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Pospobneno docaionuii 3pasox ynieepcanvhoi pe3onancioi 6iopo-
Mawunu wupoxozo 3acmocyeéanns. OCHO8Y BIOPOMAWUHU CMAHOBUMD
eiopocmon. Ipysicui onopu 00360.5110mo 30iticHiosamu naam@opmi 6iopo-
MAwuHU, WO MAE MpuU CMYNEHs GLIbHOCMI, MPU 20JI06HUX KOJUBATILHUX
PYXu, wo 6i0nosidaroms mpbLom pe3oHancHuMm wacmomam. Biopozoyonux
Mae Popmy ryavoeozo asmobanancupa. Ilepedbanaemocs, wo xymni
6 asmobanancupi 6yoymv 3acmpsaeamu Ha neputiti pe3oHancHiil wWeuo-
xocmi o6epmanns éany. Ilpu uyvomy 6yode 30yorcysamucs nepua Qopma
PE30HAHCHUX KONUBAHD.

Biopocmon mosce suxopucmosyeamucs camocmiino. Taxoxc na naam-
dopmy moxcymv 6cmano6a06amMuUcs HACAOKU 3 cumamu 011 NPOCIHOGAH-
Ha abo cenapauii cunyuozo mamepiany, EMHICMb ONA 2AJAMO6KU, Popmu
0L yeei, num mowo.

B pesynvmami excnepumenmanviux 00CH0¥HCEHb 6CMAHOBIEHO, U0
HATLeIHCHUM 6UOOPOM HUCIA NAACMUH 8 ONOPAX, HUCILA | MACU KYJIb MONCHA
3abe3neuumu npaxmuuio 00HaAK06i OUHAMIMHI XAPAKMeEPUCMUKU 6i6po-
Mawunu 8 Konizypauyiax eidpocmona i sidpocenapamopa. Ilpu yvomy,
npu obepmanni 6ana 3i WEUOKOCMAMU, WO NEPESUWYIOMb NEPULY Pe30-
HAHCHY wacmomy, naam@opma podumv (npaxmuuno wucmi) eepmu-
Kanvii nocmynanvii koaueanus. 3 pocmom weudxocmi odbepmanns eany
30iMYyeMvca amMnimyoa Koausans naamdopmu, a 1acmoma npaxKmuy-
Ho ne 3minioemvcsa. Ipu nepesuwenni weuoxocmi obepmanns eany na
15-20 % nepwoi pezonancrnoi uacmomu, npuckopenns niamepopmu cma-
1omv docmamuimu 011 YMmeopeHHs KUNJIAH020 WAapy HA NOGEPXHI naam-
dopmu. 3i 30invwennam weuoxocmi obepmanis 6any 3POCManis AMni-
myou KoAUBAHb CROBINLHIOEMBCS, WO NOSCHIOEMBCS K KOB3AHHAM KYJlb
no dopixcuyi, max i HeJHIUHICMIO ONOP NPU 8eUKUX Deopmanisx.

IIposedeni docaidncenms niomeepoicyroms npayezdamuicms i ynisep-
canvricmos po3podnenoi éiopomawmunu, € niorpynmam 01 no0aAabULO20
Y0oCKOHANEHHA 8IGpOMAMUNU

Kniouoei crosa: pesonancna eibpomamuna, 6i6po3dyonux, eiopocumo,
siopocenapamop, eibpocmon, pezonancui sibpauii, edpexm 3omepdenvoa
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1. Introduction

Among such vibratory machines as screens, vibratory
sieves, separators, the most energy-efficient are the reso-
nance ones [1-12]. Such machines make it possible to excite
significant vibrations of the platforms by vibration exciters
with low mass and power. Therefore, there is a general issue
related to designing new resonance vibratory machines.

To excite resonance oscillations, one can use passive auto-
balancers of the ball-, roller-, pendulum-type [8—10]. The
feasibility of this technique for single-mass machines was
tested in papers [10—12].

It is a relevant task to use the results reported in [10-16]
to design and test experimentally the dynamics of a proto-
type of the wide-use resonance vibratory machine, in which
vibrations are excited by a ball auto-balancer.

2. Literature review and problem statement

Resonance machines are more energy efficient because
they employ vibration exciters of lower mass to excite plat-
form oscillations at a larger amplitude [1]. There are known
techniques to excite the resonance modes of platform oscilla-
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tions by the electromechanical [2], inertial [3] vibration ex-
citers. These techniques require a vibratory machine control
system with feedback, which makes the system much more
complicated. As the load changes, the machine needs time
to reconfigure. These shortcomings are not inherent in the
vibratory machines with parametric vibration exciters [4]. In
them, a vibration exciter is mounted onto a shaft and consists
of the balls that are capable of rolling over the annular seg-
ments. The downside of the technique is that the parametric
resonance occurs over a relatively narrow band of the rotor
rotation speeds.

