties
of a liquid under the action of vibration, taking into account the change in vibration
viscosity across the thickness of the layer. The complex movement of material along
and across the box was studied in two separate settings.

An alternative approach to solving this problem was proposed by Professor V. P.
Franchuk. In his works [13—15] and the research of his school, the influence of the
geometric parameters of the screen and the location of the vibration exciter on the
kinematics of the working deck and the trajectory of particle movement was
analyzed. The results obtained made it possible to substantiate the rational ranges of
structural and kinematic parameters that ensure favorable conditions for material
transport across the screening surface. Experimental verification confirmed the
effectiveness of the proposed design scheme: along with the controlled directional
movement of material to the unloading zone, intensive continuous mixing of the layer
is ensured.

The next stage in the improvement of screens was the use of a screening surface
with longitudinal corrugations, which intensify the mixing of material and increase
the efficiency of classification. Professor V. P. Franchuk and his research team
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received a patent for a utility model for this development. At the same time, this
design solution has so far remained outside the scope of systematic analytical
consideration.

Corrugations are longitudinal ridges on the screen that form a periodic relief. Due
to the change in the local geometry of the surface, the vectors of contact forces and
friction forces vary; as a result, the particles not only slide, but also undergo short-
term overturning over the ribs and tossing. Such micro-modes destroy the crust of
clumped material, activate size segregation processes (small particles move
downwards, large ones move to the upper layers), and prevent flow compaction.

The screening surface vibrates simultaneously in three directions (x, y, 2).
Correctly selected amplitude and phase ratios create time intervals when the normal
pressure on the screen decreases, the layer loosens, and the relative velocity of small
particles relative to the holes increases. During these time «windowsy, the probability
of particles passing through without additional energy expenditure increases
significantly.

The scientific problem is to develop a consistent mathematical model of a
vibrating screen with a sieving surface equipped with longitudinal corrugations,
which operates in the mode of spatial (three-dimensional) vibrations.

The purpose of the model is to formally and quantitatively describe the influence
of the geometric parameters of the corrugations (height, pitch, profile), amplitude-
frequency and phase characteristics of the vibrations, as well as the physical and
mechanical properties of the material on the kinematics of particle movement, the
efficiency indicators of the classification process, and the specific energy
consumption.

2. Methods

The simplest design of such a screen (Fig. 1) includes: / — a box as a rigid
oscillating body with a screening surface; 2 — elastic shock absorbers connecting the
box to the base; 3 — inertial vibration exciter located in a vertical plane at an angle f3
to the working surface; 4 — material loading device; 5 — unloading device.

""'fig‘ """" 1

B

Figure 1 — Structural diagram of the screen

A special feature of the design is the location of the vibrator so that the projection
of the exciting force onto the vertical plane passes through the center of mass of the
oscillating system. This eliminates the tendency for uneven motion and ensures a
stable spatial vibration mode.
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The screening surface i1s made in the form of longitudinal cylindrical perforated
streams (ribs), on which the material to be screened is transported and distributed.

Due to the spatial movement of the working surface, the material performs
directed movements along the x-axis and circular movements in the transverse
direction. When screening fine-grained materials, this ensures improved contact of
the particles with the perforated surface and increases the productivity and efficiency
of the process.

The dependence of the dynamic characteristics of the screen and the parameters of
material movement on the size of the screening surface and the location of the drive
is considered taking into account the following assumptions:

o The mass of the screen box is proportional to its length and width, and the
moment of inertia takes into account the end elements of the structure (loading
and unloading devices).

o The attachment of the drive shifts the center of gravity of the screen by an
amount proportional to the mass of the drive and the distance from its center to
the center of mass of the box.

o When the drive is shifted, the condition is satisfied that the projection of the
disturbing force vector onto the vertical plane passes through the center of
gravity of the box.

