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Abstract. The paper presents the study of dynamics of rotachines. The investigation is
performed on the basis of linear theory of vibmasiowith application of the proposed
analytical model to a specific case of washing clirges. Basic requirements have been
defined for the design of the machines that enaddeaction of their vibro-activity.
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Introduction

A washing machine as a research subject of dynami¢srms of reduction of vibration
and noise represents a particular interest. Thieéause of permanent presence of accidental
disbalances due to bedclothes and small parts ohimas and equipment in the drum and due
to low requirements for production precision andeasbly of its parts and units in order to
avoid possible increase in product cost.

Mathematical equations have been obtained in mérix representing the oscillation of
multi-linked tank-drum system attached on the @asispensions for main types of machines
and ring type centrifuges with the horizontal amdtical axes of rotation. The objectives have
been solved in linear manner by using equatiorisagfange of Il type.

The investigation is based on the theoretical cptsceof analysis of rotor systems
described in [1 — 10].

Mathematical model of washing machines and the re#is of its investigation

Let us explore oscillations of elastic - suspentuk, having within hosing console -
attached rotating unbalanced drum. Such layouyigal for machines with the horizontally -
stated tank for bedclothes, for example as in ‘k4at“LG F1222ND” and etc.

Specifications used for schematization of the neteaubject are such that real typical
structure was changed by the calculation schemeafdical model), in which the absolutely
rigid body (tank of mass) is elastically connected with the block by opabmumber of
thrusts and is capable to move in the space, ha&idggrees of freedom (Fig. 1). Within this
body a chamber is arranged, in which the rotor r{druotates with the angular velocity,
having massn, resting on the absolutely rigid thrusts, situatéitin the same body.

As generalized coordinates, determining locationtlué system in the space, three
Cartesian coordinates of the inertia centre of nmeckdrum (axess, bs, ¢1, representing the
basic central axes) and three angtess, y, setting rotations of these axes of coordinates
relative to the motionless, connected with the caserdinate axesx;, Y;, Z;, or parallel to
them axesy, Y, Z, convergent in the centre of mass of the druim@eneral case not laying
on the rotation axis of the drum, are assumed.
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Fig. 1. Calculation scheme

In such coordinate system oscillations can be sspred like a superposition of six helical
movements with the motionless axes of propellgrsy;, Z; and in general case the system of
tank-drum performs six-link oscillations.

In order to compile differential equations of thstem motion we will use the equations of
Lagrange of the second type.

m, — mass of the tank;

J939,39 — moments of inertia of the tank with respecthe basic central axes, by,
c; correspondingly;

m, — mass of the drum.

Kinetic energy of the tank-drum system can be cdetbas a sum:

T=T,+T,, 1)
where, T;+T, — kinetic energies of the tank and drum, corredpagly.

Kinetic energy of the tank according to Konig'sdhem [1] can be written as:

1 . . . 1 . 1 . 1 .
R R R R L @
where y2,y72,yr>, — projections of vector of angular velociy =@ +  +7 to the axesy,

bl, C1.

In order to compile expression of the kinetic egenfjthe drum let us study its movement
in general case (Fig. 2), when the centre of thendmass in poin does not coincide with the
centre of the tank masses at pd@nt_ets denote the eccentricity of the drum by tefet

Let us introduce into consideration extra coordisabf the system: performing the
reciprocating motiorky, Y,, Z, with start at the poind and Xz, Y;, Z3 with start at the poinD
and firmly connected with the drum.

The coordinate axes, b,, ¢, are regarded as main central axes of the drurtianer

The point of start for data registrati@hwe obtain as a result of crossing of the rotation
axis of the drum with a plane, passing through temtre of masses at the poiSt
perpendicularly to the drum rotation axis. In théial state and in the case of absence of the
eccentricity £€=0) the pointS coincides with the poir.

It is assumed that in the initial state the aXe¥y, Y, Yz andby, by, b; are parallel to the
axis of drum rotation.