The simplest in design and most reliable in operation are
the exciters of resonance vibrations whose work is based on
the Sommerfeld effect [5]. This effect implies that a pendulum
mounted on the shaft of an electric motor cannot accelerate
and gets stuck at the resonance frequency of the vibratory
machine’s platform oscillations, which hosts the motor [6].
In order to prevent the electric motor from working under the
mode of overload when the pendulum gets stuck, the electric
motor was replaced by an air drive in [7]. The drawback of the
new vibratory machines is the small efficiency of the air drive.

In accordance with the Sommerfeld effect, the balls [8],
or pendulums [9], are stuck at the resonance frequency of ro-
tor rotation in a ball- or pendulum-auto-balancer. Paper [10]



suggested exciting the direct resonance vibrations of the
vibratory sieve box by a vibration exciter in the form of
a ball auto-balancer. 3D simulation established that the
ball jamming mode occurs under the small forces of viscous
resistance acting in the supports of the box, on the balls
when they move relative to the body of the auto-balancer.
In a jamming mode, the balls come together, fail to catch up
with the shaft onto which the auto-balancer is mounted, and
get stuck at the resonance frequency of platform oscillations.
The authors established that the characteristics of vibrations
could be changed over wide ranges by altering the number
and mass of the balls, the speed of shaft rotation, the rigidity
of the supports, etc. It was found that the stuck mode of the
balls was extremely resistant to a change in the shaft rotation
speed, the mass on the platform. When different bodies are
positioned on the platform, the balls almost instantly adjust
to the new mass of the platform and continue to excite the
resonance oscillations.

In work [11], the method’s feasibility was confirmed
experimentally at a specially built bench; paper [12] investi-
gated it theoretically.

The results reported in [10—12] make it possible to de-
sign and manufacture a new resonance vibratory machine
whose operation is based on the Sommerfeld effect.

Let us consider those studies whose results can be applied
to test the new vibratory machine.

Paper [13] describes the results of the industrial test
of a multi-vibratory inertial vibratory screen for ultra-fine
screening. The tests were divided into dynamic and techno-
logical. In the course of dynamic tests, the law that governs
the vibrations of the screen’s box was investigated for vibra-
tory motions, vibration speeds, vibration accelerations; the
spectral analysis of vibrations was also performed. During
technological tests, the authors determined the technolo-
gical indicators of the vibratory screen operation. Such an
approach is applicable for the case of a vibratory machine
for particular use. In the case of a wide-use vibratory ma-
chine, the design of the machine can change significantly by
installing a specific nozzle on a certain base. Therefore, the
feasibility of such a machine should be investigated in sepa-
rate stages. Dynamic testing is appropriate in the first phase.

The effect of the platform’s own oscillation frequencies
and the speed of the shaft rotation on the frequency of the
pendulum, freely mounted on the shaft, getting stuck was
experimentally investigated in [14]. It was established that
depending on the speed of shaft rotation, the pendulum gets
stuck at a certain resonance frequency of platform oscilla-
tions and excites the corresponding resonance oscillations at
that. This approach may become a stage in the study of the
dynamics of the resonance vibratory machine. The downside
of the approach is that its implementation did not pre-iden-
tify all the own frequencies and the appropriate forms of
platform oscillation.

The accuracy of balancing an axial fan’s impeller by
adjusting the mass and using ball auto-balancers was ex-
perimentally investigated in[15]. The authors described
the procedure of balancing rotating parts in an assembly,
determining the own frequencies and corresponding forms
of fan casing oscillations, studying the fan dynamics. Those
procedures and such equipment could complement the dy-
namic testing methods of resonance vibratory machines
implemented in [13, 14].

Paper [16] gives formulae for calculating the total un-
balanced mass created by multiple balls (rollers) in an auto-

balancer. The formulae are applicable for calculating the
parameters for a vibration exciter in the form of a ball
auto-balancer.

Thus, given the results reported in [10-12, 16], it is pos-
sible to design and manufacture a prototype of the resonance
vibratory machine of wide use with a vibration exciter in
the form of a ball auto-balancer. The experimental research
methods outlined in works [13—15] could be applied for the
dynamic testing of a new resonance vibratory machine.

3. The aim and objectives of the study

The aim of this study is to design and study the dynamics
of a resonance single-mass vibratory machine of wide use.

To accomplish the aim, the following tasks have been set:

— to devise the concept of a vibratory machine, to build
a model of a vibratory platform, to find theoretically the
resonance frequencies and the appropriate forms of the plat-
form oscillations;

— to calculate the parameters and create a prototype of
the resonance single-mass vibratory machine;

—to perform experimentally the dynamic tests of the
vibratory machine.

4. Procedure to study the platform oscillations
and the equipment used

The results reported in papers [10—12] have been applied
when designing a vibratory machine. The platform is elas-
tically fixed and has several degrees of freedom. Therefore,
the platform has several resonance frequencies and the corre-
sponding forms of oscillations. According to the results from pa-
pers [10—12], the balls get stuck at the first (lowest) resonance
speed. In this case, the first form of platform oscillation occurs.
If the shaft rotates at speeds close to the second, third, and
other resonance speeds, the platform may experience the no-
ticeable corresponding components of the oscillations. There-
fore, it is necessary to determine all resonance frequencies.