The dynamic calculation diagram with the designation of geometric and dynamic

parameters is shown in Fig. 2.
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Figure 2 — Calculation dynamic diagram of the screen

Fig. 2 shows the calculation-dynamic diagram of a vibrating screen with a
screening surface equipped with longitudinal corrugations in three projections
(longitudinal xOz, transverse yOz, and plan xOz). The oscillating part of the
installation is represented by a box with a center of mass fixed on elastic elements.
Spatial oscillations are driven by a twin-shaft inertial vibrator located in a vertical
plane at an angle to the working surface.
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The diagram shows: m — mass of the moving parts of the screen; my — mass of the
drive unbalanced masses; r — eccentricity of the center of gravity of the unbalanced
masses; J,, J. — moments of inertia of the box around the x and z axes relative to the
center of mass; C,, C, — stiffness of elastic connections in the direction of the x, y, and
z axes; [ — angle of inclination of the working surface (technological angle that sets
the direction of material transportation); ¢ — angle of rotation around the x axis; € —
angle of rotation around the z-axis; b, — distance from the center of mass of the box to
the axis of the unbalanced shaft along the x-axis; a, — distance from the center of
mass of the box to the axis of the unbalanced shaft along the z-axis; ay — distance
from the center of the unbalanced masses to the center of gravity of the drive; a.i,
a. — distance from the elastic elements to the center of mass of the box along the
length of the screen; b, — distance from the elastic elements to the center of mass of
the box along the width.

The coordinate system is chosen so that the x-axis is directed along the working
surface, the z-axis 1s directed vertically upward, and the y-axis is directed
transversely.

3. Theoretical part

This diagram is used to compile equations of motion according to Lagrange II, in
which kinetic and potential energies are determined by the given parameters, we
obtain a system of equations describing the motion of the screen in the form:

Mg, +(C, sin B+C, cos f3) ¢, =myrw’ sin (w1)

M3, —mya,¢—myb,0+C,y =myro* cos(wt)

.. .. 1
1.,¢—mya, 3, —mya,b,0+0,5C, (acz1 + af,z)¢ =—myre’a, cos(wt) L
1,0 -myb, 3, —mya,b,p+C.b20 =—myra’b, cos(wt)
In the system of equations (1), it is customary to
M=m+my; Lyg=I +ammy; I, =1,+bimy. )

The first equation of system (1) is independent, so it can be solved separately. It is
convenient to present the solution of this equation in the form:

q = Asin (o1), (3)

mor 0)2
(C, sin B+ C, cos ﬂ’)—Ma)2
The solution of the remaining three equations of system (1) according to the
method of undetermined coefficients should be presented in the form

where 4 =
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y=Ycoswt, p=Dcoswt, =0Ocoswt. (4)

The amplitude values of linear and angular displacements in the elastic
formulation of the problem are as follows:

[0,5 C, (af,1 + afz)—Jxlmz](bef —lecoz)—
Y = myro*4-3 (moanbnoo2 )2 + Lk z

+ moco2 [as (becz — le(DZ )+ b,% (0,5 C, (agl + bgl)_ Jxl(’o2 )]

© - mor(oz moatnb,foft -a, (Cy - Mo* Xbecz —leooz)— - )
— mya, [(becz —leoaz)—b,f (Cy ~ Mo? )] "
O mya’h,o* —b, (cy — Mw? Xo,s c, (a§1 +a§2)—lem2)— .y
’ —mobnco2 [(0,5 Cy(ag‘l +a32)—J21w2)— a,zl(Cy —Mcoz)] "

The denominator in expression (5) is determined by the dependence

7, =(c, -mo? o5 ¢ a2 + a2 )- T w02 (€02 - 7107 )~ (moa,b,07 )}~
_(becz —leoo2>(m0an032 )2 — [0,5 Cy (aczl +a022 )— Jxlooz](mobn(oz )2 + (6)

+ 2m8 (a,b, )2 o’

In accordance with the Bokka—Schlipe hypothesis, inelastic supports are
considered to generate forces proportional to the first power of the deformation
velocity of elastic connections and independent of the deformation frequency. This
approach is consistent with the concept of complex elastic modulus introduced by E.
S. Sorokin. For this formulation, the equivalent complex stiffnesses are as follows