In the considered system of coordinates the movewfethe drum in general case can be
presented as a complex motion: reciprocating mownenviéh the centre of masses at the point
Sand rotation around this centre of mass with tiguéar velocity ofQ =y + .
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Fig. 2. Movement of the drum in general case

By applying the theorem of Konig we can write thxpression for the kinetic energy of the
drum:

1 1 1
T= oMV VG +VE) 21 2@+ QL) + 5120 ©
Expression for the kinetic energy of the tank-dreyatem is as follows:
1 o o 1 L, 1 2 1 . - .
lez'ml'(xf+y12+le)+§"]a1'a2+E"]b1’ﬁz+§"]c1'72+mz'x1(ﬁ'zo VYot

+m-e-coswt)—m, -7y, (B2, +w-e coswt)+m,- - w-€(z, -COSwt + X, -Sinat) +

. 4
+mz-w2-e2~cosa)t+mz~yl(;>-yD—d~zD)—mZ~;}-a-x~zD+mz-'zl(o'c~yD—ﬁ~xD— @

—a)-e~sina)t)—mz-d~yD—(B-XD—w-e-sina)t)+%~J§§)-w(a)+2(ﬂ+a~;'/—o'z~7/)).

Let us find the expressions for the potential epeagd the energy dissipation within
dampers of the tank-drum system.

The potential energy of oscillating tank-drum systie determined by elastic deformations
of supports.

It is assumed that the tank-drum system is condeetth the frame of washing-machine
throughn elastic elements armd dampers.

In order to simplify dependencies, let us assunat the principal axes of stiffness and
constants of viscous friction of all elastic elertsear dampers respectively are parallel to the
main central axes of inertia of the tank-drum syste

Then projections of the stiffness vectorih elastic element to the coordinate aXgsyY;,

Z,, which represent their main rigidities, will 1@, C,, C4, and for everyi-th damper as
projections of vector of constants of viscous faiotarehy, h,; andh,, moreover the latter also
represent main constants of viscous friction. Saiotplification practically is compatible with
the structural composition of the elastic elemémisxisting washing-machines, and their other
compositions do not promise any additional advasgag
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Then the equation of potential energy of the tanksd system will have the following
expression:
1 n
EZ (C,Ar2 +C Ar? +C,Ar}), (5)
where Ar’ ,Ar” ,Ar? — movements along the axEg Y1, Z; of fastening points relative to the
movable system of elastic elements; number of elastic elements of the tank-drumesyst
Dissipation energy in the dampers due to actionisfous friction, which depends on the
velocity of motion of the points, is as follows:

1 . . ~
D=5 (h A2 +h, 067 +h, A ©

where Ar, ,Af ,Ar, - — velocities along the axgs, Yi, Z; of connection points of the dampers

to the tank-drum systemm — number of dampers in the tank-drum system.

Differential equations of oscillation of the tankidh system will be obtained by applying
equations of Langrage of Il type and taking intoamt the dissipation of energy by assuming
damping of Rayleigh type [2]:

dfer) ot on oo, @
dt\oq, ) oq, oq, oq;

wherej — number of generalized coordinates, which in thise is equal to 6.

By performing mathematical operations, which areespribed by the equations of
Lagrange (7) according to six generalized coordisat e.Xy, Y1, Z1, , S, y, assuming that
w=const and by omitting indexes &, Y1, Z;, we obtain a system of six differential equations:

MK+ M, Bz, — M7, +XZ?]CW +ﬂZ:]cﬁzl —7Z:]cxi Y, +>'<Zr:]h>q +/5’ZT]hxiz -
1)— 7Zn:hﬁyi = mo’esinat;

my —m,az,, + m,jx, + yZ:‘,cy, —aicy,a +7Z:‘,cyi>q + yZT‘,hy, +dihy,a -
_7ZT:hv.)9 =0

mz + m,ay, — m, /A, Jrzzn:cq Jrozzn:cqyi —ﬁzn:cm +'zZm:hq +o'czm“h4yi -

2)

