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1. Introduction

For the class of machines with variable rotor im-
balance (centrifuges, separators, etc.), traditional balancing
methods are ineffective. The only balancing method is au-
tomatic balancing due to free movement of correction coun-
terweights. There a number of patents for automatic self-
balancing devices (SBD), but majority of them have no po-
tential to be implemented practically. The researches state
that this type of balancing is possible only at above reso-
nance rotational frequencies. However, there is no theoreti-
cal proof for this condition. Meanwhile results of experi-
mental research of the authors reveal that this kind of bal-
ancing is possible under and below resonance frequencies
as well. The research of the operation of passive fluid self-
balancing device when the rotor is passing resonance is pre-
sented.

2. Research of the operation of passive fluid self-balanc-
ing device when rotor is passing resonance

Reduction of oscillation level in machines is possi-
ble by using both artificial and natural damping. While the
oscillation excitation source remains unaffected, this mainly
results in the decrease of oscillation level of frames and
foundations. Traditional methods are ineffective for ma-
chines with variable rotor imbalance and for balancing ma-
chine rotors without a halt for maintenance procedures. The
only possible the most perspective and reliable method of
vibration reduction in such machines is automatic balancing
by means of free movement of correcting masses [1].

The phenomenon — self-balancing of a rotor with
the help of fluid media moving in partly filled by it cavity
chambers that function as passive regulators which need no
energy supply and control system for the movement of cor-
recting masses is proposed.

The history of fluid automatic balancing begins in
1916, when French engineer Leblanc proposed fluid SBD
(self-balancing device) for balancing the extractor of wash-
ing machine during its operation. Later the Thearle‘s SBD,
Duncan’s SBD, and well-known Leblanc’s SBD improve-
ments type were proposed. For the first time E. L. Thearle
made an attempt to find theoretical background for operat-
ing principle of circular, pendulous and spherical Leblanc’s
SBD in the series of his articles [2]. He proposed planar
model of the rotor and SBD. Within its limits the rotor has

one critical rotation frequency and when it is exceeded the
rotor starts rotating with the light side outwards and the ef-
fect of rotor self-centering appears. This law is taken as the
background of operation principle of all passive SBDs. The
results of E.L. Thearle research were used as the basis by
other researches: J. Larri, V. I. Susanin, L. N. Shatalov, B.
N. Grushin, V. I. Kravchenko, V. P. Nesterenko, M. W. M.
Cunico, E. N. Pashkov, Kim Hyun Min, Seiichsrou Suzuk,
Tatsumi Hisao AS. Nevertheless, the obtained without tak-
ing into consideration specific features of correcting weight
(CW), resistance forces, theoretically ungrounded and ex-
perimentally untested efficiency range of this self-balancing
devices above critical (or above resonance) rotor rotation
zone is not studied until now [3-5].

In 1994 multichamber fluid self-balancing device
for washing machine with horizontal arrangement of the
barrel, designed by scientists of Whirlpool Corporation was
patented. However, there is no information about practical
realization of devices for automatic balancing of rotors men-
tioned above [6]. The operation of passive fluid self-balanc-
ing device when the rotor is passing the resonance is being
studied.

3. Theoretical part

The research of the operation of passive fluid self-
balancing devices for rotors with variable imbalance was
carried out in several phases.

In the first phase mathematical modeling of sta-
tionary motion in rigid supports of a rigid rotor with a cylin-
drical chamber partially filled with fluid was carried out.
The cases of unlimited and limited chamber eccentrically
and symmetrically located on the top of the shaft were ana-
lysed. Fluid behavior in self-balancer is analysed without
taking into account external damping. It is specified that the
fluid is symmetric about the axis of rotation of the system.
Its main mass is concentrated on the part of eccentricity
(with eccentric arrangement of the chamber). Analysis of
the constructed models indicates that it is impossible to bal-
ance automatically rigid rotor in rigid supports with a fluid.
A detailed description of the results of the first phase of re-
search is given in [7, 8].