Cx=C,(1+id,), Cy=C,(1+id.). C:=C(1+id,) (7)

where i is an imaginary unit, and 4. is the coefficient of internal friction (losses).
The coefficient 4. is related to the energy absorption coefficient y and the
damping coefficient 0 by the following relationship

2r A=y =20. (8)
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Substituting the complex stiffnesses (7) into expressions (3), (5), and (6), we
obtain the complex amplitudes of the longitudinal, transverse, and angular
components of the oscillations. The actual, physically measurable amplitudes and
phase shifts are determined as the modules and arguments of the corresponding
complex quantities.

A=[d,y =[r| @ = |00 =|6, o
aAd = arg@) aY = arg(?), ad = arg(@) a® = arg(@).
In this case, the displacements in the coordinates take the form
q=Asin(wt+a d), y=Ycos(wt+a?), 10)

g=Dcos(wt+a®), O=sin(wt+aO)

Fig. 3a shows the amplitude-frequency characteristics of translational (linear) and
angular (rotational) vibrations of the vibrating system of the screen. In the vicinity of
the natural frequencies (resonance zone), a sharp increase in amplitudes is observed.
In the operating frequency range close to w = 100 rad/s, the amplitudes acquire
stationary (quasi-steady) values, and the phase characteristics of the system stabilize,
as 1llustrated in Fig. 3b. This creates the prerequisites for a reproducible and
controllable mode of operation of the screen.
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Figure 3 — Amplitude-frequency and phase-frequency characteristics of the vibrating screen

Let us consider the movement of material on the surface of a screen that has
longitudinal corrugations of a cylindrical shape in cross section (Figs. 2, 4). In this
case, we assume that the screen operates in working mode with a frequency of
@ = 100 rad/s.

The movement of the screen surface at point C in the x, y, and z coordinates,
taking into account the decomposition ¢; horizontally and vertically, as well as the
movement in the y, ¢, and @ coordinates, can be written as (the x. coordinate is
normal to the yoz plane and is not shown in the figure)
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Xe =4q1 Cosﬂ+(Y0+Yc)¢:

yc:y+Xc§0+(ZO+Zc)‘99

Z. = q Sinﬂ+(Y0+Yc)0.
a i ) b

CG e !

Figure 4 — Calculation diagram for determining the movement of material on the surface
of the screen

Substituting the values of g1 , v, ¢, and 6 from (3) and (4), taking into account (5),
(6), (7), and (9), and decomposing the oscillations into harmonics, we obtain the
displacement at point C as:

x,=A.,.sin(owt+3,),
Ve=4y.cos(@t+35,,), (11)

z,=A,.cos(wt+89,),

where the expressions for the coordinates x, y, z, amplitude 4. and phase shift . are
determined by the dependencies on the moduli and arguments of complex
numbers (9).

Under the action of vibrations, the material moves away from the working surface
along the screen to the unloading point (along the x-axis) and in the transverse
direction (in the yoz plane, Fig. 4).

Let us denote:

- & — movement of material along the x-axis;

- &wp » Emn — movement of material along and normal to the screen surface at

point C;

- &y, L —movement of the screen along and normal to the surface at point C;
a1 — angle of inclination of the screen surface towards the discharge side;

a — angle of inclination of the screen surface at point C in the yoz plane (in
this case, a= 1),
Then the equation of motion can be written as
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M &y =mi.+mgsineg —Fy,,,

mfmp:mfcp—mgsina—Fmp, (12)

mfmn:mcfcn—mgcosa+N.

The motion along the generatrix of the working surface at point C is determined
as follows:

gcp:yccosa+zcsina:Acpsin (a)t+196p), (13)

The motion along the normal to this surface is determined as follows:
bp=Yesina+z.cosa=A,sin(wi+9,), (14)

where the amplitudes of oscillations A.,, A;, and phase angles 9., 9., are

determined based on the dependencies for coordinates y and z, given in the second
and third equations (11), using expressions for the moduli and arguments of complex
numbers (9).