3) i
- B> h,x =mw’ecosat;

Jald_ rnzyZD + rnZZYD - rnZléyDXD - n’lzjo.(DZD - 2‘]13(22)60}}_
- yzn:Cy,Z + ZZ”:Czi yi +a(znlczi yiZ +Zn:Cy| sz_ﬂznlczixlyl -
1 1 1 1 1
4) n m m m m
—72.e %Y -y hz+ ) hy, W(ZmyﬂZmzﬁzj—

- BY N XY, =7 h, XY, = my,0’ecoset;
1 1

(8)
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‘]alﬁ'i_ ranZD - rnzsz - n’lzd'yDXD - n’Ej;yDZD + chxi Z - chq)ﬁ -

—aiw +ﬂ(icnf+icm2]—7iwa +Xihm -

5)

—ZZT:hZiyi +dZT:hZi>gyi +,B(ZT:hXi:2 +Zjlhq>gz]—

- ;'/Zm: h, v,z = mw’e(x, cosat — z, sinat);

3o = MY, + MK, = MyGX, 2, — M, By, Z, + 23, w0 — XZ?:% Y+ yZ:] C,X
6)—aZ::cylz>g —,BZ::cxiayi +;>(Z::cw>qz+zz:cn yfj—XZT:hxi y, +

+7Y hx—aY hzx-A> hzx +;}[Zhyl>g2 +> h, yfj = mw’ey, sinat.
Differential equations in matrix form are:
[M]G+([G]+[DD)a+[Alq=[Ql, 9)

where [M]:"F?j"f — matrix of inertia coefficients;[G]:||q”.||f— matrix of gyroscopic

coefficients; [D]=||aii||f — matrix of coefficients of damping[A]=||aii||f — matrix of

coefficients of rigidity;g={x, y, z, @, £, 7' — matrix-column of generalized coordinates;
Q={Qx Qy, Q, Q., Qp, Qy}T — matrix-column of generalized factors of forces.
Also the coefficients, for example, of the mattxhave the following expressions:

allzic& ; a15=a51=§c,‘zii am:am:_gcxyi;

a22=iznllcyiia25=a52=—§cy|;: a26=a62=izn1:cyi>g;

ag:g:iZl:c4 ; a34=a43=i2l:cayi; a35=a53:—i2l:ca>g;

aM:Zn:cLnyrzn:cyI;Z? (10)
= =

a45:a54:—§cz>qyi? a46:a64=—§cyi>gzii

35522:‘%;%2%&2; aSG:aGS:—gc&yizi;

Age = ZCYIXi2 + Z:CX1 Yoo B =@ =8=8,= 840,
i1 i1

where Cx’ C, c, ~ projections of the stiffness vector of thth elastic element to the
coordinate axe&y, Y1, Z;.
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According to their structure elemer@% of the matrixA can be divided into four groups

and named analogously to the components of théartensor. The first group comprises from
elementgj , those which havg j < 3 andi=j. They represent summarized stiffness, values of

which are essentially positive.
The second group includes elemeqtls havingi, j > 3 andi=j. They represent torsional

rigidity of suspension of the tank-drum system. @cling to signs they are analogous to the
inertia moments with respect to the coordinate axes they are always positive.
The third group includes elemera',]s, havingi, j < 3 andi=j. They represent static moments

of stiffness with respect to coordinate planes ted system. According to signs they are
analogous to the static moments of masses wittecédp coordinate planes, i. e. they can be
positive, negative and zero.

And, finally, the forth group includes elementsj > 3, havingiz. They represent
centrifugal moments of stiffness with respect targpaf coordinate planes. According to signs
they are analogous to the centrifugal momentsatien i. e. they can be positive, negative and
zero.

