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INTRODUCTION

Separation of loose materials (LM) using 
perforated sifting surfaces (PSS) has found wide 
application in various industries [1-3]: mining, 
construction, chemical, medicine, agriculture, 
etc. PSS has been widely used in agriculture for 
cleaning, separation and calibration of grain ma-
terials of agricultural crops [1, 4]. Such processes 
are carried out on separators that have vibrating 
PPS of different shapes [4-6]: flat, cylindrical 

and conical. The characteristic features of operat-
ing (PSS) include their insufficient specific load 
or productivity, which is limited by the intensity 
of sifting components of LM through the holes. 
LM properties have an influence on the separa-
tion processes. Thus, the dimensional characteris-
tics and specific weight of agricultural crop seeds 
not only affect the productivity of machines, but 
also are quality indicators in yield level or the 
value of realisation of the biological potential 
of seeds [7-10]. It has been established that the 
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size of corn seeds, soybeans, sunflower and other 
crops affects germination, energy of seed mate-
rial germination, and technological parameters in 
processing. For example, sowing small fractions 
of corn seeds reduces yield by 10-15%, which re-
quires an increase in sowing rates [7]. The size 
of sunflower seeds is a significant factor in the 
technological processes of subsequent processing 
equipment, which determine the quality of prod-
ucts. Therefore, dimensional and typical seeding 
characteristics are regulated by corresponding in-
ternational standards ISO.

The application of cylindrical PSS on vertical 
vibrocentrifugal separators is one of the ways to 
intensify the process of separation of LM [5, 11]. 
The use of vibrocentrifugal separators with cylin-
drical perforated rotating surfaces has proven its 
high specific productivity in the process of sepa-
rating bulk materials in practice. Thus, the specific 
productivity of cylindrical PSS on a vibrocentrif-
ugal separator is 8...12 t/m2·h, which is 3-5 times 
higher than the productivity of flat PSS [12, 13]. 
This can be explained by the additional intensive 
effect of a complex of forces on a particle of LM: 
gravity, friction, centrifugal forces.

One of the promising ways to further increase 
the efficiency of vibrocentrifugal separation pro-
cess of LM is the use of vibrating sieves with ac-
tivators [6, 14] or intensifiers [15]. This allows 
for a significant intensification of the processes 
of separating components of bulk materials while 
minimizing changes to the design of separation 
machines.

Insufficient use of the separation potential 
on cylindrical PSS is also due to the variable 
properties of LM. For example, the presence of 
complex shapes of agricultural crop seeds, which 
differ from the regular geometric shapes of PSS 
holes, leads to a significant reduction in the qual-
ity of separation. Compared to the separation of 
wheat material (an ideal case), the productivity 
is reduced by a correction factor when separat-
ing seeds of other crops such as buckwheat, corn, 
sunflower, and others [16].

Significant influence on the dynamics of par-
ticles of bulk media have kinematic and design 
parameters of cylindrical sieves [17], which are 
significant in the separation process and require 
consideration in the analytical analysis.

Thus, modeling of movement processes of 
LM on cylindrical PSS of vibrating centrifu-
gal machines, which will comprehensively take 
into account the presence and parameters of 

volumetric riffles, as well as the properties of 
seeds, is an actual task.

On the positive side for sifting is the vibra-
tion, which must be taken into account, on the 
other side it is a negative factor for the reliability 
of the perforated surfaces. This direction can be 
investigated analytically and experimentally [18] 
or with the finite element method (FEM) [19]. 

Moreover, in the future they are planned NDT 
(non-destructive) studies of sieves for increasing 
efficiency and productivity screening [20, 21].

The next significant factor in the effective use 
of cylindrical PSS in technological processes is 
their reliability. During operation, a number of 
external loads are applied to PSS [22-24]: dynam-
ic loads from hole cleaners, inertial loads due to 
vibrating oscillation of sieves, load from distrib-
uted LM. This results in variable deflections of 
the surfaces, which serve as a source of additional 
disturbance for the layer of LM and determine the 
dynamic deformation of PSS.

PSS is a mechanical system that, due to its 
operational characteristics, can be subjected to 
resonance in the form of ratios between the natu-
ral frequencies of the system and the frequencies 
of external loads. Therefore, one of the tasks of 
studying the effectiveness of PSS is to determine 
the natural frequencies and shapes that allow as-
sessing the possibility of resonance modes occur-
ring. Studying the oscillations of PSS depending 
on their structural and kinematic parameters and 
properties of LM will ensure the reliability and 
technological durability of the structure

Solving the tasks will increase the efficiency 
of separation processes of LM on PSS, at the stag-
es of design and operation of separating machines 
and calibrators.

RESEARCH METHODOLOGY

The process of separating or segregating 
components of LM on PSS includes the following 
technological stages: particle movement along 
the working surface; redistribution of particles 
within the material layer; sifting of some particles 
through the sieve holes; descent of material par-
ticles from PSS; cleaning of PSS holes.

The process of vibrating sieve separation or 
division of components of bulk materials includes 
the following technological steps: movement of 
particles on the working surface; redistribution of 
particles in the material layer; sifting part of the 
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particles through holes; sieve; cleaning of sieve 
holes. The intensity of these operations deter-
mines productivity and quality of separation pro-
cess, and subsequently – efficiency of machines 
and equipment.

