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ABSTRACT

In the article it is substantiated the value of the angular speeds of rotation of the auger screw, which leads to
the breakdown of its lateral vibrations. The dependences describing the law of change of amplitude or
natural frequency at slowly variable length of the telescopic screw are deduced. Based on the Van der Paul’s
method, in the developed system differential equations are obtained that determine the laws of change of
amplitude and frequency of the wave process in the system of a telescopic propeller. It is established that for
nonresonant oscillations for this system the main parameters of bending oscillations are a continuous flow of
bulk medium - the screw does not depend on its small torsional oscillations and external periodic
perturbation. The analysis of the given regression equations shows that to reduce the torque of the auger it
is necessary to reduce the frequency of its rotation and the angle of the conveyor. The constructive diagram
and the results of theoretical calculations for assessing the influence of constructive-kinematic parameters
on the torque indicators of the telescopic screw conveyor are presented.

PE3IOME

B cmammi obrpyHmogaHO 3Ha4yeHHs Kymoegux weudkocmeli obepmaHHs 28UHMa WHeka, Wo rnpuseodums 00
3pusy (o020 nornepeyHUxX KonueaHb. BusedeHO 3anexHocmi, siKi ornucyroms 3aKoH 3MIHU amrimyOu Yu enacHoi
yacmomu 3a Mo8ifbHO 3MIHHOI Q08XUHU meriecKorniyHo2o esuHma. Ha ocHosi memody BaH-Oep-llons,
po3pobrieHoi cucmemu ompuMaHo dughepeHyianbHUX PIBHSIHHSA, 5K 8U3HaYaromb 3aKoHU 3MIHU amnnimydu ma
Yacmomu X8us/ib08020 Mpouecy 8 cucmemi mesiecKorniyHoao e8uHma. BecmaHoeneHo, w0 0519 Hepe3oHaHCHUX
KonueaHb 0ris 0aHoi cucmemMu OCHOBHI napamMempu 32UHalnbHUX KOJlU8aHb € CyUinbHUl MOMIK CUMKO20
cepedosuuja — 28UHM He 3anexamb 8i0 Masux KpymursbHUX (020 KOfu8aHb mMa 308HIiWHb020 nepiodu4yHo20
36yperHs. [lpedcmasneHo KOHCMPYKMUBHY CXeMy pe3yfibmamu meopemuyHUX po3paxyHKie O OUiHKU
81Uy KOHCMPYKMUBHO-KIHEMamuYyHUX rnapamempie Ha MOKa3HUKU KPYymHO20 MOMEHMY MeseCKoniYHo20
28UHMOB020 MpaHcriopmepa.

INTRODUCTION

In order to achieve the required overloading distance, screw conveyors are made prefabricated,
assembled and disassembled from separate parts in manual mode or with the help of hydraulic or pneumatic
equipment, which makes their design quite expensive and difficult to operate. To improve the operation of
screw conveyors and increase their mobility, it is advisable to use the principle of telescope in their designs.
Due to the significant angular velocities of the augers in telescopic screw conveyors (up to 800 rpm and
above), the existing inhomogeneous inclusions in the reloading material, the asymmetry of the telescopic
screw and external perturbations lead to its oscillations, as well as to significant dynamic loads in the auger
(Rogatynskyi et al., 2019; Rogatynskyi et al., 2014; Hevko et.al., 2019).

Some papers consider the operation mode of an inclined screw conveyor which has a screw operating
element with constant parameters incorporated in it (Pezo et. al., 2015; Mondal, 2018). The kinematics of
grain loading has been investigated based on the motion equations in a screw conveyor. The analysis of
loading movement at constant high-speed mode has been analyzed.
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The works of Chen (2009), Fernandez et al., (2011), Sun et.al., (2017), Tian & Cheng, (2018), provide
research findings on flow patterns of bulk materials depending on constructional and kinematic
characteristics of screw operating tools, bunker type and solid particles, as well as frictional forces.

The authors developed and patented a number of designs of screw conveyors with rotary casings and
also the directions of screw conveyors operational life increase are described in some papers (Tripathi, et.
al., 2015; Roberts, 2015; Mondal, 2018). Some research is dedicated to the solving of above-mentioned
problems, namely the development of energy-saving designs of screw conveyors and choosing their the
most efficient parameters and working modes (Pylypaka et al., 2018; Rogatynskyi et al., 2019; Pylypaka et
al., 2019).