To theoretically determine the resonance frequencies and
the appropriate forms of platform oscillations, a platform
model on elastic-viscous supports is built and investigated.
The elements from the theory of vibratory machines are em-
ployed, as well as the Lagrange equations of the second kind.

Experimentally, the resonance frequencies and the ap-
propriate forms of platform oscillation are determined in line
with the following methodology [15]. A controlled mechani-
cal oscillation generator (Fig. 1) is used to initiate mecha-

ALF TEM

nical oscillations of the platform.
G
R R

Fig. 1. Enlarged block-scheme of the controlled generator
of mechanical oscillations [15]: G — signal generator;
ALF — low-frequency amplifier; TEM — electromechanical
transducer (vibrating speaker, PRC: 100 Watts, 4 Ohms,
0—20,000 Hz); Pl — platform

The generator’s electromechanical converter is attached
by magnets at a platform site to maximally create a certain
form of resonance vibrations. Eight analog sensors-accelero-



meters GY-61 ADXL335 (Shenzhen HiLetgo Technolo-
gy Co., Ltd., China) are placed on the platform in such a way
as to most effectively capture the appropriate form of re-
sonance oscillations. The signal generator creates
sine signals, which are amplified by a low-frequency
amplifier and sent to an electromechanical con-
verter. By changing the vibration frequency by the
generator, such frequencies are found at which the
most intense oscillations of the platform of the ap-
propriate form occur. The platform oscillation form
is determined based on signals from the sensors-ac-

supports in the form of flat bend springs. The distances bet-
ween the supports are b, . The total stiffness of the springs
is k.. The supports enable damping with a total ratio of b,.

celerometers.

The analog signals from eight sensors are pro-

cessed by the modified device Oscilloscope Motor
Tester MT Pro 4 (MLab, Ukraine) [15]. The device
makes it possible to:

— digitize signals through 8 analog channels;

— operate under the modes of oscillograph, re-
corder, and spectrum analyzer.

The modernization involves installing 3.3 V stable power
sources in the device, replacing BNC-type connectors with
GX16-type connectors.

Experimentally, the platform motion is studied based on
vibration speeds and vibration accelerations, measured by
the analog sensors of vibration accelerations at the platform’s
control points.

The experiment also employs the device «Balcom-4» (Ki-
nematica LLC, Russian Federation) for:

— dynamic balancing of the rotating parts in the assem-
bly (shaft, pulley, vibration exciter housing);

— measuring the RMS of the total and reverse component
of vibration velocity at 4 control points;

— spectral analysis of vibrations (by vibration velocity);

— the dynamic balancing of rotating parts in an assem-
bly (shaft, pulley, a vibration exciter casing);

— measuring the RMS of the total and revolving compo-
nent of the vibration speed at 4 control points;

— spectral analysis of vibrations (based on vibration speed).

The limits of the permissible absolute error in the RMS vi-
bration speed measurement, at the base frequency (80 Hz) and
over the working frequency range, mm/sec: +(0.1+0.1-V,,),
where V,, is the RMS of the measured vibration speed.

The CFM 210 (AS Privod, Ukraine) frequency converter
is used to adjust the rotation frequency of the electric mo-
tor (shaft). It enables a continuous adjustment of the speed
of shaft rotation with a sinusoidal current of frequency rang-
ing from 0 Hz to 800 Hz.

Some additional information on the methodology of the
current research is provided when presenting the study results.

Fi

9

5. Results of designing and studying the feasibility
of a resonance vibratory machine

5. 1. The concept and model of a vibratory machine, re-
sonance frequencies, and the forms of platform oscillations

The base of the vibratory machine is a vibratory table,
which can be used independently. It is assumed that the vi-
bratory table can host various attachments: a separator with
sieves, a tumbling container, molds for bricks, slabs, etc.

Let us model and find the dynamic characteristics of
the vibratory table. The base of the vibratory table is
a mobile platform. The platform has mass m and dimensions
Bx H (Fig. 2, a). The platform is supported by four identical

. 2. A vibratory machine model: a — schematic of the vibratory

machine; b — the platform motion kinematics

The motion of the platform will be described using two
axis systems (Fig. 2). The fixed axes OXYZ originate from
the center of the masses of the stationary platform (Fig. 2, a).
The movable axes CENC coincide with the OXYZ axes at
a stationary platform and are rigidly connected to the plat-
form. In the process of motion (Fig. 2, b), the OXYZ axes
move into the CENE axes in the following way. At first, the
OXYZ axes move progressively along the Z axis to a dis-
tance determined by the coordinate z. As a result, the OXYZ
axes move into an intermediate position CX,Y,Z,. Next, the
CX\Y,Z, axes rotate at angle a around the X, axis. As a result,
the CX\Y,Z, axes move into the intermediate CXnZ, axes.
And finally, the CXnZ, axes rotate around the m axis at
angle B. Thus, the platform has three degrees of freedom
and its motion can be described by the following sequence of
displacements:

OXYZ—5CX,Y,Z,—“5CXMZ,—2— L. (1)

Let us believe that the generalized coordinates z,0,p and
their derivatives are small values. Then the absolute deforma-
tions of the bend springs are equal to:

Al = 2—bo,/2— hB/2, Al, = z—boy/2+hB/2,

Al =z+bo/2—h3/2, Al, = z+bo/2+hB/2. 2)
The potential spring energy is:

1k,
V=g (AL + AL + AL + ALY ) =

oo |~

(42" +0°’ + 1°B?). (3)
The kinetic energy of the platform’s progressive motion
is equal to:
T, =mo} [2=m3*/2,

where v, is the module of speed of the center of the mass of
the platform; a dot above the value denotes a time derivative.