The parameters of material motion are determined from equations (12) under the
following initial conditions:

Emx = Emp = Emn =0 Sy =Smp =Smn =0, N=0, F,, =0 at t=¢, (17

Taking into account that at the moment of separation of the material from the
surface, the n01secf 0 from the third equation (12) after substitution (14), we obtain

: cos a : .1
sin(wty+89.,)= g— , from which, y, = wt, = arcsin (F_] -4, (18)
cn Cc
Ao ol o .
where I' . = —<—— is the vibration transport mode coefficient.
g-cosa

Integrating the third equation (14) and taking into account that after flight the
material contacts with the surface of the screen (&, = 0) at the moment of time #3
(ws = wtp), we obtain the equation for determining the time phase angle of encounter

2
: : 1 (WB —'//0)
4.)— 4 )————
sin (o +9,)—sin(yg+39.,) 5 r + (19)

+(wg —wo)cos (o +8,) =0
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Further integrating the first and second equations of system (12) under the initial
conditions (17), we obtain expressions for the displacement of material along the
longitudinal axis of the screen and along the stream generatrix.

2
- : 1 _
sin(yg + 9, ) —sin(wp +]9xc)+5g(‘/13 ':ZO)
A, .0

Epe = Are sin(en) +1 )

+(WB - WO)COS(WO + 19xc)

1 (WB —‘//0)2
I

Smp = Aep sin(t//B + SCP)—sin(t//o + Bcp)+5 tg(—a)—(vs —l//o)cos(l,//o + Scp)

c

After substituting A, and A&, into the above equations, the average velocity of
material displacement is determined as

_ 2
v = %Axc[sin(wo +9,)—sin(y, +9.,) +%%sin o+
+('7[/B - WO) COS(V/O + '-gxc)]
(21)
. . 1 —y,)?
v, = LAcp[sm(wO +8,,)—sin(y, +3,,)+ Mtg(—al) -~

=2 D)t
_(l//B _WO)COS(V/O + l9cp )]
Fig. 5 shows graphs of velocity in the longitudinal (Fig. 5a) and transverse

(Fig. 5b) directions depending on the distance to the center of gravity of the screen
along the x-axis.
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b — transverse component of the average velocity vmp depending on the longitudinal coordinate X

Figure 5 — Distribution of average material movement speeds along the deck
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As it can be seen from Fig. 6, in the longitudinal direction, the material in the total
mass moves uniformly in the direction of unloading, slightly decreasing towards the
edge of the flow. In the transverse direction, there is a significant difference in the
speeds of material movement in the central part and at the edges of the flow, which
contributes to its intensive mixing and classification process.

The material flow along the x-axis reaches a speed of 0.2 m/s in the direction of
unloading (Fig. 6a). Movement in the YOZ plane is characterized by a certain degree
of chaos with a change in the sign of velocity, which also contributes to the intensive
mixing of the material (Fig. 6b).

Figure 6 — The speed of material movement in the direction of discharge (a)
and in the direction normal to the x-axis (b)

4. Results and discussion

Thus, the existence of a range with «flaty amplitude-frequency and phase-
frequency characteristics (Fig. 3a, b), in which the modules of the derivatives
|0A/0w| and |0¢@/Jdwl acquire small values. Operation in this zone, located outside
the resonance ®, ensures:

« stability of the amplitudes of the translational and angular components of

motion and reproducibility of the interaxial phase shifts x, y, z;

« the absence of sharp amplitude jumps («galloping») with moderate variations

in stiffness and damping;

« controllability of the trajectories of representative points of the screening

surface and cyclical action on the ball;

« energy stability of the mode — reduction of peak inertial loads and «parasitic»

losses, which increases the service life of the components.

For the prototype under study, the working zone is concentrated near
@ ~ 100 rad/s with robustness to parameter changes of £(5-10)%.

