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DYNAMIC MODEL FOR RESEARCHING VIBRATIONS OF A DRUM WASHING MACHINE
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(*Kyiv National University of Technologies and Design, Kyiv, Ukraine)
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The article is devoted to mathematical modeling of the washing process in drum washing machines.
The aim of the research is to develop and improve a dynamic model for studying physical processes
occurring in the oscillatory system of suspension of drum machines and centrifuges. Analytical
expressions in the work, which establish the dependencies of forces acting on the working organs of the
device under consideration are obtained. The results of the study can be used in the design of household
washing-squeezing machines and centrifuging devices.
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Cmambsa nOCEAWECHA MAMEMAMULECKOMY MOOCIUPOSAHUIO RpOUeccd oOpabomku mamepuania 6
Oapabannblx cmupanvrHo-omicumHublx mawiunax. Ilenvio uccnedosanus sensemces papabomka u cosep-
WIEHCMBOBAHUE OUHAMUYUECKOI MOOeaU 0718 UCCNEe006AHUA (PUUUECKUX HPOUECCO8, NPOUCXO0AUUX 8
KoJiebamenvHoll cucmeme no0BecKu 0apadanHblx Mawun u yenmpugys. B pabome nonyuenvt ananumu-
YecKue GuIPAjNCeHUs, KOMOPble YCHAHAGIUBAIOM 3A8UCUMOCHU CUJl, 8030ClCMEYIOWUX HA padouue
opzanbl paccmampugaemozo ycmpoiicmea. Pezynomamaul uccnedoganus mozym 6vlmov UCHOIb306AHbL NPU
NPOEKMUPOBAHUU OHIMOEHIX CHUPATIbHO-OMMNCUMHBIX MAWUH U UEHMPUDY2UPYIOUWUX YCIMPOTICE.
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BAPABAH/IbI KIP )KYTbIII MAINIMHAHBIH AYBITKYJIAPBIH 3EPTTEYTE
APHAJIFAH JMHAMUKAJIBIK MOJEJIb
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3epmmeyoin maxcamul — 6apadaAH MAWURATAPLL MEH UEHMPUy2anapovly acnaivl mepoenic yney-
liecinoe 001amulH QUIUKATIBIK npoyecmepoi 3epmmeyze apHaIaY, OUHAMUKATBLIK MOOEnb0l KYpy HcaHe
scemindipy. 3epmmey yncymovicmapul Ke3inoe Kapacmuipvlian KYPblLAZbIHbIH HCYMbICUIbL OP2AHBIHA ICep
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emyuii Kyuimepoiy mayenoiizin aHblKMaiimslH AHATUMUKAIBIK OPDHEKmep alblHObl. 3epmmeyoiy Hamu-
Jcenepi OManObIK Kip JHCYyy MAUWUHANAPbIH JHCIHE YeHmPUpyzanay KypuligbliapvlH jHcobanay Kezinoe

RavioananbliIysl MYMKIH.

Herisri ce3nep: kip *yFblll MaIMHA, Aipinaaey, HueHTpudyra, TMHAMHKA, MO/IeJIb.

Introduction

Forced movement of the suspension "tube-
drum" in dynamics is described by a system of
differential equations of the twenty-fourth and
higher order, which requires complex computer
programs and significant computing powers [1].
To substantially simplify the situation, we consider
the motion of the hanging part in the plane of two
coordinates, which implies the absence of move-
ment of the suspension, aimed at the observer. This
is possible with small fluctuations of the tube
relative to the body, a very soft cuff, which in
practice is possible with a properly designed drum
machine.

In addition, the experimental data obtained
from the results of numerous experiments make it
possible to conclude that the forced movement of
the suspension of the machine, with certain
limitations, can be considered as a flat [4].

Objects and methods of research

The object of research is a model which is
designed to study the plane-parallel motion in a
vertical plane parallel to the front and back walls
of the washing machine body.

