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Abstract - The paper deals with torus-shaped autoequalizer with
vertical axis, the body of which is placed relatively eccentric to the
rotation axis and the internal working walls of which are covered
with nanocoatings, which allow providing different values of
friction coefficient on the respective inner zones of the body, thus
making it possible to adjust the ball’s working modes.
Autoequalizer with torus-shaped body contains one ball-shaped
adjustment mass moving freely within the autoequalizer’s body
both circularly and crosswise. This reduces to the minimum the
resistance force during the ball motion mode, and at the same time
decreases the possibility to start the autoequalizer. The design of
an autoequalizer ensuring working state when at rotation the ball
stops relative to the autoequalizer’s body opposite to the
imbalance has been experimentally worked out. The autoequalizer
design has been protected by patent.

Keywords - nano-coatings, friction coefficient, autoequalizer,
working mode, ball, rotor, torus-shaped body.

|. INTRODUCTION

The reduction of rotor system vibrations is the necessary
condition for the development of higher quality structures. It is
very important to reduce vibrations in stable as well as other
rotor movement conditions. Devices being able to reduce rotor
vibrations include automatic equalizers with balls, liquid, etc.

To ensure the optimum place for the balls within the
equalizer’s body it is necessary to reduce the fiction force to the
minimum. This is possible in case the ball has only one contact
point with the body surface, i.e., the body mast has a torus-
shape with round cross-section. In experimental researches with
real autobalancing devices it was stated that the balls have
different motion modes, when the rotor is rotating at the
working speed. In the balancing condition the balls stop relative
to the equalizer device body motionless opposite the imbalance
[1]. In the other mode the balls move stably and continuously
relative to the equalizer device body and the rotor vibrations
grow. This continuous ball motion case is realized
experimentally in the centrifuge researches [2]. To ensure the
working mode for the equalizer experimentally a structure was
developed [3] functioning only in the working mode, i.e.,
during the rotor rotation the balls stop relative to the body
opposite the imbalance.

Il. EXPERIMENTAL RESEARCHES

Experimental centrifuge diagram and body vibration
amplitudes during two ball movement modes are given in Fig.1.
The mass fixed to the centrifuge container imitates the rotor
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imbalance. The mass of 50 g is fixed at 270 mm from the base.
The body vibrations are measured at point A 200 mm from the
base (see Fig.1. a). The centrifuge rotor was rotating at an

angular velocity =140 s, I
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Fig.1. Experimental centrifuge diagram (a); body vibration amplitudes at point
A in two modes: b — in case of the relative movements of the ball; ¢ — in case
of autobalancing (T = 0,0448 s — rotation period)
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Experimental research of ball-shaped autoequalizer with
vertical rotation axis shows that the equalizer has different
working modes. During one mode the balls move stably and
continuously relative to the equalizer device body and as a
result the vibration of centrifuge’s body grows (see Fig.1. b).

During the other mode the balls stop relative to the equalizer
device body opposite the imbalance and this constitutes the
balancing mode. In this mode the centrifuge body vibrations
reduce (see Fig.1. c).

I11. NUMERICAL DIAGRAM AND MATHEMATICAL MODEL OF
BALL EQUALIZER

This paper deals with a rigid rotor that is fixed in bearings,
having no possibility to move in space, symmetric, vertical. The
body of equalizer device has a torus-shape, holding within a ball
with mass m. The geometrical axis of torus body is moved aside
relative to the rotation axis by value e.

Fig.2. Numerical diagram of rotor

The standing place of adjusting mass (ball) is determined by
two coordinates o and v in the mobile coordinate system,
which is connected to rotor and rotates with the angular
velocity o. The numerical diagram of rotor with two degrees of
freedom is shown in Fig.2. The rotor rotates with constant
angular velocity ®=140 s™.

The coordinates of the ball’s centre of gravity in the
immovable system of coordinates are:

x =ecos(wt)+[ R +(R, —r)sina |cos (et +y) 1)
y=esins(oat)+[R+(Rl —r)sina} sin(wt+y) 2)

z=—(R,—r)cosa (3)

The differential motion equations in rotor systems with
automatic equalizer according to the numerical diagram are as
follows:
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where:

y — angle determining the position of the centre of gravity of
adjusting mass relative to the straight line connecting rotor
axis with the axis of equalizer’s body towards rotation
direction;

o — angle determining the position of the centre of gravity of
adjusting mass at the body’s cross-section relative to the
vertical straight line passing through the centre of the
body’s cross-section.

k — rotation friction coefficient between the ball and
equalizer’s body in rotation and transversal directions, m.