The kinetic energy of the platform’s rotational motion is
equal to:

T = J02 24 00 2= i [24] 2,



where, for an almost homogeneous rectangular plate, the
axial moments of inertia are:

Jo=mB* /12, J =mH" /12. (4
The platform’s kinetic energy is:

T=T,+T, =mz/2+mB*6*/24+mH"*B* /24. (5)
The speeds of the ends of bend springs are:

0, = Al =~ 2—b&t/2—hB/2, v,=Al, ~z—bot/2+HB/2,

0, = ALy =~ 2+b6/2—hB/2, v, = Al ~z+b6/2+hB/2. (6)

The dissipative function is:

1b,, , . N b .
D=§Zz(vf+Z)§+Z)§+U§)=§Z(422+b20(2+h2[32). @)

The differential equations of the platform motion are de-
rived from the Lagrange equations of the second kind:

+Zé+£2:0;

B 1(d oT 9V E)D)zé

L =—
m

dt 9z 09z 0z m m
_ 12 (iﬂ_al_aﬁ)_dﬁﬁméibza_o.
““mB’\dt96. 90 )  m B m B
12 (d 3T 3V D) . b 3b*. k 3b°
C e+ = B+ B=0.(8
P mHz(dtaB B aB] Y B P P ®

The differential equations of the platform motion are split
into three independent equations. This means that the ge-
neralized coordinates are the main ones and the oscillations
of these coordinates determine the resonance frequencies of
the platform and the corresponding forms of the oscillations.

From (8), one finds the following resonance frequencies
of the platform oscillations:

k, b |3k, h |3k,
W, =, 0,=— , 0y =— ;
m B\ m H\N m

n=o,/(2r), /i=1,23/. 9)

The frequencies are numbered in ascending order:
o, <®, <, (n,<n,<n,). They correspond to the resonance
forms of the oscillations shown in Fig. 3.

+ H |+ . —| 1+ -+
! 13
n, i7, R O

+ Al ! = -

a b c

Fig. 3. Resonance forms of platform oscillations:
a — form 1, progressive along the vertical axis;
b — form 2, rotating around the smaller cross-axis of
the platform; ¢ — form 3, rotating around the larger
cross-axis of the platform

A vibration exciter in the form of a ball auto-balancer is
placed on the platform. The vibration exciter should excite
the first form of resonance oscillations of the platform (the

platform together with attachments and load) at the pre-
defined amplitude. In this case, the platform without any
additional kinematic restrictions should execute almost un-
disturbed sinusoidal vertical oscillations.

3. 2. A prototype vibratory machine

3. 2. 1. Description of the prototype vibratory machine

Fig. 4 shows the designed vibratory machine. The base of
the vibratory machine is a vibratory table (Fig. 4, a). A sepa-
rator (Fig. 4, b) was fabricated to serve as a nozzle.

Fig. 4. Vibratory machine:
a — vibratory table (base); b — separator (attachment);
1 — bed, 2 — induction electric motor, 3 — elastic support,
4 — platform, 5 — shaft, 6 — support of the shaft,
7 — auto-balancer, 8 — belt transmission, 9 — frame,
10 — box, 11 — top sieve, 12 — lower sieve, 13 — pallet,
14 — fraction guides

The vibratory table consists of such elements (Fig. 4, a):
bed 1, made from a profile pipe with a cross-section of 30 to
30 mm; induction electric motor 2; four identical elastic sup-
ports 3, made from a set of plates of springy steel; platform 4
mounted on elastic supports; shaft 5; shaft supports 6; vibra-
tion exciter 7; belt transmission 8.

The separator consists of such elements (Fig. 4, b): frame 9,
made from a profile pipe with a cross-section of 30x30 mm;
box 10, made of sheet steel; top 11 and bottom 12 sieves of
different caliber; pallet 13, and guides 14, made of sheet steel.

The stiffness of the supports can be changed by changing
the number of plates in the support from 1 to 8 (Fig. 5, a). For
the dynamic balancing of rotating parts in an assembly (the
shaft, vibratory machine case, lid, pulley), the body of the auto-
balancer and the pulley have holes with thread (Fig. 5, b). In
these holes, one can screw the bolts of different lengths (mass)
as corrective loads.
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Fig. 5. Elements of the vibratory machine structure:
a — elastic support; b — rotating parts in an assembly (shaft,
vibration exciter case, cover, pulley); ¢ — vibration
exciter case; d — ball; e — cover

The vibration exciter consists of the following parts:
the case (Fig. 5, ¢); a ball or several balls (Fig. 5, d); a cover
preventing the ball from falling out of the vibration exciter
case (Fig. 5, e).