The use of volumetric elements in the form of 
welded wires, stamped riffles and recesses on sift-
ing perforated vibrating surfaces has been proven 
effective in a number of studies (Fig. 1) [6, 15, 
25]. Such elements report impacts into LM and 
loosen them. In addition, when interacting with 
the riffles, the particles rotate around their longi-
tudinal axis, which further increases their mobil-
ity and the number of attempts to pass through 
the holes with their various sides. This intensifies 
sifting and increases the productivity of separa-
tion machines. However, the riffle elements given 
in the studies have a certain round cross-sectional 
shape, and there are no studies of other shapes.

The dynamics of a particle of LM, which 
makes a complex motion along cylindrical PSS, 
is determined by the magnitude of displacement, 
velocity and acceleration. The nature of the mo-
tion of the material particle determines the qual-
ity and productivity of the separation equipment. 
Therefore, the solution of the problem of material 
dynamics is directly related to sifting processes.

Some characteristic modes of vibration lead 
to the fact that LM behaves like a liquid with a 
viscosity coefficient that depends significantly 
from oscillation parameters. It should be noted 
that the “liquefaction” of material under vibration 
is purely mechanical phenomenon and not a result 
of changes in the physical properties of the medi-
um. When the vibrations stop, the “liquefaction” 
effect instantly disappears. Based on the effect of 
“liquefaction” of LM under vibration, researchers 
[6, 11, 26, 27] used the equation of motion of a 

viscous fluid to determine the parameters of LM 
layer movement. Models of viscous fluids allow 
for the study of segregation and sifting of parti-
cles through PSS holes that differ in size or den-
sity. An essential advantage of using this analogy 
is the accounting for the interaction of dispersed 
particles with each other, for example, compared 
to modeling tasks of the material point dynamics.

In the loading mode of cylindrical PSS, the 
height of the LM layer shall not exceed two 
equivalent particle diameters. Such a mode is 
typical, for example, for calibrating agricultural 
crop seed material [4]. Then modeling the sepa-
ration of such material components can be con-
ducted based on the model of fluidised loose me-
dium, which possesses viscosity. In the case of 
the movement of a thick annular grain layer on 
cylindrical PSS, the variability of the dynamic 
viscosity coefficient across the layer thickness 
should be taken into account, which is beyond the 
scope of the considered problem.

Note that the hydrodynamic model of LM 
motion with a constant viscosity coefficient is de-
veloped in [5, 11]. In contrast to these works, here 
we propose a different formulation and solution 
of the boundary problem, in which the influence 
of holes and riffles of cylindrical PSS on the pro-
cess of LM movement is taken into account.

From the point of view of oscillation theo-
ry and reliability, the design of cylindrical PSS 
represents a perforated thin shell of round cross-
section [28, 29]. Considering the manufacturing 
and assembly technology, cylindrical PSS con-
sists of two halves connected to each other and 
rotating around a vertical axis. The longitudinal 
plane of the connector is diametrical. The semi-
cylinders oriented along the forming edges are 
bent and, after joining with an elastic layer, form 

Fig. 1. Perforated sifting surfaces with volumetric riffles
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two longitudinal stiffeners (“sandwich” type) on 
the inner surface of the shell (Fig. 1). The elastic 
layer simulates the properties of real structural el-
ements that hold the halves of the canvas together.

Cylindrical PSS have holes of various shapes 
(round, rectangular or triangular) and sizes, which 
are arranged in increments along the circumfer-
ence of the cylinder and along the cylinder’s core. 
For the studies, a PSS was chosen, on the inner 
surface of which stamped riffles were arranged be-
tween the holes. Vibrations of perforated surfaces 
refer to mechanical vibrations of the plates, and we 
consider the presence of corrugations as stiffeners. 
Such structures have a complex analytical solution 
taking into account the multiplicity of elements.

Taking into account the structural and kine-
matic features of PSS, the following force factors 
are considered for oscillation studies:
	• centrifugal forces caused by the rotation of cy-

lindrical PSS around its axis;
	• forces of inertia caused by linear accelerations 

due to movements of PSS along its axis (recip-
rocating motion of the drum);

	• the force effect of the cleaners;
	• the effect of the LM mass on the shell during 

its translational and rotational motion.

For solving such problems related to PSS os-
cillations, the use of FEM [19, 28, 30] is effective, 
which allows to study the behaviour of compo-
nents of complex mechanical systems under the 
action of various external influences.

PSS is modeled as a structure consisting of a 
significant number of simple entities (finite ele-
ments (FE)), within which the law of variation 
of sought quantities (displacements, stresses) is 
known and determined by the parameter values 
at the mesh nodes. This allows to pass from a 
system with an infinite number of degrees of 
freedom to a system with a finite number of 
them. In this case, all specified loads, geomet-
ric and physical characteristics, as well as initial 
deformations are reduced to nodes. The imple-
mentation of the method allows determining the 
stress-strain state at any point of PSS.

We use the following algorithm: building 
the functional; decomposing the system into FE 
and selecting coordinate functions; constructing 
stiffness and mass matrices, bringing distributed 
loads to nodes for each FE; formulating and solv-
ing canonical equations.