The criterion for selecting the operating frequency can be formulated as
0A/0w <e&4 and Op/Ow <e, while simultaneously meeting the technological
requirements for acceleration in the z direction.

The estimates are based on frequency expressions (5)—(6), (9)—(10) with
equivalent consideration of damping (7)—(8).

An analytical condition for the loss of contact between a particle and the surface
N(f)=0 (formula (18)) is derived, equivalent to the criterion 71(¢) = a.(¢)/g>1
(formula (21)).
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It is shown that:

* the duration of «windows» t,,, within which the normal pressure decreases and
the layer loosens, increases with an increase in the vertical amplitude 4. and is
determined by phase differences 4¢.., 4¢,. ;

« optimal phase adjustment synchronizes the moments of minimum pressure with
peak planar velocities, thereby increasing the probability of the fine fraction passing
through the holes per cycle;

* the periodicity of the «windows» is determined by the fundamental excitation
frequency, which allows phase control of the process intensity without additional
energy input;

« for wet/cohesive materials, the fulfillment of the separation condition requires
larger A. or larger 4, which corresponds to the physical need for deeper
decompression of the layer;

* an excessive increase in A4, transfers individual particles into a «ballistic» mode
with the risk of transfer to failure zones; therefore, tw/T=¢ (the fraction of the
«window» time in the period) has an optimum that should be determined for a given
granulometry and moisture content.

The mathematical apparatus is based on the parameterization of surface point
trajectories (11)—(13), particle motion equations (14)—(16) with initial conditions
(21), and re-contact equations (23).

Taken together, the results confirm that the corrugated screening surface, in
combination with spatial oscillations, forms a controlled field of velocities and
pressures in the layer, increasing stratification, reducing the of clogging of the holes,
and increasing the efficiency of separation without a significant increase in energy
consumption. The obtained criteria and indicators (¢, A) form the basis for
parametric optimization of the design and operating modes of the screen.

The analytical dependencies are consistent with the constructed amplitude-
frequency (AF) and phase-frequency (PF) characteristics (Fig. 3): in the working
frequency range o =~ 100 rad/s, the amplitudes and phase angles acquire stationary
values. This prevents the appearance of «galloping» and ensures a reproducible 3D
mode at constant energy consumption.

The consistency of analytics and numerical calculations indicates that the adopted
linearized damping model adequately describes the attenuation of oscillations in the
studied range of parameters.

The results of the calculations (Figs. 5-6) made it possible to reconstruct the
average and instantaneous particle transport velocities:

« along the x-axis, there is predominantly uniform transport in the direction of
unloading (about 0.2 m/s), with a slight decrease near the side edges of the corrugated
streams; this gradient is associated with local energy losses at contact interactions and
partial accumulation of material in coastal areas;

« in the transverse plane yOz, a variable velocity regime (locally quasi-chaotic) is
recorded with the formation of smaller recirculation cells between the corrugations.
Transverse oscillatory components intensify layer mixing and promote stratification:
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the fine fraction sinks faster to the working openings, while the coarse fraction is
carried to the upper layers.

The combination of longitudinal corrugations with 3D kinematics creates
temporal and spatial «windows» of loosening: at moments of reduced normal
pressure on the screen, the relative speed of fine particles to the openings increases,
increasing the probability of their passage without a noticeable increase in energy
consumption. At the same time, the corrugations destroy conglomerates of clumped
material, reduce the tendency to form «crusts» and slow down the process of
clogging the holes.

The qualitative sensitivity of the indicators to the corrugation parameters is
consistent with the physical interpretation:

o an increase in height 4, enhances micro-throwing and transverse shearing,
improving mixing, but an excessive increase in 4, can prolong the residence time of
particles on the screen and increase local losses;

« reducing the pitch p, increases the frequency of contact with the ribs and
accelerates stratification, but too small p, increases the risk of mechanical «lockingy
of fractions and local clogging;

o the radii of curvature of the ribs reduce impact loads and wear, with almost no
deterioration in the mixing effect.