Such analogy enables to develop simple rules, &hatihe non-diagonal elements of the
stiffness matrix — static and centrifugal momentsstiffness will become zero, which is
necessary for separation of oscillations of thetesys Particularly, static and centrifugal
moments of stiffness will become zero, if coordinatanes with respect to which they have
been determined, will be planes of symmetry of eunsn of the tank-drum system.
Analogous considerations remain valid about thecstire of elements of the damping matrix
D.

For complete separation of free oscillations (wt@ndrum is not rotating) it is necessary,
that besides of the stiffness matrx also the matrix of inertia coefficiend would have a
diagonal form, that is possible in the case of cidience of the center of mass of the tank and
the centre of mass of the balanced drum.

However in practice because of random charactefigtfibution of bedclothes within the
drum it is impossible to obtain complete coincidené center of mass of the tank and centre of
mass of the balanced drum. However in order toaedibro-activity of the washing-machine
it is essential to seek that the centre of maskeotank would be on the axis of rotation of the
drum and that they would be as much as possiblseclto its centre of mass at uniform
positioning of bedclothes.

The performed analysis of differential equations mbtion allowed to formulate
requirements concerning the structure of the washiachine, which should be followed
during the design stage: the centre of the tanksmasst be on the axis of rotation of the drum;
rotation axis of the drum must be the main cerdasdé of drum inertia; centre of mass of the
tank must coincide with the centre of mass of therd centre of stiffness of the system of
elastic supports must coincide with the gravitytoeof the tank, and the main axes of stiffness
— with the main central axes of inertia of the tailke main axes of constants of viscous
friction must coincide with the main central axésnertia of the tank.

The system of equations (9) has not only qualgatbonsidered above solutions, but
guantitative as well. Calculations performed conoer machines “Viatka” and “Volga” with
an aim to determine resonances and provide thaiirgltion, at the beginning by separation of
oscillations through repositioning of masses aiiffinsess of the whole machine, and then —
shifting of every single resonance through variatid masses and rigidities, influencing only
on the meaning of this resonance, has confirmegkcmess of requirements formulated for the
design of machines having low vibro-activity.

However calculations are not always successful. #twedmatter here is not related with the
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incomplete schemes of calculations and impropeatops of oscillations, but it is linked with
the fact that looking only to the drawings of thaahine it is difficult to determine precisely
exact values of the stiffness coefficients, dampingrtia and masses, that are included into the
equations, which are to be adequate for the cheskame of calculations. Many elements of
the machine one should consider at the same timaaas, and as stiffness, and as generator of
oscillations (resonator), and as absorber (dampérhigh amplitudes of oscillations some of
the parts, that are rightly considered as beind agder lower amplitudes, deform, involve into
oscillation their adjacent elements, attachinghemselves a certain part of their mass and
stiffness, i. e. they change the initial conditiarfsthe problem and, subsequently, values of
calculated shapes and frequencies of oscillations.

All together this requires the development of ekpental methods and equipment for the
research of machine dynamics in order to acceldhaie adjustment, checking and correction
of calculations, identification of parameters ofsses, stiffness and damping, that are in the
equations of operative search for the reasons &dctie occurring and verification of the
effectiveness of measures taken for their elimamati

Experimental setup and the results of experimentahvestigations

Experimental research was conducted directly on miaural objects during their
exploitation by measuring noise, vibrations, foraeshe supports and distributions of stresses
within separate elements and units of the machiee the whole frequency range of rotation of
the drum.

As an effective method to study dynamics of the e particularly for disclosing
resonances of its units and parts, proved itselfrésearch conducted on the setup for analysis
of vibrationsB31C-200A. The machine has been mounted on the table afettup for analysis
of vibrations through transitional rigid foundatiovith a certain inclination, with an aim that
the exciting force directed along the axis of thaup for analysis of vibrations would have the
necessary components and would excite the testethingain the vertical, horizontal and
longitudinal planes (Fig. 3).