One or more balls can be placed in the vibration exciter’s
case. The diameters (mass) of the balls can be changed.

The platform has mass m,=35kg and dimensions B=
=1000 mm, H =600 mm. The separator’s mass is m, =60 kg.
The distance between the supports is b = 840 mm, 2 =570 mm.

Table 1 gives the main parameters of the vibratory machine.

Calculation coefficients:

k n=m mm (2nn1) 35(27.(:10)2 = 138.2103 I\I/l'n7

‘min

ko =m,. (210, ) =95-(2n-10)' =375-10° N/m,

‘max

d,. =2a,,/(2%n)’ =2-20/(2r-10)° =10.13-10 " m,

R,=0.5(D,~D,)=0.5(0.190-0.042862) = 0.0736 m,

R,=0.5(D,-D,,)=0.5(0.190-0.041275)=0.0744 m, (10)

The unbalanced mass, created by n identical balls, is cal-
culated from formula [16]:

D,-d,)
S(n,rb,mb)zwsin(n~arcsinl)rd_ub]. (11)
Find by using (11):

S(1,7,,m,)=0.0238 kg-m, S(3,7,,m,)=0.0634 kg-m.
Note:

My M = 95/35=2.714,
S(3,1,,m,)/S(L,7,,m,)=0.0634/0.0238 = 2.661.

Therefore, the oscillations of the vibratory table are to be
excited by a single ball, and the oscillations of the vibratory
separator — by three balls.

For the vibratory table, the estimated resonance frequen-
cies are:

3
n - 1 I14O 10 —10Hz,
o m, 2 3. 142

J—b _1732@10 14.20 Hz,

:\/§h 574

,=1.732-——=16.57 Hz. (12)
600

. =138.2:10 N/m is provided by
three plates in each support.

For the vibratory separator, the calculated resonance
frequencies are the same but at the total spring rigidity of
k =373.33-10' N/m. Such stiffness is ensured by eight

‘max

plates in each support.

The total stiffness %

5.2.2. The dynamic balancing of rotating parts in an
assembly

After the manufacture of the vibratory machine, the dy-
namic balancing of the rotating parts in an assembly was car-
ried out. Balancing is necessary to ensure that the imbalance of
the shaft does not excite other forms of resonance oscillations
of the platform (different from direct progressive motion).

Table 1
Basic parameters of the vibratory machine
No. Parameter Value Note

1 | Platform mass my;, kg 35 Known

2 | The largest mass of the loaded platform with a nozzle my,y, kg 95 Known

3 | First resonance frequency ny, Hz 10 Known

4 | The greatest amplitude of vibration acceleration @y, m/s? 20 Known

5 | Weight of a steel ball my, kg 0.325 Known

6 | Ball diameter dj, mm 0.0215 Known/to be calculated
7 | Diameter of a ball track D,, m 0.19 Known

8 | The largest span of vibration displacement d,ay, mm 10 To be calculated

9 | Total coefficient of support stiffness &, H/m 140-103+375-10% To be calculated

10 | Distance from the longitudinal axis of the rotor to the center of the ball mass R, m 0.0735 To be calculated




The balancing protocol is shown in Fig. 6.

T Baloncing in Z-plancs R

Run#0(initial, no trial mass)

bear. 4

V01=2,13  V02=1,42
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Fi= 111,8 F2= 306,7
degree degree

RPM=1437 F8-Prev.step
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Run#1(Mass in plane 1)
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RunC(check balance guality) et
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Fiz 340 F2z 1048

Fig. 6. Protocol of the dynamic balancing
of rotating parts in an assembly

The first correction plane is located on the casing of the
vibratory exciter (test mass of 3.56 grams). The second correc-
tion plane is located on the pulley (test mass of 3.85 grams).
The vibration sensors were located on the supports of the
shaft (Fig. 5, b). After balancing, the revolving components of
the RMS vibration speed do not exceed 0.3 mm/s, which is
less than the sensitivity of the balancing device.

The residual RMS vibration speed, measured by the «Bal-
com-4» instrument at control points 1-4 on the platform, lo-
cated above the supports, do not exceed 6 mm/s. The relatively
large residual non-revolving vibration speeds are caused by the
belt transmission.

5. 3. Determining the dynamic characteristics of the
vibratory machine

5. 3. 1. Determining the resonance frequencies and the
appropriate forms of platform oscillations

Eight control points were located on the platform’s
working surface (Fig. 7). Eight single-axis GY-61 ADXL335
sensors were installed at these points.

Fig. 7. Arrangement schematic of acceleration sensors 1—8
and TEM (electromechanical transducer)

An electromechanical converter was installed on the
platform to maximally excite a certain form of resonance
oscillations. The result of the experiments is the derived reso-
nance frequencies:

n,=10.04Hz, n,=1454Hz, n,=16.67 Hz. (13)

As one can see, the actual values of resonance frequencies
are no more than 2.5 % different from the estimated. The dis-
crepancies are explained by the fact that the platform in the
calculations was considered a rectangular slab.