The aim of the study is to develop a meth-
odology for determining the dynamic parameters 

(velocity and volumetric flow rate) of LM during 
its sifting and the natural frequencies of oscilla-
tions of cylindrical PSS with riffles, which takes 
into account the design parameters of PSS, vibra-
tion parameters, properties of LM.

MATERIALS

Corn and sunflower grains are used as LM. 
Their physical and mechanical properties, which 
are necessary for calculations, are taken from 
known studies [31, 32] or obtained experimentally.

Structural and kinematic parameters of cylin-
drical PSS are accepted in accordance with the 
characteristics of a serial separator of BCS type 
(SVS-15, A1-BCS-25, R8-BCS, R8-UZK-25, B1-
VCS) (Table 1), accepted according to [5, 33, 34].

Cylindrical PSS consisting of two halves in 
basic (without riffles) and proposed (riffled) de-
sign (Fig. 2) were used for the research.

Parameters of PSS holes and riffles are ac-
cepted for LM of corn and sunflower (Table 2). 
The data on the parameters of holes were taken 
in accordance with the capabilities of the indus-
trial manufacturer [35], based on the serial cold 
stamping of perforated steel sheets. To minimize 

Table 1. Structural and kinematic parameters of PSS 
of vibrocentrifugal separators (BCS)

Parameters Designations Values

Radius, m RR 0.3075

Length, m L 0.5

Angular velocity, rad/s (s-1) ω 11.77

Frequency of vertical oscillations,s-1 n 75.9

Amplitude of vertical oscillations, m А 0.008

Area, m2 Sps 0.97

Fig. 2. Samples of perforated sifting surfaces: (a) 
riffled; (b) basic (nonrifled); (c) half of cylindrical 

surface
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the reduction of the “live” cross-sectional area of 
PSS, the width of riffles is matched to hole width 
and is a fixed parameter. In the studies, the height 
of riffles was varied taking into account the tech-
nological possibilities of practical manufacturing 
of such PSS. Parameters of riffles with different 
cross-sectional shapes are presented in Table 2.

METHODS

Study of the dynamics of loose materials 
during their sifting

The use of volumetric riffles on PSS of vi-
brating centrifugal sieves (Fig. 3) leads to a com-
plex effect on the particles of loose material. On 
the one hand, the particles of the material are 
oriented towards the holes by being lifted on the 
riffles. At the same time, the rotation of the par-
ticles leads to impulses in the layer of material, 
which increases the number of pores, the mobil-
ity of the particles and has a positive effect on 
their sifting through the holes [15].

However, the arrangement of riffles on the 
working surface of the vibrating PSS creates 
additional resistance to the movement of LM 
particles. Part of the material particles, which 
by size does not pass into the holes, moves and 
constantly receives resistance to movement 
from the installed riffles. It should be noted that 
the amount of resistance to movement will be in-
fluenced by: parameters of the riffles, kinematic 
parameters of the vibrating PSS, properties of 
seed material. This requires a separate study and 
appropriate research.

Riffles (Fig. 3) have a volumetric longitudi-
nal (relative to the axis of material movement) 
design. They are located in place of part of the 

holes and displaced in rows. The checkerboard 
arrangement of riffles provides multiple impacts 
(orientation) on particles of LM.

Components of LM, moving along the PSS, fall 
on longitudinal volumetric riffles-activators. The rif-
fles rotate the loose medium particle around its lon-
gitudinal axis and orient it into the elongated hole 
according to the separating parameter – thickness.

Let’s conduct theoretical research on the 
movement of particles of LM on a similar riffled 
cylindrical PSS. Modeling the movement of seed 
material along the internal working surface of a 
vertical cylindrical PSS using the hydrodynamic 
analogy requires consideration of a homogeneous 
liquid with a specific viscosity [5, 36]. 

The vibration viscosity coefficient of fluid-
ized medium under the vibration depends on the 
centrifugal force. To study the magnitude of the 
vibroviscosity coefficient, it is necessary to con-
sider the distance of coordinate r (Fig. 3) of the 
annular layer from the rotational axis of cylindri-
cal vibrating PSS. The task in hydrodynamics is 
to investigate an heterogeneous pseudo-liquid, 
where viscosity increases as it approaches the 
surface of cylindrical PSS.

The difference from the known researches is 
the necessity to take into account the degree of 
influence of parameters of holes and volumetric 
riffles on the dynamics of LM particles on the 
operating PSS. LM moves along inner PSS with 
RR radius by annular layer of thickness h (Fig. 3). 
The velocity of LM ( )U r  is directed along the z-
axis and depends on the radial coordinate r. The 
upper boundary of the medium layer is located 
at a distance R0=RR-h. Cylindrical PSS rotates 
around the z-axis with an angular velocity of ω 
and performs vertical oscillations along it with an 
amplitude А and a frequency n (Fig. 3).

Table 2. Technological parameters of PSS of accepted 
loose materials

Parameters Designations
Type of loose 

material
corn sunflower

Hole width, m bh 0.004 0.0024

Hole length, m lh 0.025 0.02

PSS hole area, 10-4 m2 S0 1 0.48

Number of holes, pcs N0 1736 4314

Number of riffles, pcs Nr 1736 4314

Riffle width, 10-3 m br 4 3

Riffle height, 10-3 m hr 1–5 1–3
Fig. 3. Scheme of cylindrical perforated sifting 

surface with volumetric riffles
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Assuming a constant dynamic viscosity coefficient, the velocity of the fluidised medium is the 
solution of the equation [37]: 
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where: /P l  – change in pressure relative to the height of fluidized medium layer that moves along 
PSS; ρ – density of LM layer. 