At the next Phase the mechanical system of a solid
body with a cylindrical chamber partly filled with a fluid is
investigated, and mathematical model of its stationary mo-
tion is derived [9].
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The mathematical model of fluid behavior in SBD,
was derived using the following properties of fluids:
the fluid volume can arbitrarily change its shape
under the influence of any small forces.
the viscosity forces are taken into account only
when considering relatively fast movements, when
the rate of changes in the fluid is relatively high.
The background of the mathematical model [10] is
the principle of least action in the form of Hamilton-Ostro-
gradsky:
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where: W = 0.5kT°+ P is the change of potential energy of

the Solid-Fluid System; P is the potential energy due to
gravity and centrifugal force; ko is momentum in case of uni-
form rotation of the entire system as a single solid about
fixed line with angular velocity w; lo is the value of I (mass
moment of inertia of the system relative to the stationary
axis) for steady motion.

Eq. (1) with wi=ko can be reduced to equations in
the generalized coordinates of a solid q;(j=1,...,n-1) in
steady motion;
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and to equations for pressure in a fluid that allow obtaining
an equation of its free surface in this motion (the motion of
a fluid is described relative to moving coordinate system at-
tached to the body):
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where: U is function of power of forces acting on fluid par-
ticles; p is density of fluid, R is main radii of curvature of
free surface of fluid; a is the coefficient of surface tension.

ko can be considered as a parameter and apply to
the mechanical system under consideration of the results of
the general theory of "equilibrium" of material systems with
potential energy, which depends on the parameter.

For fixed parameter value of ko Egs. (2) and (3) de-
termine the coordinates of the solid and the shape of the free
surface of the fluid in stationary motion.

To consider mechanical system without surface
tension of fluid, potential energy of the system and its inertia
moment relative to axis x; , are defined by the formulas:
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where: A, B, C are axial inertia moments, D, E, F are cen-
tripetal inertia moments of system; M is system mass; x., ,

X.,, X.; are coordinates of gravity center of system; », is
projections of unit vector i; of immobile axis x; to mobile
axis are related by the equation:
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Given this equality, explicitly written equations of
stationary motions are:
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Solution of these equations when:

71=7,=0,73=0, (4)
at any value o (w=0), if mass center of the system is located
on the axis of its rotation, which is at the same time the main
central axis of inertia, corresponds to the condition of self-
balancing.

The next research phase is mathematical modeling
of fluid transfer process in the ABP cell under the influence
of total imbalance change and deflection of the system. Op-
eration of the simplest rotary system, with SBD, in the form
of R radius cylindrical cavity and fluid height h , for a verti-
cal flexible rotor on two rigid supports, is analysed when

rotating at different angular velocities values (w=0,
@ << @res, O< Whes, O Wres, ®> res). IT We take into ac-
count damping forr a rotor with fluid SBD and, the location
of deflection plane /-7 and imbalance plane D, for the rotor

system — fluid at a point in time will be as shown in Fig. 1.
For a fluid volume, in general case only the positions of the
system of points that are not tightly bound together are valid.

Let us introduce the denotation. Total imbalance of

the rotor system D, consists of shaft imbalance D, and

fluid imbalance D . Let O be the point of intersection of the
axis of the curved shaft with the plane of the cavity (Fig. 1);
O-01 is bearing line; Cyis center of masses of the shaft, Cis
center of masses of the fluid, C. is center of masses of the



system shaft-fluid; M is weight of shaft, m is mass of the

fluid; oC =& = is "oriented” eccentricity of the

D
(m+M)
mass center of the fluid in the system SBD is fluid; vector
D,
(m+M

(fo=e

3 is "oriented" eccentricity of the rotor

C

(m+M
tricity of the rotor with a fluid.

mass M; OC. =g, = is "oriented" total eccen-

Fig. 1 Forces in the SBD in case of resistance

To study the position of the fluid relative to the
shaft imbalance and the balancing efficiency, the geometric
model of the system is used (Fig. 1) taking into account ex-
ternal damping.

When angular velocity @ < axes external resistance
(forces of friction in bearings, forces of friction of a cylinder
moving in air, etc.) causes a backlog of a deflection plane
(1-1) from the plane of total imbalance (OC.) at the angle ¢
(Fig. 1).

Tangential component T of centrifugal forces of
inertia F (Fig. 1) and the specific properties of the fluid fa-
cilitate the transfer of fluid in the SBD chamber to the posi-
tion that corresponds to reduction in overall imbalance of
the system, even at subcritical speeds.