The experimentally-found oscillation forms are consis-
tent with the forms derived theoretically. Fig.8, a shows
a fragment of the vibration accelerations oscillogram ac-
quired from the MT Pro 4 oscillograph for the third reso-
nance form of platform oscillations.

Fig. 8. The third resonance form of platform oscillations:
a — fragment of vibration accelerations oscillogram;
b — appropriate form of platform oscillations; 1—8 — signal
corresponding to sensor No. 1—8

The oscillogram (Fig. 8, @) shows that at a frequency of
16.67 Hz the platform executes a third form of resonance os-
cillations (Fig. 8, b) as the signals: 1, 3, 5 are in phase; 2, 4, 6 are
in phase and are in the opposite phase to signals 1, 3, 5; 7.8 —
almost do not change as they are on the line of the nodes.

5. 3. 2. Studying the oscillations of a vibratory machine
in the configuration of a vibratory table

The platform weighs 35 kg, one support is formed by
three plates. Oscillations are excited by one ball weigh-
ing 0.325 kg. The current frequency varies from 5 to 35 Hz
with a 5 Hz increment. Fig. 9 shows the dependence of the
amplitude of the variable component of vibration accelera-
tion on the frequency of shaft rotation.

A,, mls? ‘ :
—— 4, =10 m/s?
20 S W—
15 /
10
5 J
0 / n, Hz

0 10 20 30 40

Fig. 9. Amplitude of the changing component of the platform
vibration acceleration

When the amplitude of the changing component of the
vibration acceleration reaches 10 m/s?, a boiling layer ap-
pears (Fig. 10). The boiling layer appears at the shaft rotation
frequencies exceeding 12 Hz.

The lowest shaft rotation frequency, at which one ob-
served a steady jam of the ball, was 4 Hz. At a lower fre-
quency, the ball ceased to roll along the track, fell, and then
hovered near the lowest position.

As one can see from Fig. 9, changing the shaft rotation
speed can increase the amplitude of the platform oscillations.
However, when the shaft rotation frequency exceeds 30 Hz,
the amplitude of the oscillations almost stops growing, simi-
lar to that the platform’s oscillation amplitude stops growing.
Theoretically, the amplitude should continue to grow [12].



However, it turned out that this is prevented by the ball
sliding along the track, which occurs when the shaft rotation
frequency exceeds 30 rev/s.

Fig. 10. The appearance of a boiling layer on the platform

The vibration speed oscillogram, built for control
points 1, 2 (Fig. 11, a), shows that the platform’s oscillations
are progressive, harmonic. The spectral diagram, at 10 Hz,
exhibits a single peak (Fig. 11, b), corresponding to the vibra-
tions caused by a ball jamming at the first resonance frequency.

A similar vibration speed oscillogram and a spectrum of
frequencies are obtained at points 3, 4.

The magnitude of the amplitude of platform oscillations
almost coincides with the amplitude obtained for the vibratory
table. However, the amplitude increases throughout the entire
range of change in the speed of shaft rotation, which corre-
sponds to the theory [12]. A boiling layer appears at the shaft
rotation frequency exceeding the frequency of 11.5 Hz. The vi-
bratory sieve becomes operational when a boiling layer appears.

6. Discussion of results of studying the rectilinear
translational vibrations of the vibratory machine’s
platform, excited by a ball auto-balancer

Based on the results reported in [10—12], the concept of
a new resonance vibratory machine has been suggested,; its
operation is based on the Sommerfeld effect. The base of the
vibratory machine is a vibratory table, which can be used
independently. In addition, the platform of the vibratory
machines can host a variety of attachments in the form of
a sieve, separator, molds for bricks, slabs,
a tumbling capacity, etc. That provides for

170 4 oo R e e e L e T > ) ]
1604 120 g i the versatility of the vibratory machine,
150 vk : its wide scope of application.
140 1 15 ¥ R rooes To implement the concept, a de-
130 1 1104 N N R NURY R t----  sign was chosen in which a rectangu-
120 g ' ' lar platform rests on four identical bend
110 1 B springs (Fig.2). In this case, the plat-
g 100 g ’s R i form has three degrees of freedom and
H E R ! can execute three main oscillatory mo-
E'}?g' B e i it it Sl S ek ity r----  tions (Fig. 3), corresponding to three res-
e 154 bt -----  onance frequencies (9).
-120 , T , : .
E I T S I S R According to the concept, of all pos-
-130- 10 v I r T A v [ bl r . R . B
-140 | s oo sible types of the kinematic motion of the
-150 S T | :||| |I 0 platform, only those oscillations should
1 [ 1 [ sl . L} 1 TLL P .
-160 L [ ; be excited that correspond to the lowest
T T T T T T T T T T -
P S 10 1 resonance frequency of the platform os

a

Fig. 11. Fragments (for the shaft rotation speed of 13.93 rev/s): a — vibration
speed oscillograms at points 1, 2; b — frequency spectra at points 1, 2

3. 3. 3. Studying the oscillations of a vibratory machine
in the configuration of a vibratory separator

The weight of the platform with a nozzle is 95 kg, one
support is formed by eight plates. The oscillations are excited
by three identical balls weighing 0.324 kg and a diameter
of 42.862 mm. The current frequency varies from 5 to 35 Hz
with a 5 Hz increment. Fig. 12 shows the dependence of the
amplitude of the variable component of vibration accelera-
tion on the shaft rotation frequency.
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Fig. 12. Amplitude of the variable component of the platform
vibration acceleration

cillations. At the same time, almost undis-
turbed progressive vertical oscillations of
the platform should be initiated without
additional kinematic restraints, guides, etc.
To this end, a ball auto-balancer is used.