The dynamic viscosity coefficient of the medium layer is determined by the expression found in [38]: 
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 – internal pressure in LM from [5]; f – coefficient of internal dry 

friction of medium particles;  – correction coefficient, which takes into account the porosity of the 
medium. 

We will define boundary conditions that characterize the course of the process and allow us to solve 
equations (2). There are no tangential stresses on the inner surface of the moving LM layer 0 Rr R R h= = − , 
so accept: 

0dU
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On the PSS Rr R=  there is an interaction force between LM and PSS – the dry friction force, which 
is considered independent of the speed ( )RU R . It corresponds to the average tangential stress: 
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where: 2
1 Rp hR =  – pressure in the medium at cylindrical PSS; 0f  – dynamic coefficient of friction of 

LM particles on cylindrical PSS;   – free area ratio of the PSS, which is determined according to the 
following formula: 
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where: 0S – is the area of one hole of PSS; S – total surface area of PSS; 0N – number of holes in PSS; 
L – length of PSS (cylinder height). 

Taking into account the transformations, we have:  
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On PSS there is also an interaction of the moving layer of the medium with volumetric riffles and 
holes between them. The force of action of one riffle is taken proportional to the area of its cross-section, 
pressure p1 and the first degree of fraction velocity, i.e. in the form of: 

1 ( )r rF K S pU r= ,     (8) 

where: rS  – cross-sectional area of the riffle; K  – corrugation coefficient which takes into account the 
interaction between the riffle and LM. 

For calculations, we accept several variants of riffles (Fig. 4): with rectangular cross-section: 
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Fig. 4. Variants of volumetric riffles with different cross-section: (а) rectangular;  

(b) triangular; (c) as a semicircle 
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where: rN −  is the number of riffles on the PSS; rS −  riffle cross-sectional area. 
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Considering the solution (11) and values of constants (12), (13), we obtain the expression for the 
velocity of LM on cylindrical PSS: 
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The volumetric flow rate (separator capacity) of LM is found by integrating: 

0
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Calculating the integral, taking into account 0 RR R h= −  results in the formula: 
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Since in the considered problem Rh R , neglecting the small terms, instead of (16) we get a simpler 
approximate mathematical expression for productivity of cylindrical PSS: 
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Productivity of PSS is also determined from the expression: 
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where: kS  – is the annular area of LM which moves inside PSS. 

Then, the average speed of movement of the descent fraction: 
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In the case when 0p = convert (2) and have gN 


= − . 

Then, the dependence (17) is converted into a finite mathematical expression for productivity of 
cylindrical PSS: 
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The dependence (19) is also converted into a finite mathematical expression for the average velocity 
of LM on cylindrical PSS: 
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   (21) 

Thus, equations (20), (21) and (3) are the final mathematical expressions for determining the 
parameters of LM dynamics and productivity of cylindrical PSS, taking into account the variability of 
volumetric activator parameters. 

 
Experimental studies of loose material dynamics 

For experimental studies of the movement of particles of bulk materials on one of the two components 
of cylindrical PSS, along the generatrix, a stepped-shaped bend 1 (Fig. 5) was made. A rectangular opening 
is cut into the wall 2 of the step, and acrylic glass 3 with a coordinate grid is inserted. 

 

 
Fig. 5. Cylindrical perforated sifting surface with stepped longitudinal bending: (a) diagram:  

1 – stepped bending; 2 – radial step wall; 3 – plexiglass; 4 – device for input of labelled particles;  
(b) general view 
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The study of the displacement of individual colored particles in a LM layer was conducted using a 

high-speed camera Phantom V9.1 (14-bit image depth, 1000 frames/s, resolution of 1632×1200 pixels, 
color). The processing of the obtained images was carried out by tracking the path of colored particles. 
The distances travelled by the coloured particles and their velocities became known as a result of 
determining the coordinates of the particles in the video frames and the frequency of frame changes per 
unit time. By measuring the distance Lp, traveled by the colored particle of LM over a period of time, 
we determined its velocity: 

/ek p k kL t k = ,     (22) 
where: k – number of frames corresponding to the displacement of the particle over a distance Lp, tk=1/n 
– single frame time, n – frame rate per second. 

Using the obtained velocity, the volumetric flow rate of LM was determined by PSS using the 
expression (18). 

 
Studies of the natural frequencies and oscillation modes of cylindrical PSS 
Numerical studies 

The accuracy of modeling using FEM depends on: the adequacy of the assumptions made regarding 
the operating conditions of PSS structure, the selected type of finite elements, their shape and quantity. 
The response of cylindrical PSS to a combination of external influences can be reduced to a spatial 
problem of deformable solid mechanics [39]: 

0, 1,2,3;ij if i + = =  , , , , 1,2,3;ij ijkl klC i j k l = =  2 , , 1,2,3,ij ij jiu u i j = + =    (23) 

where: iju  – elements of the displacement vector of the points of the investigated elements in the 
Cartesian coordinate system xk; ,ij kl  , ijklC  – tension tensors, strains and elastic constants of materials, 
respectively; if

  – mass forces. 