The fluid tends to occupy the most distant position
from the axis of rotation, i.e. in the trough. This leads to the
change in total imbalance of the system in terms of direction
and value. Since for this angular velocity deflection angle
from total imbalance ¢ is constant, with the change in direc-
tion of the total imbalance, the position of deflection
changes with respect to the initial imbalance D, (i.e., the

angle of this lag with respect to the initial imbalance in-
creases). The fluid following the deflection again further the
total imbalance, increasing angle « and reducing magnitude
of the total imbalance. This leads to decrease in deflection

and to the change of its position relative to D, (lag angle

increase). The process proceeds till the lag angle value of
180° and minimum value deflection « is reached. In the po-

sition o total imbalance of the rotor is D, =(m+M)g,.
From Fig. 1:
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where: k = is the ratio of rotor and fluid imbalances,
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fluid (free surface of the fluid is assumed as circular with

f is the radius of free surface of the

the center at point O:), f=0,0 is deflection
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The condition of fluid equilibrium(Fig. 1) eglect-
ing the forces of tension is non existance of tangential com-
ponent tg S = 0. Analytically:

f[tgacos (s +¢,)—sin(5+4,)]=0.

or:

f=0; )

(6)

Eqg. (5) corresponds to the case with no deflection,
which contradicts the condition of the problem for an elas-
tic-deformable rotor. From Eq. (6) follows the equilibrium
of fluid:

tga, =tg (S +dy, ) -

tga, €os (S + ¢y, )—sin(5+¢,,)=0.

Given the value e, e/e, ,ecand O =a—¢,,
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From Eq. (6) in case of no external resistance in the
system (6 =0, k = 0) the equilibrium position angle of the
fluid coincides with the position of the rotor imbalance
( @ =0), what allows concluding that in the system with no
external damping the fluid increases the imbalance.

After algebraic transformations of expression (7)
with 6 #0, k = 0 angle ao, which corresponds to the posi-
tion of the fluid equilibrium (8 =0):
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Analysis of the expression (8), allows stating:
arcos argument is positive therefore even at sub-

critical frequencies of rotor rotation at & [0, %j \
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the efficiency of balancing is characterized by the
ratio of deviations from the axis of rotation of the
mass center of without and with fluid Ao:

dy == = k :
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in case of 1+ 2k cosa, +k* =0 there will be a full

equilibrium, the only solution will be k =1 when

cosa, =-1,i.e. a, = 7. Consequently, the great-

est balancing effect is achieved when imbalance of

the balancing fluid will be close to the initial value

of the rotor imbalance (k ~1).

The fluid, not functioning as balancing media, is
distributed in concentric circles, without affecting the total
imbalance of the system.

4. Experimental research

4.1. Experimental model of automatic balancing device

The experimental model of SBD is the ring with
external diameter of @400 mm, two concentric partitions
with diameters of 300 and 200 mm which form three
concentric chambers for arrangement of working bodies.
General appearance of it is shown in Fig. 2.
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Fig. 2 General appearance of the SBD experimental model

All three chambers are isolated from each other
what allows using simultaneously both fluid and rigid work-
ing bodies in the SBD. The water of different colors in each
chamber was used as fluid working media for of the SBD.
Metal and plastic balls with diameters of 6, 8, 12 and 16 mm
were used as rigid working bodies. Metal and plastic balls
with diameters of 1, 1.5, 2, 4 mm were used as dry sub-
stances. The scale on the ring edge serves for determination
of angular position of working bodies in SBD during the ex-
periment. The position of imbalanced mass (imbalance) is
fixed on this scale with the help of a thin color strip, of size
10x20 mm with adhesive layer on one of its surfaces. The
bottom of the SBD is matt surface in order to increase the
contrast of visual observation of the working bodies’ posi-
tion. The rods fixing experimental model are attached to the
external side surface of SBD at the angle of 120°.

4.2. Structure of the test bench

The research installation is a rigid cantilever verti-
cal rotor, resiliently hung on the frame.

Rotor axis through self-aligned bearings is con-
nected with a rigid platform which is joined to the frame of
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the installation by means of four resiliently damper brackets
(typical vibration frequency of all the system on the brackets
is equal to 2-2.5 Hz.). The SBD experimental model is set
on the free end of the hollow cylinder (further - a drum). It
is placed inside the drum and fixed to its external surface.
For a high-velocity video recording the inner surface of the
drum was illuminated by incandescent lamp of 200 W, in-
stalled in the inner cavity of the rotor. The inner surface of
the drum was made matt r.