The most noticeable is the sensitivity to the vertical amplitude A. and phase shifts
between the vertical and planar components: they determine the duration of the
loosening «windows» and the depth of layer decompression. In the operating range of
the non-resonant frequency, phase stabilization minimizes flow fluctuations and
ensures the repeatability of particle trajectories.

The stationarity of amplitudes in the operating frequency range limits peak
inertial loads on load-bearing elements and reduces «parasitic» losses, which has a
positive effect on the specific energy consumption of the process. The generalized
vibration transport coefficient 4, estimated from the obtained dependencies, correlates
with the classification efficiency: an increase in 4 is accompanied by an increase in
the probability of fine fraction passage and a decrease in hole clogging.

The conclusions were made based on assumptions about the linear characteristics
of the supports and equivalent viscous damping; the model does not take into account
possible large elastic deformations of the screen panels and the explicit dependence
of contact parameters on humidity and temperature. Further research should focus on
experimental validation in an extended range of humidity and granulometry, coupling
with an elastic-deformable model of panels, and multi-criteria optimization of
parameters {h,, p,, Ax, 4y, Az, ¢x, ¢y, ¢-, B} taking into account restrictions on wear
and energy consumption.

Thus, the results obtained confirm that the corrugated screening surface, in
combination with spatial vibrations, forms a controlled field of velocities and
pressures in the layer, increases stratification, reduces clogging of holes, and
increases separation efficiency without additional energy consumption. This approach
provides a scientifically sound basis for further engineering optimization and scaling
of designs.
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S. Conclusions

1. The proposed 3D kinematic diagram of a screen with a corrugated surface and
the corresponding mathematical model (1)—(23) provide a quantitative description of
the transport, loosening, and stratification of finely dispersed materials.

2. Outside the resonance range, stabilization of the amplitudes and phases of
oscillations is achieved, which is a necessary prerequisite for controlled separation.

3. Corrugations significantly change the local kinematics of particles (sliding,
overturning, tossing), enhance mixing, and reduce layer compaction.

4. Criteria are formulated and expressions are obtained for the average transport
velocities and the vibration transport coefficient A, which are suitable for engineering
optimization of the process.

5. The results obtained serve as a theoretical basis for selecting the geometry of
corrugations and parameters of 3D vibrations, taking into account the properties of
the material (moisture content, granulometry, cohesion) and the requirements for the
productivity and energy intensity of the process.
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AOCNIIKXEHHA NPOCTOPOBO-KONMBHOIO BISPALIMHOIO MPOXOTA
3 NO3AOBXHIMU PUDJIEHHAMU

3abonomHuti K., AHuugpepoe O., [aspurneHko C.

AHoTauif. MeTa gocnimkeHHs — NigBUWLMTM eheKTUBHICTL Knacudikallii ApiGHOANCNEPCHUX CUMKUX MaTepianiB
LUSIXOM CTBOPEHHS MaTeMaTuyHoi Moaeni BibpauiHOro rpoxota 3 pUMneHO NPOCiHBaNbHOK MOBEPXHEND, AKMIA
npaLoe B peXnmi NPOCTOPOBKX (TPUBUMIPHIX) KONMBaHb. PO3rNsAaeTbCca KOHCTPYKLIS 3 iHEpLiHMM Bibpo3bymkyBayem,
YCTaHOBMEHUM Mg, AHMLLEM kopoba nig KyToM 40 poboyoi NOBEPXHI.