Solving equation (23) requires introducing a system of initial and boundary conditions, as well as 
representing of PSS as a thin-walled structure (a combination of beams, plates, and shells). In the finite 
element formulation in nodal displacements V, the resolving system of equations takes the following 
form for dynamic impact problems [40, 41]: 

( ),vMV KV CV P t+ + =       (24) 

where: , ,M C K  – matrix of mass, stiffness and damping of the studied sieve cloth; vP  – vector of external 
loads, brought to the nodes of the finite element mesh. 

For the problem of free oscillations of a sieve cloth, when there is no external disturbance ( )( ) 0vP t =

and there is stationarity of the action functional, the resolving system of equations will take the form: 

0.MV CV+ =       (25) 
with a solution ( )sink kV t =  + .  

Differential equations (25) are transformed into a system of homogeneous linear algebraic 
equations: 

( )2 0,k kC M−  =       (26) 

where: 2
k  – square of the natural frequency, k  – eigenform vector. 

Transform (26) by taking 2
k p =  and transfer p and C: 

  1 1 ,k kC M p− − =       (27) 
or      1 1,Q C M p − −= = , 

where: Q ,   – matrix and its eigenvalues. 
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In this case, the matrix Q∗  is not symmetrical. 
Otherwise, it can be obtained as the result of mul-
tiplying three matrices: 1 TQ L CL∗ −= , and the trian-
gular matrix L  is the result of decomposition of 
the Cholesky matrix M , so that TM LL= . The ma-
trix obtained in this way Q∗  is symmetrical [42]. 
The eigenvalues λ , being real due to the symme-
try of the matrices ,M C and the positive definite-
ness of the matrix M , represent, in the first case, 
quantities that are inversely proportional to the 
squares of the natural frequencies of the consid-
ered mechanical system, and in the second case, 
they represent the squares of the frequencies. The 
eigenvectors in the first variant coincide with the 
vectors Λk.

The system of equations (24) will be integrat-
ed by the Newton-Raphson method. At the same 
time, the vector Pv(t) of the right parts, which 
defines the external disturbance, is calculated at 
each step of integration.

Cylindrical PSS as an object of FEM model-
ing creates difficulties that are associated with de-
sign features: the presence of a significant num-
ber of rectangular holes (25% of the total area) 
and volumetric riffles, stress concentrators near 
the holes, etc. Let’s imagine PSS in the form of a 
plate-shell-beam structure and take into account 
the stress-strain state of these elements, which are 
described by the structural stiffness matrix, the 
mass matrix, the nodal load array, etc.

To create a FEM of cylindrical PSS used soft-
ware ANSYS. The initial stage involved analyz-
ing the geometry of PSS and selecting FE to de-
scribe its shape and the physical and mechanical 
processes of elastic deformation. For modeling, 
ANSYS library FE systems of the following types 
were used: massive (SOLID187), plate-shell 
(SHELL63), and beam (BEAM4). This made it 

possible to obtain a model of cylindrical PSS with 
riffles and rectangular holes in the form of plate-
shell-beam structure, which contains about 165 
thousand nodes and 273 thousand FE. Further in-
crease in nodes and FE increases the time spent 
on calculations and slightly (up to 0.2%) changes 
the parameter values.

Experimental studies

For experimental measurement of frequency 
characteristics of components, methods based on 
applying sinusoidal forces to the object, slowly 
varying their frequency, are used. The use of har-
monic excitation, which is a special case of periodic 
excitation, has several advantages. The investigat-
ed mechanical system responds to such excitation 
as a set of oscillators, especially in cases where the 
corresponding decrements are small, i.e., for those 
natural frequencies that are most important. The 
results of analyzing the response of structures to 
harmonic excitation are least affected by errors and 
resonance phenomena are visually apparent.

For experimental determination of the natural 
frequencies and shapes of PSS, a laboratory setup 
was used (Fig. 6). 

An electromagnetic vibration exciter (Fig. 6b, 
pos. 7) was used to create a disturbance. Sensors 
with inductive transducers (Fig. 6b, pos.10) were 
used to measure displacements. PSS (Fig. 6b, 
pos.1) was fixed on the plate (Fig. 6b, pos. 2). The 
halves of PSS were attracted to the rings (Fig. 6b, 
pos. 5) and fastened together. This made it pos-
sible to simulate the installation conditions on real 
machines. An inductive sensor (Fig. 6b, pos. 10) is 
fixed on the bracket (Fig. 6b, pos. 10), which can 
be moved in a circumferential direction by means 
of an electric motor (Fig. 6b, pos. 11).

Fig. 6. Laboratory setup for determining frequencies of PSS: (a) general view; (b) scheme: 1 – PSS; 2 – slab; 
3 – screed; 4 – plate; 5 – ring; 6 – belt; 7 – vibration exciter; 8,9 – brackets; 10 – sensor; 11 – electric motor; 

12 – stand; 13 – oscilloscope S1-96
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The disturbance was set by the signal of the 
low-frequency generator GZ-123, transmitted 
directly to the vibration exciter. PSS oscillations 
were recorded by a two-beam oscilloscope S1-96 
(Fig. 6b, pos. 13), to which the signal of the NIR-2 
displacement sensor was transmitted. Since only 
one rotation of the sensor is enough to record the 
distribution of radial displacements around the 
circumference of the cloth, wires from the sensor 
to the oscilloscope were connected without the 
use of a current collector.