¢ = o't — rotor movement angle around its axis, rad;

R — radius of torus centre line, m;
toroida

R1 — radius of torus cross-section, m;

r — ball radius, m;

g = 9.81 m/s? — free fall acceleration;

e — rotor eccentricity;

N — specific normal force of the ball on the equalizer surface,

m/s2.

2

N=gCOSOH-R((o+\]/)2 sino+(R, 1) & (6)
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IV. RESEARCH OF MATHEMATICAL MODEL

Differential motion equations (1), (2) in rotor systems with
automatic equalizer are investigated with the help of SPRING
software ‘[4], which allows to calculate the ball motions both
in working and spare modes.

The ball situated within the autoequalizer’s torus body has
different motion modes during the rotor rotation time. One of
which is that when the ball stops relative to the autoequalizer’s
body from the opposite side of imbalance on torus side edge,
i.e. v =3.14156 rad and o = 1.56825 rad. We will call this type
of ball motion together with the autoequalizer’s body the
working mode. In this mode two forces affect the ball, being
divided into two components. One force component acts
towards radial direction and the other towards tangential. The
tangential component in the working mode tries to move the
ball contrary to the rotor imbalance. In its turn the closer the
ball is to the place of working mode (v = 3.14156 rad) the less
the tangential force Pt affects the ball (see Fig. 3). It is the
working mode place where v = 3.14156 rad, where the
tangential force Pt = 0. If the ball leaves this place, the
tangential force emerges, which will bring the ball back to the
previous place.

P

1n

Fig.3. System of forces affecting the ball during the working mode

The first motion mode is investigated at the following rotor
system parameters:

R = 0,2 m — radius of equalizer’s centre line;

R1 = 0,015 m — radius of equalizer’s cross section;

r =0,0125 m — ball radius;

o = 140 s — angular velocity of rotor;

e = 0,02 m — eccentricity of equalizer’s body relative to

rotation axis;

k = 10° m — friction coefficient.

86

20

-20
-40]
60
-80
-100]
-120]

'140': \/

T
-1 0 1 2 3 4 5 6 7

Ball's coordinate in the direction of torus circumference, |/

Ball's velocity in the direction of torus circumference, J/

Ball's velocity in torus shaped cross-section, (y,
o

-500 LN N R R RN RN AR NN AR RN RIS

-1 0 il 2 3 4 5 6 7
Ball's coordinate in torus shaped cross-section, o

Fig.4. Picture of spare motion mode phases

In the second ball motion regime the ball moving constantly
relative to the autoequalizer’s body both towards torus circular
direction and transversal direction. We will call this type of ball
motions a stable spare motion mode (see Fig. 4).

V. RESEARCH RESULTS

Fig. 5 shows that the ball during the working mode stops in
the torus body towards rotation direction y = 3,14156 rad,, and
in transversal direction on the body surface with coordinate o =
1,56825 rad.

To find the initial conditions at which the ball will launch
the working mode, the graphs in the ball phase coordinate
system are drawn up. The dark area means that at these initial
conditions of y and \y (coordinates of initial phases in cross
section a=0and a=0) working mode is ensured for the
equalizers. Where the initial conditions  and \y are taken
outside the dark area (at a=0and a=0) the equalizer will
encounter a spare ball motion mode. The model is investigated
at different friction coefficients k: k=10*m; k=10 m (see
Fig. 6).
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0=0and ¢=0 with friction coefficient: a) k = 10 m; b) k =105 m
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Increase of the friction coefficient using corresponding
nano-coatings allows the ball to accelerate itself till working
mode at any initial conditions, but this affects negatively the
autoequalizer’s sensitivity. At the friction coefficient k=3-10*
m the ball is ensured with the working mode at all initial
conditions, which can be seen in Fig. 7.
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V1. CONCLUSIONS

The calculation results have shown that in equalizers with
torus-shaped body the ball has at least two motion modes, of
which one is the working mode and the other — the spare mode.
With the growth of friction coefficient value, which can be
reached by applying the necessary nano-coatings with
respective surface harness, there are more possibilities to ensure
the required working mode.
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Guntis Strautmanis, Ivans Grinevi¢s, Natalija Mozga. NepiecieSama berzes koeficienta iegiiSana, pielietojot nanoparklajumus un ta ietekme uz
autobalanséSanas reZimu

Darba tiek izskatits lodes autobalansieris ar vertikalu asi, kam korpuss izvietots ekscentriski relativi rotacijas asij. Autobalansieris ar tora korpusa formu satur vienu
lodveida korig&joso masu, kas brivi parvietojas autobalansiera korpusda gan pa rinki, gan $kérsvirziena. Tora korpusa iek$gja sienas virsma ir parklata ar
nanoparklajumiem, kas dod iesp&ju nodrosinat berzes koeficienta dazadas vértibas uz korpusa ieksgjas sienas attiecigajam zonam, tadéjadi dodot iesp&ju korigét
lodites darba rezimus.