In other articles the influence of the motion of a continuous flow of a loose or viscous medium on the
longitudinal or bending oscillations of elastic bodies is studied (Sokil and Sokil 2017; Bogolyubov and
Mitropolsky 1961; Stotsko et al., 2002; Stotsko et al., 2007). Studies have shown that even a constant
velocity of the bulk or viscous medium changes the basic dynamic characteristics of bending and longitudinal
oscillations. The telescopic screw system rotates at a significant angular velocity, which means that even
minor transverse deformations at some point in time lead to significant stresses. With the relative movement
of the bulk medium along the screw, the mathematical model of bending oscillations qualitatively acquires a
new form - the appearance in it of a mixed derivative of linear and temporal variables. The working telescopic
propeller is an elastic body that rotates, so due to partial wedging, inhomogeneity of the environment and
other reasons, it additionally performs more torsional oscillations.

Therefore, the study of these phenomena in the system telescopic screw is a bulk medium during the
movement of bulk material makes it possible to pre-select such modes of operation of the conveyor, which
make these processes impossible, and thus increase the service life of the conveyor.

MATERIALS AND METHODS

Based on some research results, the maximum relative linear displacements of the outer points of the
screw, due to torsional vibrations, are much less linear displacement due to its bending vibrations.
(Rogatynskyi et al., 2019; Hevko et. al., 2018). Mathematical models of bending oscillations of the studied
system assume that torsional oscillations cause a small amount of periodic action on the bent. The main
parameters of this action (primarily frequency) can be determined on the basis of the main characteristics of
the screw: its running mass, the moment of inertia, elastic characteristics of the material (Stotsko et al.,
2000) or by partial processing of experimental data (Topilnysky et al., 2017; Hevko et.al., 2020).

In some works, the mathematical model of bending vibrations of an elastic body, which rotates along a
fixed axis with a constant angular velocity, provided that a continuous flow of a homogeneous medium of
zero rigidity moves along it with a constant relative linear velocity, is the system of differential equations
(Hevko et.al., 2018; Hud, 2019).

(p1+p2)gtil;+2pzv%—2(p1+p2)g%+pzvzg_

—2(p1+p2)|9%+ El Z%—(pl+pz)Q2u=8f (U,W,%,%,Z—j,%\g,m,%,%,yJ

(pl+pz)?:t_\;v+zpv%JFZ(MJFPZ)Q%UerZVZ(;ZT\;vJF o
+2(,01+/)2)IQ£;S2 +El 6647\:\,—(,01+p2)Q2W:gg(u,w,%,%,g—:,%,...,%,%,yJ,

Where:
u(t,z),w(t,z) - projections of the vector of movement of the point of the central axis with the

coordinate z of the telescopic screw at any time t;
Q) is angular velocity of rotation of the screw around the specified axis,
P P, is respectively, the mass per unit length of the body and the moving medium,

El is its stiffness to bend the screw (Hud, 2019)
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periodic for y =vt+y, functions that describe the nonlinear components of the reducing force, resistance

force and other forces, the maximum value of which is much smaller than the value of the reducing force, as
indicated by a small parameter.
The dynamic process of the auger screw depends not only on the force and kinematic

(ag(z,t) °9(z,t)
ot at?
length and corresponding to the movement of the elastic screw in the bearings, the distance between I(r)

takes the form (Hud, 2019):

,Q, V) factors but also on the method of fastening. In the case of slowly adjustable

o°u O*w
u(t.z)_, =~z =0 w(t,z)_, =— =0
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In the mathematical model, the variable length of the screw, I(z-):lo+gk1t,kl is constant. This

problem is to describe the main parameters of the bending oscillations of the auger screw, provided that the
torsional oscillations are described by the dependence (Hud, 2019):

.k
I(t,z)= hsin—"—zcos 4, I=(0t+39,) 3)
()
where h is their amplitude; © =I|E—”) GIJO , - frequency; 9, - initial phase; |, - running moment of inertia
T 0

about the neutral axis of the elastic body together with the medium; J, - its equatorial moment of inertia;

G - shear modulus.