The excitation frequency was initially set 
according to calculated values and then adjust-
ed until the system entered a resonant state. By 
smoothly changing the frequency of the distur-
bance, the maximum amplitude of the curve on 
the oscilloscope screen was achieved and the cor-
responding frequency value was taken as one of 
the own. The error in determining the maximum 
amplitude does not exceed 2.5% (one grid divi-
sion on the oscilloscope screen). Next, a full rota-
tion of the sensor around PSS was performed, and 
the number of nodes was calculated, as well as 
their angular position on the circle to determine 
the shape of the oscillations.

The natural frequency rω  of the system with-
out damping corresponds to the maximum ampli-
tude, measured by the velocity sensor (the veloc-
ity has zero phase shift rϕ  relative to the driv-
ing force), while the phase shift of displacement 
relative to the driving force is π/2. The frequency 

r rp ω=  at which rϕ  = 0 for velocity oscillations is 
called the phase resonance frequency, and the val-
ue of rp εω<  ( εω  – the frequency of free oscilla-
tions of the system with damping) corresponding 
to the maximum displacement. When the damp-
ing decreases (at small logarithmic decrements), 
these values are practically the same [43].

The logarithmic decrement δ is related to the 
absorption coefficient ψ by the dependence [43]: 
δ = ψ/2. In the same study, the value of the ab-
sorption coefficient for steel is provided as ψ = 
0.01-0.02. Even assuming a tenfold increase in 

the value of ψ for the actual construction, in this 
case, the decrement δ would be 0.05-0.10, i.e., it 
remains small. Therefore, determining the natural 
frequency based on the frequency of the ampli-
tude resonance is well justified in this case.

RESULTS 

Dynamics of loose materials

Preliminary studies have shown a significant 
influence of the shape of LM components on the 
efficiency of their sifting through holes of PSS 
with riffles [4, 14]. To fully validate the adequacy 
of the obtained mathematical expressions, cal-
culations were conducted for LM in the form of 
corn and sunflower seeds, which have distinctive 
properties (Table 3). The dimensions and physi-
cal properties of the loose material determine the 
indicators of technological productivity.

As a result of numerical simulation, graphic 
dependences of the dynamic viscosity coefficient 
of the LM medium (Fig. 7), medium velocity 
(Fig. 8, 9) and PSS productivity (Fig. 10) were 
obtained.

As a result of the research it was found (Fig. 7) 
that the dynamic viscosity coefficient of the me-
dium depends on the friction coefficient and the 
medium layer height on PSS. This coefficient is 
a value that comprehensively characterizes the 
dynamic properties of a LM, including: size, 
shape, density, friction angles, etc. Similarly, the 
use of a complex value significantly improves 
parameter optimization by reducing the signifi-
cant factors. The expediency of using this partic-
ular coefficient for a comprehensive assessment 
of the properties of the medium has been proven 
in many works [11, 26, 34]. The range of varia-
tion for corn LM was 0.12-0.63 Pa·s, sunflower 
– 0.05-0.13 Pa·s. The viscosity of the medium 
is a significant and generalized parameter that 
determines the dynamics of the medium and the 
productivity of PSS.

Table 3. Cross-sectional area of riffle depending on its profile and height

Parameters Designa-
tions

Type of loose material

corn sunflower

Riffle height, 10-3 m hr 1 3 5 1 2

Cross-sectional area of riffle with rectangular profile Srr, 10-4 m2 Srr 0.04 0.12 0.2 0.03 0.06

Cross-sectional area of riffle with triangular profile Srt, 10-4 m2 Srt 0.02 0.06 0.1 0.015 0.03

Cross-sectional area of riffle with oval profile Srs, 10-4 m2 Srs 0.031 0.094 0.157 0.024 0.047
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Fig. 7. Dependencies of the dynamic viscosity coefficient of the medium on the friction coefficient of particles 
and layer height: (а) corn LM (А=0,008m, n=75,9s-1; f0=0,27; S0=1×10-4m2; R=0,3075m; l=0,5m; bр=0,004m; 

Nр=1736; K=40s/m; d=0,006m; ρ=730kg/m3; ξ=0,65); (b) sunflower LM (А=0,008m, n=75,9s-1; f0=0,27; 
S0=4,8×10-5m2; R=0,3075m; l=0,5m; bр=0,003m; Nр=4314; K=40s/m; d=0,004m; ρ=390kg/m3; ξ=0,65)

Fig. 8. Analytical dependences of medium velocity on layer height (h) and height of installed riffles (hr) for 
different shapes of its profile: 1 – triangular; 2 – oval; 3 – rectangular; (а) corn LM (А=0,008m, n=75,9s-1; f=0,7; 
f0=0,27; S0=1×10-4m2; R=0,3075m; l=0,5m; bр=0,004m; Nр=1736; K=40 s/m; d=0,006m; ρ=730kg/m3; ξ=0,65); 