Eksperimentalie p&tijumi ar lodes balansieri paradija, ka vienlaicigi ar darba rezimu, kad lodite apstajas relativi rotgjo$ajam korpusam preti disbalansam, ir rezims,
kad lodite nepartraukti kustas relativi balansiera korpusam. Eksperimentali iegiita autobalansiera konstrukcija, kas nodrosina darba reZzimu, kad lodites apstajas
relattvi korpusam prett disbalansam rotora rotacijas laika. Autobalansierim ir sastadits matematiskais modelis ar diviem diferencialajiem vienadojumiem. Aprékinu
rezultata tiek paradits, ka balansiera ar tora korpusa formu loditei ir vismaz divi kustibas reZimi, no kuriem viens ir darba rezims, otrs - lieks rezims.

I'yntuc Crpayrmanuc, UBan I'puneBuuc, Haranbs Mosra. Ilonydyenue Heo6XoqumMoro kodgguuuenTa TpeHHsl C HCN0Jb30BAHHeM HAHONOKPBITHSI, M ero
BJIMSIHHE HA PE:KMM aBTO0ATaHCHPOBKH.

B paboTe paccMOTpeH NMIapHKOBBIN aBTOOATAHCHP C BEPTHKAIBHON OCBIO, y KOTOPOTO KOPITYC 3aKPEIUIeH C 3KCIEHTPUCHTETOM OTHOCHUTEIHFHO OCH BPAIICHHSL.
ABTOOAJIaHCHD € KOPITYyCOM TOPOHAAIBHON (OPMBI COINEPXKUT OJHY Maccy B BHIE IIAapHKa, KOTOpas CBOOOTHO MepeKaThIBaeTCsl B OKPY)KHOM U ITOIEPEIHOM
HanpaBieHnsX. Ha oBepXHOCTH BHYTPEHHEH CTEHKH KOPITyca HAHECEHO HAaHOIIOKPBITHE, YTO MO3BOJISIET 00ECHIEUHTh PAa3IMYHbIC 3HAYCHHS KO3 HUIMEHTa TPEHUs
Ha OIpeJIeNeHHbBIX 30HaX BHYTPEHHEH CTEHKe TOpa, TAKUM 00pa3oM HOSBISIETCS BO3MOXKHOCTD PETYIHPOBATh PEXXUMEI PaOOTHI MapHKa.

DKCIeprMeHTaIbHEIE UCCIIEIOBAHNS IAPHKOBOTO OajlaHCcHpa IT0Ka3allH, YTO BMecTe ¢ pabouiM PEXHMOM, B KOTOPOM LIAPHK OCTAHABIMBACTCSI OTHOCHTEIILHO
BpAILAIOIIErocs: KOpIyca ¢ IPOTUBOIMOIOKHON CTOPOHBI OT JUcOaaHca, CYIeCTBYeT PEeKHM, B KOTOPOM IIAapHK HEIPEPLIBHO JBHKETCS] OTHOCUTEIBHO KOPITyca
aBTOOATAHCHPA. DKCIEPUMEHTAIBHO MONyYeHa KOHCTPYKIHUS aBTOOATAaHCHPA, B KOTOPOH oOecriedeH paboumili pexkuM , KOTJa IPH BPAIIEHHH POTOpa IIapuK
OCTaHABJIMBACTCS OTHOCHTENBHO KOpIyca OalaHCHpa IpOTHBOIONOXKHO naucOamaHca. CocTaBleHa MaTeMaTHUecKas MOJENb aBTOOANaHCHpa W3 JIBYX
nmudbepeHIanbHbIX ypaBHeHHH. B pesynbprate pacdera moka3aHo, YTO y aBTOOATAHCHPa ¢ KOPIyCOM TOPOMIATbHOM (GOPMBI y IIapuKa MMEETCs, 0 KpaiHei
Mepe, IBa pexkKUMa JBIKSHYS, OJUH U3 KOTOPBIX - paboumii pexknM, BTOPOI — HOOOYHBIH PEXKUM.
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