A prototype vibratory machine (Fig.4) implements
the proposed concept. In order to change the vibration pa-
rameters:

— the bend springs are formed by plates whose number in
a single support can be changed from 1 to 8 (or more);

— the auto-balancer’s case can host one or more balls;
balls of different mass can be used;

— the speed of shaft rotation can be controlled by a fre-
quency converter.

Before operating the vibratory machine in a certain con-
figuration, it needs to be pre-configured. When installing
massive attachments on the platform, one needs to increase
both the stiffness of the supports and the mass of the ball or
the number of balls.

The configured vibratory machine is controlled by chang-
ing the speed of the shaft rotation. To increase the amplitude
of platform oscillations, it is necessary to increase the shaft
rotation frequency [12].

As a result of experimental studies, it was found that the
actual resonance frequencies of the platform (13) are no more
than 2.5 % different from the estimated (12). At the same
time, the actual and calculated forms of resonance oscilla-
tions are the same.



The appropriate choice of the number of plates in the
supports and the number of balls can ensure almost match-
ing dynamic characteristics of the vibratory machine in
the configurations of a vibratory table and a vibratory
separator (Fig. 9, 12). In this case, when the shaft rotates
at speeds exceeding the first resonance frequency, the plat-
form makes almost undisturbed vertical progressive os-
cillations (Fig. 11). As the shaft rotation speed increases,
the platform’s oscillation amplitude increases while the
frequency practically does not change (Fig.9, 12). If the
shaft rotation speed exceeds, by 15-20 %, the first resonance
frequency, the accelerations of the platform are enough to
form a boiling layer at the surface of the platform. As the
shaft rotation speed increases, the platform’s oscillations
amplitude increases. When the shaft rotation speed exceeds
30 rev/s, the growth of the vibration amplitude slows down,
which is due to both the sliding of the balls along the track
and the non-linearity of the supports at large deformations.

Thus, the current work shows the feasibility of the pro-
posed concept of a vibratory machine and the operability of
the developed experimental prototype. However, it should be
noted that the work investigated the dynamic characteristics
of the machine itself rather than the execution of technolo-
gical functions by the machine.

In the future, it is planned to study the productivity of
the vibratory machine in various configurations, as well as
improving its design.

7. Conclusions

1. The concept of a universal resonance vibratory machine
of wide use has been proposed. The base of the vibratory ma-
chine is a vibratory table, which can be used independently.
The platform can host attachments with sieves for sifting or
separating a loose material, tumbling containers, molds for
bricks, slabs, etc. The platform oscillations are excited by
a ball auto-balancer. It is assumed that the balls in the auto-
balancer would be stuck at the lowest (first) resonance frequen-
cy of the platform oscillations. At the same time, progressive
vertical harmonic oscillations of the platform would be excited.

To implement the concept, a design was chosen in which
a rectangular platform is installed on four identical bend

springs. In this case, the platform has three degrees of free-
dom and can execute three main vibrational motions corre-
sponding to three resonance frequencies.

2. A prototype vibratory machine implements the pro-
posed concept. In order to change the vibration parameters:

— the bend springs are formed by plates whose number in
a single support can be changed from 1 to §;

— the auto-balancer’s casing can host one or more balls;
balls of different mass can be used;

— the speed of shaft rotation can be controlled by a fre-
quency converter.

Before operating the vibratory machine in a certain con-
figuration, it needs to be pre-configured. When installing
attachments on the platform, the rigidity of the supports
must be increased. To excite oscillations of a heavier (loaded)
platform, one needs to increase the weight of the ball or the
number of balls.

The configured vibratory machine is controlled by chang-
ing the speed of the shaft rotation. To increase the amplitude
of platform oscillations, it is necessary to increase the shaft
rotation frequency.

3. Experimental studies have established that the ap-
propriate choice of the number of plates in the supports, the
number and mass of the balls could ensure almost matching
dynamic characteristics of the vibratory machine in the con-
figurations of a vibratory table and a vibratory separator. At
the same time, when the shaft rotates at speeds exceeding
the first resonance frequency, the platform executes (al-
most undisturbed) vertical progressive oscillations. As the
shaft rotation speed increases, the platform’s oscillations
amplitude increases while the frequency practically does
not change. If the shaft rotation speed exceeds, by 15-20 %,
the first resonance frequency, the accelerations of the plat-
form are sufficient to form a boiling layer at the surface
of the platform. As the shaft rotation speed increases, the
platform’s oscillations amplitude increases. When the shaft
rotation speed exceeds 30 rev/s, the growth of the vibration
amplitude slows down, which is due to both the sliding of the
balls along the track and the non-linearity of the supports at
large deformations.