(b) sunflower LM (А=0,008m, n=75,9s-1; f=0,7; f0=0,27; S0=4,8×10-5m2; R=0,3075m; l=0,5m; bр=0,003m; 
Nр=4314; K=40 s/m; d=0,004m; ρ=390 kg/m3; ξ=0,65)

Fig. 9. Analytical dependences of medium velocity on layer height (hr) for different shapes of its profile: 
– oval; – triangular; – rectangular: (а) corn LM (А=0,008m, n=75,9s-1; f=0,7; f0=0,27; S0=1×10-

4m2; R=0,3075m; l=0,5m; bр=0,004m; Nр=1736; K=40 s/m; d=0,006m; ρ=730 kg/m3; ξ=0,65; h=0,006m); (b) 
sunflower LM (А=0,008m, n=75,9s-1; f=0,7; f0=0,27; S0=4,8×10-5m2; R=0,3075m; l=0,5m; bр=0,003m; Nр=4314; 

K=40 s/m; d=0,004m; ρ=390kg/m3; ξ=0,65; h=0,004m)
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Variation of material velocity on PSS was ob-
tained taking into account variation of riffles pa-
rameters and medium layer height. The ranges of 
variation of corn LM velocity of 0.47-0.61 m/s, 
sunflower 0.34-0.69 m/s were obtained.

Increasing the riffles height, in the studied 
range, leads to a decrease in corn LM velocity of 
4.31-8.11% to 0.5 m/s, sunflower of 5.81-10.2 % 
to 0.345 m/s (Fig. 8). The least influence on the 
decrease in velocity is exerted by riffles with a tri-
angular cross-sectional shape, followed by round-
ed and rectangular ones. The low velocity of the 
medium with rectangular riffles is explained by 
the maximum area of their cross-section.

The analysis of dependencies (Fig. 10) estab-
lished that increasing the medium layer height 
within the studied range increases productivity by 
70.42-71.24%: to 7.92 kg/s at separation of corn 
LM, and by 264.3-291.6% to 4.41 kg/s at separa-
tion of sunflower LM. Such an increase in the lay-
er of LM is typical for changing the technological 
mode of calibration into fractions, preliminary or 
primary separation The maximum values of the 
productivity of PSS were obtained for a triangu-
lar cross-sectional riffle profile, regardless of the 
type of medium and its layer height. The increase 
in productivity on PSS with these riffles was 1.2-
6% for the corn LM and 1.65-9.19% (sunflower) 
and compared to riffles of rectangular and oval 
cross-section. The greatest difference in produc-
tivity values of PSS is observed at low riffles 
height (hr =1mm) – 3.5-6% (corn) 3.4-6.5% (sun-
flower), the lowest at hr=3mm – 1-4.5% (corn) 
and 1.2-3.2% (sunflower).

The mathematical expressions (3), (20), (21) 
and the graphical dependencies (Fig. 3-6) ob-
tained allow for the refinement of mathematical 
models for modeling the processes of motion of 
bulk materials. This makes it possible to take into 
account the parameters of holes, riffles, and gen-
eralized properties of the medium in the processes 
of separating its components on cylindrical PSS.

This methodology can be used for model-
ing the dynamics of LM on perforated surfaces 
with holes and riffles of various configurations.
To verify the adequacy of the obtained analytical 
expressions, experiments were conducted, and a 
comparison was made (Fig. 11).

The discrepancy between the results was 
up to 3.4%, which indicates the adequacy and 

Fig. 10. Analytical dependences of productivity of cylindrical PSS on the layer height (h) and riffles height 
(hr): at various shapes of its profile 1 – triangular; 2 – oval; 3 – rectangular; а – corn LM (А=0,008m, n=75,9s-1; 

f=0,7; f0=0,27; S0=1×10-4m2; R=0,3075m; l=0,5m; bр=0,004m; Nр=1736; K=40s/m; d=0,006m; ρ=730kg/
m3; ξ=0,65); b – sunflower LM (А=0,008m, n=75,9s-1; f=0,7; f0=0,27; S0=4,8×10-5m2; R=0,3075m; l=0,5m; 

bр=0,003m; Nр=4314; K=40 s/m; d=0,004m; ρ=390 kg/m3; ξ=0,65).

Fig.11. Dependence of loose material velocity on the 
riffle height of oval profile: 1 – corn LM; 

2 – sunflower LM; blue lines – analytical data; red 
lines – experimental data
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possibility of using the mathematical expressions 
for modeling the dynamics of LM on PSS with 
holes and riffles of various configurations.

Calculation results of oscillations of 
cylindrical PSS

In the results of calculations of the perforated 
sifting shell model, the values of the natural os-
cillations for different forms of oscillations were 
obtained (Fig. 12-14, Table 4).

Based on the actual vibration parameters of 
the separation equipment, the analysis was lim-
ited to eight modes. During the technological 
process of separation, the internal PSS is covered 
with a layer of LM, acting as an attached mass. 
To assess its influence on the dynamic character-
istics of PSS, its natural frequencies and modes 
were also determined. The thickness of LM layer 
was assumed to be constant in the circumferential 
direction and variable along the PSS generatrix 
at a density of 810 kg/m3. The typically assumed 
value for calculations, 730 kg/m³ (for corn), in-
creases by approximately 11% due to the action 
of centrifugal forces.