Y nepLuin YacTuHI NPOBEAEHO AUHAMIYHUIA PO3PaXyHOK rPoXoTy. Po3rnafaloTbes NMiHidHI KONMBAHHS Y BEPTUKaIbHIN
NMOLMHI CUMETPIT rPOXOTY Ta MOBOPOTHI KOMWBAHHSA HABKONO FOPU3OHTANbHOI i BEPTUKAIbHOI OCEM, WO NPOXoaUsTh
yepe3 UeHTp TaxiHHA. CknageHo piBHaHHA Jlarpakxa || pogy 3 ypaxyBaHHs HenpyxHux onopis. [lobygosaHo
amnniTyHO-4aCTOTHI i (ha30-4aCTOTHI XapaKTEPUCTUKN. Y 30HI PE30HaHCY CNOCTepiracTbCs piske 3pocTaHHA amnniTyg
KONMMBaHb rpoXoTy. Y 30Hi poboumx YacToT aMnmiTyam KonmBaHb i pasHi xapakTepucTukm cucTemm cTabiniaytoTbes.

'poxoT mae pucpneHy pobody noBepxH0. TOMY y ApYrili YaCTUHI JOCTIIKYETBCA PyX YaCTUHKM MaTepiany B Mexax
OfHI€ET puchni BIGHOCHO NOKanbHOI cucTeMM KoopauHaT. CknageHi AnepeHLiiHi PIBHAHHS PyXy YacTUHKM BMNOZOBX
pob0oyOi NOBEPXHI | NEPNEeHANKYNSPHO NO nepepidy pudni. 3 HUX NpuU 3a4aHUX HaYarbHUX YMOBaxX OTPUMaHi BUpa3u Ans
NepeMilleHHs YacTWHKM B 3afdaHux Hanpsmkax. [lig giewo sibpauii wap matepiany posnywyetbes. 3Biac MOXHa
BBaXaTW, WO PyX YaCTUHKM HabnMKEHO xapakTepusye MoBeAdiHKy maTepiany. B OKPeMMX TOYKax MOBEPXHi rpoxoTa.
OTpuMani rpaciuHi 3anexHOCTi pyxy MaTepiany BnOAOBX po6O40i MOBEPXHi i B MONEpeyHOMy HanpsmKy. Ix aHanis
rnokasaB BIJHOCHO CTanMi pyX YacTUHOK BMOAOBX KOopoba [0 TOYKM PO3BaHTaXEHHs. 3a LMPUHOKW rpoXoTa
CNOCTEpIraeTbCsa 3HaYHa PI3HULS Y LWBKUOKOCTSX PyXY B LiEHTpanbHii yacTuHi i Bing kpais. Lle cBiguMTh Npo HasBHICTb
iHTEHCUDiKaLil nepeMillyBaHHs MaTepiany Yy NONepevyHoOMy HanpsMKy, WO MO3WUTUBHO BMNIMBAE Ha AKICTb WOMO
knacudikalii.

MpakTU4Ha 3HauyLWiCTL nonsrae y PopMyBaHHi pekoMeHAauii woao Bubopy reomeTpii pudreHb, YacToTHUX Ta
amMnniTyaHo-ha3oBKx napameTpiB 30YmKEHHS ANS Pi3HWX 3a rpaHynoMeTpieto Ta BOMONICTIO MaTepianis, a TakoX Y
3abe3neyeHHi poboTy B N03ape3oHaHCHIN 0BNacTi, WO 3HKYE MIKOBI iHEPLHI HABAHTAXEHHS, EHEPTOEMHICTb i 3HOC.

OpwriHanbHICTb i LiHHICTL poboTW monsratoTb y noOyaoBi y3romkeHoi Mogeni, ska BrepLle CUCTEMHO MOEAHYE
reoMeTpito puchrieHoi NMOBEPXHi Ta MPOCTOPOBY KIHEMATUKY AEKM 3 MOKa3HWKaMu MpoLEcy PO3MyLUEHHS, CTBOPHOKYM
nigrpyHTs Ans baratokpuTepianbHOi ONTUMI3aLi KOHCTPYKTUBHO-KIHEMATUYHMX NapaMeTpiB rpoxoTa.

KnioyoBi cnoBa: BiGpaLjiHui rpoxoT; NPOCTOPOBI KONMBAHHS; pUdrieHa NpocitoBanbHa NOBEPXHS; MaTeMaTyHe
MOZENOBAHHSI; e(hEKTUBHICTb Knacudikadii.
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