In this problem, it is believed that the bulk medium that moves along the screw does not change the
stiffness of bending and torsion, and torsional vibrations of the screw. The most important from a practical
point of view are cases of external and internal resonances. As for the resonance caused by external force
factors, they can be caused by periodic action at the points of imperfect fixation or the interaction of the
telescopic screw and the casing, and others. Restrictions on the amplitude of torsional oscillations of the
considered dynamic system, the continuous flow of the medium-elastic screw, allow to build the solution of
the boundary value problem Eg. 2, provided Eg. 3 to use the basic ideas of asymptotic methods of nonlinear
mechanics to construct a solution of the undisturbed analogue of Eqg. 1. (Lyashuk et al., 2018; Hud, 2019;
Hevko et al., 2019).

o%u W, , 0% o*w,
(p1+p2)—at2° -2(py +pz)QE°+sz 6220 —2(p1+pz)|96taz"2 +
4
+El 0 u4° —(p+ p,) Uy =0,
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(ot p2) 7 + 2P+ ) Q2+ PN 2+ 24 ) 192

oz’ otoz’
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+El 6240 —(p1+ p,) W, =0

under boundary conditions:

z=0 z=l . (5)
In order to determine the natural frequency of bending oscillations of the body as a function of the
angular and linear velocity of the medium along the elastic body in the form (Hevko et al., 2020)

501



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

PN —Elx?
PLt P2

o, =Q(1x, —l)iKk\/QZI(KfI—Z)— (6)

The obtained ratio makes it possible to determine the influence of nonlinear forces on the dynamic
process, as well as the whole set of external and internal factors on the bending oscillations of the auger.
Among the analytical methods for studying linear oscillatory systems with concentrated masses, the most
convenient for their practical use is the combination of the Bubnov-Galerkin method (Rogatynskyi et al.,
2019) and Van der Pol (Lyashuk et al., 2018) and KBM (Krylov-Bogoliubov-Myitropolskyi) (Lyashuk et al.,
2018; Hevko et al., 2015; Hud et al., 2020). To solve this problem, the basic idea of the first methods will be
extended to the basic system of Eq. 1 under boundary conditions Eq. 2 Based on the Bubnov - Galerkin
method and the principle of oscillation frequency in nonlinear systems, for the solution of the perturbed
(nonlinear) boundary value problem Eq. 1, Eq. 2 in a form close to the “k” form of dynamic equilibrium,
assume that for the perturbed case the parameters h and ¢ be functions of time:

u(t,z)=h(t)(cos(xz+at+y(t))—cos(xz—at—p(t)),

w(t,z)=h(t)(sin(xz+ ot +y(t))+sin(xkz - ot —p(t)).
For complex nonlinear oscillations of the auger, more precisely for their bending component it is obtained:

@)

augt,z) =—h(co+O(:T(to)(sin(rd+wt+f/))+f"i”('fz“"t‘<"))+
+%(cos(xz +ot+p)-cos(kz-at-p)),
, (8)
t
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where the index K indicates the form of dynamic equilibrium.
According to the main idea of the Van der Paul's method, dependencies that relate the derivatives of
the desired functions are obtained:

—h(l—(tp(sin(lcz + wt +(p)+sin(1(z —wt —go)) +%(COS(/{Z +ot+¢)—cos(kz—wt—¢)) =0,

hd_¢

dt

Therefore, by differentiating the dependencies of Eq. 9, taking into account the derivatives of the
desired functions, we are get:
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—ha)((jj—f +0)(sin(kZ+ ot +p)+sin(kz - ot -p)).

The obtained dependences in the base are substituted into the system of differential equations Eq. 1
taking into account Eq. 3, it is obtained:

—%a)(sin(kz +ot+@)+sin(kz— ot - @)+ ha)(jj—f(cos(kz +at+@)-cos(kz—wt-p))=ef(hxy,9),

- %—f(sin(zcz +ot+@)+sin(kz - wt - @)) +%(cos(zcz +ot+¢@)—cos(kz-wt-¢))=0,  (11)
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where ef (h,x,w,7,9),e6(h,z,i, 7,9 - correspond to the values according to the function:
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where, U (t, Z) ( ) ( ) functions are described by relations Eq. 3, Eq. 8.

If the right-hand side of the basic system of differential equations satisfies the specified condition, then
this relation takes the form:
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The obtained system of differential equations Eq. 12 with conditions that follow from the main idea of
the Van der Paul's method, allows determining the laws of change of amplitude and frequency of the wave
process (Hevko et al., 2020):

dh | 27

hzy.7.9 - —y))dydz,

dt 27m)| (p+p5) ,(U; (h,z,y,y,9)(cos(xz +y)—cos(kz—y))dydz

do | 27 (14)
a7 2h7za)| (P+ )3 jj (hz,y,7,9)(sin(kz +y)+sin(xkz -y ))dydz,.