Analysis of the obtained frequencies and 
modes of the natural oscillations shows the 
following:
	• the character of the natural modes corresponds 

to the provisions of the shell theory: the low-
est natural modes have one half-wave along 
the generatrix and several half-waves in the 

circumferential direction, which provides a 
basis for rationally choosing the number of 
harmonics in the decomposition of the exter-
nal load by spatial coordinates while maintain-
ing acceptable accuracy;

	• the presence of riffles increases the stiffness of 
the structure and raises the natural oscillation 
frequencies of PSS by 15–20%;

	• the presence of LM on PSS does not change 
the character of deformation and reduces the 
values of oscillation frequencies by 14-15%, 
while riffled loaded PSS have frequencies 
15.6–19.8% higher than the basic ones;

	• the obtained natural frequency values for rif-
fled unloaded and loaded PSS significantly 
exceed the frequency of external disturbance 
– vibration of typical separating equipment, 
which indicates the absence of resonance.

Experimental identification of the natural fre-
quencies of cylindrical PSS was conducted accord-
ing to the methodology described before, and the 
results are presented in Table 5. The relative error 
of the results was determined by the formula: Δ = 
(ωab-ωex)/ ωab 100%, where ωab, ωex – the natural os-
cillation frequencies of PSS, obtained numerically 
in Abaqus_CAE and experimentally, respectively.

The experimental data demonstrates a suf-
ficient (for practical purposes) agreement with 
the results of numerical modeling regarding the 
spectrum of the natural frequencies and oscil-
lation modes (with an average discrepancy of 

Fig. 12. Modes of PSS oscillations: (a) No. 1; (b) No. 2; (c) No. 3; (d) No. 4
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Fig. 14. The natural oscillation frequency of cylindrical PSS at different modes

Table 4. Natural frequencies of PSS oscillations (Hz)

Type of cloth Attached load
Modes

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8

Base with 
rectangular holes

without material 253.3 255.5 256.7 257.0 266.7 275.8 278.2 279.4
with material 220.9 222.5 223.6 223.8 233.1 240.3 242.3 243.3

Riffled with 
rectangular holes

without material 291.30 301,49 302.91 305.83 306,71 322.69 331.06 335.28
with material 255.52 262.17 263.40 268.27 269.04 283.06 287.88 291.55

Table 5. The natural oscillation frequency of PSS

Indicators
Mode

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8
PSS with riffles

ωab, Нz 291.3 301.5 302.9 305.8 306.7 322.7 331.1 335.3
ωex, Нz 277.2 286.8 290.1 292.5 293.7 308.3 322.6 329.2
Δ, % 4.84 4.87 4,23 4.36 4.24 4.46 2.56 1.81

Basic PSS (unriffled)
ωab, Нz 253.3 255.3 256.7 257.0 266.7 275.8 278.2 279.4
ωex, Нz 240.6 242,8 247.2 248.3 256.6 267.6 267.3 271.6
Δ, % 5 4,90 3.70 3.39 3.79 2.97 3.92 2.79

Fig. 13. Modes of PSS oscillations: (a) No. 5; (b) No. 6; (c) No. 7; (d) No. 8
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approximately 3.92% for riffled PSS and 3.81% 
for basic ones).

This confirms the adequacy of the numerical 
model and indicates the location of the angular 
rotation velocity of the rotor of the centrifugal 
separator 1

1 12sω −≈  (1.9 Hz) in the pre-resonance 
zone, far from the lower natural frequencies of 
PSS. Use of FE methods and experimental stud-
ies made it possible to identify the frequencies of 
natural oscillations and quantify the difference for 
different structural and kinematic parameters of 
structures. The developed technique is universal 
and, if necessary, can be used for perforations 
with other hole shapes and parameters.

CONCLUSIONS

Based on the obtained results, the following 
conclusions were presented:
1.	The methodology has been developed to assess 

the technological efficiency and reliability of 
cylindrical PSS.

2.	A mathematical model of the dynamics of LM 
along cylindrical sifting surface has been de-
veloped, which takes into account the structur-
al and kinematic parameters of PSS, including 
the shape and parameters of volumetric riffles, 
and the properties of LM.

3.	Regularities of changes in the dynamic viscos-
ity coefficient of LM subjected to vibration 
have been obtained, which is significant and 
comprehensively determines the dynamic char-
acteristics during the sifting of components.

4.	Numerical solution of analytical expressions 
obtained dependences of velocity of corn (sun-
flower) LM movement and productivity of cy-
lindrical PSS by using rectangular, triangular 
and oval profile riffles, their ranges of variation 
were established.

5.	Application of FEM method and experiments 
allowed to obtain the influence of material 
and construction properties on the spectrum 
of frequencies and forms of the natural oscil-
lations of cylindrical riffled sifting surfaces. 
Ranges of variation in the oscillation frequen-
cies of cylindrical sifting surfaces have been 
established, the value of which increases when 
riffled structures are used and decreases when 
they are loaded with LM.

6.	The obtained natural frequency values of rif-
fled cylindrical sifting surfaces significantly 
exceeds the frequency of external disturbance 

– vibration of typical separating equipment, 
which indicates the absence of resonance.

7.	The conducted research will enhance the sepa-
ration efficiency of LM components on PSS, 
to provide their reliability and durability, to 
improve technical and economic indicators of 
separating equipment.
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