This study has confirmed the feasibility of the proposed
concept of a vibratory machine and the operability of the
designed experimental sample.

References

1. Kryukov, B. I. (1967). Dinamika vibratsionnyh mashin rezonansnogo tipa. Kyiv, 210.

2. Gursky, V., Kuzio, L., Korendiy, V. (2018). Optimal Synthesis and Implementation of Resonant Vibratory Systems. Universal Journal
of Mechanical Engineering, 6 (2), 38—46. doi: https://doi.org/10.13189 /ujme.2018.060202

3. Bukin, S. L., Kondrakhin, V. P, Belovodsky, V. N., Khomenko, V. N. (2014). Excitation of polyharmonic vibrations in single-body
vibration machine with inertia drive and elastic clutch. Journal of Mining Science, 50 (1), 101-107. doi: https://doi.org/10.1134/
$1062739114010153

4. Antipov, V. L, Dentsov, N. N., Koshelev, A. V. (2014). Dynamics of the parametrically excited vibrating machine with isotropic
elastic system. Fundamental research, 8, 1037—1042. Available at: https://www.fundamental-research.ru/ru/article/view?id=34713

5. Sommerfeld, A. (1904). Beitrage zum dinamischen Ausbay der Festigkeislehre. Zeitschriff des Vereins Deutsher Jngeniere, 48 (18),
631-636.

6. Yaroshevich, N. P, Silivoniuk, A. V. (2013). About some features of run-updynamicof vibration machines with self-synchronizing
inertion vibroexciters. Naukovyi visnyk Natsionalnoho hirnychoho universytetu, 4, 70—75. Available at: http://nbuv.gov.ua/UJRN/
Nvngu 2013 4 14

7. Kuzo, 1.V, Lanets, O. V., Gurskyi, V. M. (2013). Synthesis of low-frequency resonance vibratory machines with an aeroinertia drive.
Naukovyi visnyk Natsionalnoho hirnychoho universytetu, 2, 60—67. Available at: http://nbuv.gov.ua/UJRN/Nvngu 2013 2 11



10.

11.

12.

13.

14.

15.

16.

Inoue, T, Ishida, Y., Niimi, H. (2012). Vibration Analysis of a Self-Excited Vibration in a Rotor System Caused by a Ball Balancer.
Journal of Vibration and Acoustics, 134 (2). doi: https://doi.org/10.1115/1.4005141

Artyunin, A. I, Eliseyev, S. V. (2013). Effect of «Crawling» and Peculiarities of Motion of a Rotor with Pendular Self-Balancers.
Applied Mechanics and Materials, 373-375, 38—42. doi: https://doi.org/10.4028 /www.scientific.net/amm.373-375.38
Filimonikhin, G., Yatsun, V., Lichuk, M., Filimonikhina, I. (2016). Research by a 3D modelling of the screen box flat translatory
vibrations excited by a ball auto-balancer. Eastern-European Journal of Enterprise Technologies, 6 (7 (84)), 16-22. doi: https://
doi.org/10.15587/1729-4061.2016.85460

Yatsun, V., Filimonikhin, G., Dumenko, K., Nevdakha, A. (2017). Experimental research of rectilinear translational vibrations of
a screen box excited by a ball balancer. Eastern-European Journal of Enterprise Technologies, 3 (1 (87)), 23-29. doi: https://
doi.org/10.15587/1729-4061.2017.101798

Yatsun, V., Filimonikhin, G., Podoprygora, N., Pirogov, V. (2019). Studying the excitation of resonance oscillations in a rotor
on isotropic supports by a pendulum, a ball, a roller. Eastern-European Journal of Enterprise Technologies, 6 (7 (102)), 32-43.
doi: https://doi.org/10.15587/1729-4061.2019.182995

Bukin, S. L., Maslov, S. G. (2014). Industrial tests of the inertial screen with many inertial vibration exciters for fine screening. Visti
Donetskoho hirnychoho instytutu, 1 (34), 138—145.

Artyunin, A. I, Eliseev, S. V., Sumenkov, O. Y. (2018). Experimental Studies on Influence of Natural Frequencies of Oscillations
of Mechanical System on Angular Velocity of Pendulum on Rotating Shaft. Lecture Notes in Mechanical Engineering, 159—166.
doi: https://doi.org/10.1007/978-3-319-95630-5_17

Filimonikhina, 1., Nevdakha, Y., Olijnichenko, L., Pukalov, V., Chornohlazova, H. (2019). Experimental study of the accuracy of
balancing an axial fan by adjusting the masses and by passive auto-balancers. Eastern-European Journal of Enterprise Technologies,
6 (1 (102)), 60-69. doi: https://doi.org/10.15587,/1729-4061.2019.184546

Goncharov, V., Filimonikhin, G., Nevdakha, A., Pirogov, V. (2017). An increase of the balancing capacity of ball or roller-type
auto-balancers with reduction of time of achieving auto-balancing. Eastern-European Journal of Enterprise Technologies, 1 (7 (85)),
15-24. doi: https://doi.org/10.15587,/1729-4061.2017.92834