In the system of differential equations Eq. 14 the subintegral functions, and the right parts are periodic
by arguments v/, 7,9, which can have non-resonant and resonant oscillations in the screw auger. Based on

this, non-resonant oscillations of the amplitude and frequency of bending oscillations of the telescopic auger

are described by the dependences (Hevko et al., 2020):
da | 272727

_” ,[ _[ f(h,z, v, 7/,,9)S|n—zcosz//dzd1//d;/d.9

dt 8wl

dl// | 272721 . (15)
1 h,z,w,7,9)sin=zsinydzdydyd$

dt 8wﬂhlj-(.;££( v.y.G)sinpzsiny dzdy dy

Thus, with 2z periodicity in the phase of forced vibrations and the phase of torsional vibrations of the
auger screw of subintegral functions it follows that for non-resonant oscillations the system is considered
where the main parameters of bending oscillations of the system are continuous flow of bulk medium.
However, the amplitude of these vibrations depends on the elastic characteristics of the screw material,
which affect the natural frequency, viscoelastic friction forces, the method of fastening, but also on the
angular velocity of its rotation.

For different angular velocities of the screw rotation, the time variation of the amplitude of damped
oscillations is presented, provided that the elastic properties of the material of the auger screw satisfy the
nonlinear technical law of elasticity, and the viscous friction force is proportional to the speed in the degree of
motion of the points.

In this case, differential equations Eq. 15 are transformed to the form:

%__ kl(a))s_l he - d_‘//za)_ ElEI h2 — (%2 P V2.

; - (16)
dt  (p+pp)7 dt (P +p,) I” 8a(p + p,)
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RESULTS AND DISCUSSION

In fig. 1 and fig. 2, for different values of the parameters of the system "telescopic screw as a bulk
medium" is shown the change in time of the amplitude and frequency of the damping oscillations of the
screw.
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Fig. 1 - Laws of change of amplitude of damped oscillations and natural frequency of the telescopic screw

without environment (2, =0 kg/m) at various angular speeds of its rotation at | = 6-10°° kgm 2

E=2,06-10"N/m2 a)i=6m; p,=10kg/m;6)I=6m; p, =15kg/m; 6)I=8m; p, =15kg/m
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Fig. 2 — Laws of change of amplitude of damped oscillations and natural frequency of the telescopic screw at
different angular velocities of its rotation and different quantities of relative motion of the medium at

p=15kg/m; 1 =6-10° kgm 2, V=5m/s; £ =2.06 10" N/m2:
a) p,=20kg/m;1=8m;b) P,=20kg/m;I=6m;c) P, = 40 kg/m; 1=6 m
In fig. 1 and fig. 2, it can be seen that the failure of oscillations occurs at Q = 100 rad/s (Fig. 1.a), Q=
80 rad/s (Fig. 1.b) and Q = 45 rad/s (Fig. 1.c); Q = 30 rad/s (Fig. 2.a), Q = 55 rad/s (Fig. 2.b) and Q = 40

rad/s (Fig. 2.c). It is established that at certain values of angular velocities of the auger screw the failure of its
transverse oscillations occurs for larger values of running mass of the propeller.
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The obtained results reflect the dynamic processes in the screw under the condition of slowly
changing its length. The obtained dependence Eq.16 describes the law of change of amplitude or natural
frequency at slowly variable length of the telescopic screw. Figure 3 shows the laws of change of these
parameters for a telescopic propeller without a bulk medium, and in Fig. 4 with bulk medium.
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Fig. 3 — Change of amplitude-frequency characteristic of the telescopic screw at slowly variable length
at: p, =15 kg/m; p, =0 kg/m; 1 =6-10° kg'm 2, E =2.06-10" N/m2, v=5m/s; | = 6 + 0.2t
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Fig. 4 — Change of amplitude-frequency characteristic of the system "telescopic screw as a bulk medium" at
different quantities of movement of the last and variable length of the screw at o, =15 kg/m; | =6 + 0.2t;

V=5mis; | =6-10° kg-m 2 E =2.06-10" N/m2: a) p2 =15 kg/m; 6) p2 =20 kg/m; 6) p2 =30 kg/m

The presented graphical dependences show that with the elongation of the telescopic screw the
frequency of its oscillations decreases over time, and the main results obtained for the case of its constant
length can be used for the case of slowly variable length. However, from a theoretical point of view, it is also
important to study the system in the so-called resonance zone, or more precisely when passing the
resonance.