4.3. Measuring, registering equipment and preparation of
installation

Block scheme of the test bench is presented in

Fig. 3.
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Fig. 3 Bloc-scheme of the test bench: 1 — the SBD experi-
mental model, 2 — video camera 3 — stroboscope, 4 —
incandescent lamp, 5 — induction data unit, 6 — revo-
lutions data unit, 7 — accelerometers

Angular velocity of the rotor rotation was meas-
ured by noncontact method on the basis of Hall’s data unit.

Accelerometers were installed on the rotor plat-
form. Signal from the accelerometers was transferred to vi-
bration gauges ITH-19 where it was integrated twice in order
to obtain displacement amplitudes of the system platform-
rotor.

Amplitudes of the rotor vibrations were measured
by means of the elaborated optical electronic device.

Measurements were carried out as follows. The
mass of artificial imbalance was increased with the incre-
ment of 5g and vibration level of the rotor was measured.

The imbalance was considered as Critical maxi-
mum meaning of mass at which vibrations amplitude
reached 35 mm (higher values cause impacts of moveable
elements with the frame) or when the electric motor is not
able to increase rotational frequency during transition
through system resonance and the rotor «is suspended» at
the critical rotation frequency.

As Criterion of optimum volume of the fluid or of
quantity of working bodies in SBD was considered the vis-
ibility of the process of automatic balancing at all rotation
frequencies of the rotor, i.e., when the position of working



bodies or fluid in relation to the place of arrangement of ar-
tificial imbalance was clearly visual in the light of strobo-
scope and on the videotape. The volume determined by ex-
periments was 0.45, 0.3 and 0.25 | for external, medium and
internal chambers of the SBD correspondently.

4.4. Video recording of working bodies movement in SBD
in stationary modes of the rotor rotation

Fig. 4 shows the most typical and representative
computer slides of the video recording of the fluid position
in SBD at under-resonance (Fig. 4, a; «=8¢™), resonance
(Fig. 4, b; &=12.5¢) and over-resonance (Fig. 4, ¢; @ =
=90c" %) frequencies of the rotor rotation with SBD.

Fig. 4 Video images: a — before resonance, b — at resonance,
¢ — beyond resonance. 1 — Fluid; 2 — Disbalance label

Analysis of these and other slides shows that the
fluid compensates imbalance of the rotor at under-reso-
nance, resonance and over-resonance frequencies of its ro-
tation.

5. Conclusions

The results of experimental and theoretical re-
search of fluid behavior in passive self-balancing devices,
which are installed in rotors when passing resonance, are
presented in this article.

The Received relations showed that automatic bal-
ancing by fluid is effective for elastically deformed rotors or
(and) rotor on elastic supports, where the difference in
phases between the direction of centrifugal force and flexure
(or movement) of the rotor exists.

The obtained experimental results revealed that
this difference in phases occurs when the rotor reaches res-
onance frequency of rotation and increases up to 180° when
passing the resonance. In this case the tangential force oc-
curs, under the influence of which the fluid moves to the
side of flexure, opposite to imbalance, and further equilibra-
tion of the rotor already at resonance rotation frequency oc-
curs.

The influence of gravity under conditions of hori-
zontal arrangement of SBD rotation axis, decreases tangen-
tial component, which moves fluid into the position oppo-
site to imbalance and leads to decreasing of balancing accu-
racy in comparison with vertical rotation axis.
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Summary

The main challenge faced at developing rotary ma-
chines with variable imbalance is the task of their vibroac-
tivity reduction. An effective method of balancing rotor ma-
chines at operation, i.e. without stopping is passive auto-
matic balancing due to free movement of fluid. In the cur-
rent research the of phenomenon self-balancing of a rotor
with the help of fluid media moving in partly filled by it
cavity chambers, with that function as passive regulators
which need no energy supply and control system is ana-
lyzed. Performance of passive fluid self-balancing device
when its rotor is passing resonance is presented. The results
of theoretical research are verified by experiments.

Keywords: rotor, resonance, vibration, self-balancing, self-
balancing units, fluid self-balancing device (SBD).
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