By slowly changing the excitation frequency of g8etup the measurement systems clearly
detected resonances of separate units and elewietits machine. It proved that some of the
panels and braces of the machines “Evrika” and lA&lishave their natural frequencies that do
not coincide with the rotation frequencies of threird, but coincide with the frequencies of
rotation of the electrical motor, rolling bodiestime bearings, frequency of oscillations of the
stator plates. Experimental research conducteti®sédtup for analysis of vibrations, despite its
simplicity and absence of rotation, often have pbthemselves as being not less effective than
natural, because of convenience in monitoring, ipditg of variation of values of excitation
force and its frequency, as well as continuationests during piece by piece assembly of the
machine.

The main reasons of vibration and noise have bémfoded for the investigated machines:
unsuccessful arrangement of masses and stiffreesding to high connectivity of oscillations,
resonance states of one or several parts of théhingactank, supporting brackets, panels,
covers, walls, platforms, suspended aggregatemsbateights, technological and exploitation
disbalances of rotating parts, oversized bearings.

The effectiveness of developed methods and meaed we illustrate on the basis of
washing — wringing machine “Volga-11".

Practical exploitation of such machines has shoWwat tduring wringing process of
bedclothes so substantial twists of the drum otitatrexceed allowable lash - limit between the
drum and the tank and this leads to the switchheflilocking mechanism, which stops the
operation of the machine.
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Fig. 3. Machine on the setup for analysis of vibrations

At the beginning the calculation of the machine wagied out regarding oscillations by
using carefully determined values of elastic - tiaeand dissipation characteristics of elements
and units, which are involved in the equation (8% a result the spectrum of 6 natural
frequencies of oscillations was obtained, occurvifithin the range of 2.3 — 5.3 Hz, which is far
enough from the operational frequency of rotatibthe drum. In spite of this, due to deviation
from the requirements presented above concernieg sthucture of the machine, highly
connected oscillations were obtained. This, as aglhearness of natural frequencies, makes it
impossible at unsuccessful positioning of bedcletieeachieve the wringing performance mode
and the amplitude of oscillations of the upper eddgethe drum exceeds 25 mm under
disbalance of 7500-gm. In such conditions even automatic balancingipggent was not
effective enough.

In order to diminish vibrations of this machine fbowing means have been implemented:
in order to achieve coincidence of the centre ofsea of the platform with the axis of rotation
of the drum the counterweight of mass 3 kg wash#d on it; in order to equalize the stiffness
of the suspension elements the spring of a singjdity equal to 2.4 kN was used within them;
finally the tightening corrugated rubber diaphragms replaced by a conical one, produced
from rubber type material, which practically doest have bending stiffness. These measures
have led to reduction of all 6 natural frequen@éwibrations, which now are located in the
range of 1.4 - 3.7 Hz, as well as of amplitudedooted oscillations and noise. For further
reduction of oscillations the serial liquid AutonigaBalancing Equipment (ABE) was changed
into combined liquid - spherical one having a higlemergetic capacity. In general the
efficiency of all measures introduced is illustchtey amplitude - frequency characteristics of
the machine with disbalance of 950@mg (Fig. 4), taken for serial variant, as well d®ra
reassembly and mounting of a new auto-balancerrembiee can monitor, that these measures
enabled to reduce vibrations at resonance by 4stitmeplementation of the named measures
with reserve assures non-stop operation of the imaalp to wringing performance mode.
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Fig. 4. Amplitude-frequency characteristics of “Volga-11”

Conclusions

Theoretically obtained and experimentally verifie@in requirements for the structure of
washing-machines have proved themselves usefulrantipal applications. They are being
evident and, from our point of view, could be colesed for application in the design of other
types of rotor machines.

The obtained mathematical model proved usefulrf@estigation of rotor machines. On the
basis of investigations of this model a numberegfommendations for the design of washing
machines were provided.

Experimental investigations on a special setupafualysis of vibrations were performed.
They confirmed the recommendations obtained froenathalysis of the mathematical model of
the washing machines.
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