To confirm the theoretical assumptions, an experimental setup was designed and manufactured, which
is shown in Fig. 5 (Hud et. al., 2019).

b)

a)
Fig. 5 — Stand to study the characteristics of telescopic screw conveyors: a) general view; b) structural scheme
1) screw axial motion in the axial direction of the screw section; 2) part of the casing is fixed in the axial direction;
3) screw moving in the axial direction of the screw section; 4) part of the casing moving in the axial direction;
5) guides; 6) support for adjusting the height of the material

In the experimental setup, the outer diameter of the auger is 97 mm; inner diameter of the fixed branch
pipe - 100 mm; external - 107 mm; the inner diameter of the movable pipe is 109 mm. The movable pipe is
made of galvanized sheet, and therefore it contains a connecting seam and ovals and irregularities along the
entire length, which affected the speed of twisting and untwisting of the telescopic part of the screw
conveyor.

To determine the influence of structural and kinematic parameters (auger speed, auger elongation
length and angle of the conveyor) on the torque of the auger drive during transportation of corn, wheat and
feed, full-factor experiments were performed and regression equations were derived:
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- during transportation of corn:
Tin 1y =—12.914+1.18-1072n, +17.331 +3.8-10 %, —4.46-10°n |l +

+2.9-10°n2 -1.731> - 4.6-107*y,%;
- during transportation of wheat:

Tt =—1359+1.23-107%n, +18.771+3.99-10 %y, —4.68-10°n | + a8
+3.05-10°n? —1.841% - 4.83-107*y,%;

- during transportation of compound feed:
Ty =—11.53+1.05-10?n, +15.951 +-3.412-10 %, —4-10~°n | +

+2.63-10°n2 —1.5312 —4.12-107*»,%.

7

(19)

The analysis of the given regression equations shows that to reduce the torque of the auger it is
necessary to reduce the frequency of its rotation and the angle of the conveyor. Based on the regression
equations Eq. 17-19, the graphical dependences of the torque value are constructed, which are shown in
Fig. 6.

ns, rpm

¥y, degree
a)

Fig. 6 — Response surface (a, b) dependence of the torque on the drive of the telescopic screw conveyor during
corn overload from: a) T = f(ng;y;) at 1 =1.61m; b) T = f(ng;l) at y, =45 degrees

From (fig. 6) the analysis of the given regression equations shows that to reduce the torque of the
auger it is necessary to reduce the frequency of its rotation and the angle of the conveyor. It is
experimentally established that the biggest problem in telescopic screw conveyors is to maintain the same
gap between the casing and the spiral in different sections of the telescope, which significantly affects the
rolling of the movable part of the auger on the stationary and the appearance and magnitude of torsional and
bending vibrations.

CONCLUSIONS

It has been established that at certain values of the angular velocities of rotation of the auger screw, its
transverse oscillations are disrupted: for large values of the linear mass of the screw or medium, the
disruption of oscillations takes place at lower angular velocities; for auger screws of large lengths, the
breakdown of oscillations takes place at lower angular speeds of rotation. Dependences are derived that
describe the law of variation of the amplitude or natural frequency for a slowly variable length of the
telescopic screw. It was found that with lengthening of the telescopic screw the frequency of its oscillations
comes with time, and the main results obtained for the case of its constant length can be used for the case of
slowly variable length.

It is seen that with increasing auger speed, auger elongation length and conveyor angle, the torque on
the auger drive increases and the maximum torque of 17.51 N.m is reached during wheat transportation. The
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maximum torque on the drive of the telescopic screw conveyor, auger for transportation of corn and
compound feed is 16.75 N.m and 15.02 N.m, respectively, and the minimum - 9.94 N.m and 8.93 N.m.
Increasing the speed of the auger ns, from 300 rpm up to 700 rpm leads to an increase in torque on the
auger drive to 35%. The increase in the angle of the conveyor from 5 to 45 degrees gives an increase in
torque to 4.1%, and increasing the length of the elongation of the auger from 1.33 to 1.61 m leads to an
increase in torque by 24.4%.
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