Inertia elements of the machine's (Figure 1)
oscillatory system: 1 - the machine body, 2 - the
tube, 3 - the drum with laundry and water, belt
pulley 5, the engine 4 with a pulley and a coupling.

The body rests through the elastic elements
6 and 7 on the floor.

The tube is suspended from the body by two
springs 8 and 9. In addition, the body and the tube
have a kinematic connection through the dampers 10

and 11. The springs 6, 7, 8 and 9 and the dampers 10
and 11 are considered as the inertial links of the
system (the reaction they develop is determined by
the input coordinates, and for dampers - also speeds
at the current time at the input).

Four coordinate systems are used: YOZ -
fixed, YOz, - fixedly connected to the body,

y,0,z, - fixedly connected to the tube, YO,z -
fixedly connected to the drum.

The centers Oi of the systems of rectan-
gular coordinates are in the centers of mass of i-

inertial bodies (I =1,3). The center of the fixed
coordinate system is located in the geometric
center of the loading window of the machine body
in the static position. The QY axis is horizontal.

The forces of the springs are linearly dependent on
the deformation.

The masses of the body (1) of the machine,
of the tube (2), of the drum (3), of the motor (4)
and of the laundry with water (a) will be denoted

respectively as m,m,,m,,m, and m,.
The moments of inertia of the body, tube,
drum, motor and laundry in relation to their mass

centers denoted: 1, 1,1 ,1,1,.
The stiffnesses of the support springs 6, 7

and the springs 8, 9 of the tube suspension will be
indicated accordingly: C_,C, and C,C,,...,C, (

1100
N - the number of suspension springs of the tube).

6 Ml 4
Fig. 1 - The calculation scheme of the drum machine.
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Damper reactions (F,F,,...,F,, N, -

the number of dampers) are depending from the
forces of dry friction and hydraulic or pneumatic
resistance. In addition to the above, we take into
account the elastic-dissipative properties of the
cuff between the body of the machine and the tube,
as well as the variability of the mass and the
moment of inertia of the squeezed water.

Results and Discussion

This dynamical system, assuming a planar
motion, has six degrees of freedom, the number of
which is calculated on the basis of 3 stages of
freedom for each free rigid body (1, 2, 3, 4)
moving in a plane-parallel manner and the number
of superimposed bonds. Body 1 has two stages of
freedom, because the third is excluded due to the
presence of a frictional connection between the
body supports and the base (floor). When this
friction bond breaks (when the friction force
reaches a critical value), the body will have three
stages of freedom. Buck brings three stages of
freedom into the system. The drum 3 rotating
relative to the tube 2 in the bearings adds only one
stage of freedom due to the presence of two bonds
in a plane perpendicular to the axis of rotation. The
motor rotor does not add new stages of freedom to
the system [2], because in addition to the two
bonds imposed by bearings between it and the
tube, another condition of communication is
realized by means of a belt transmission, which we
will consider as non-extendible.

It is assumed that friction in kinematic pairs
due to its smallness does not affect the quantitative
and qualitative characteristics of the ongoing
dynamic processes.

To derive the equations of motion of the
dynamic system of a machine, we use the
Lagrange equations of the second kind. The total

kinetic energy T of the system consists of the
energies of its links 1, 2, 3, 4 and laundry (a):
T=T+T+T,+T,+T,. (@
According to Konig's theorem [1], the
kinetic energy of a solid moving in a plane-parallel
manner is equal to the sum of the kinetic energies
of its center of mass, in which the total mass of the
body is conventionally concentrated, and the
rotational motion relative to the center of mass.
Thus, it is necessary to obtain analytical
expressions for the velocities of the centers of mass
of the links, i.e. V_,V_ .,V ,V .V, in the function

of generalized velocities and coordinates [2].
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The velocity \70l of the center of mass of the
bi)dy 1 can be expressed in the transport velocity
VHo of the point located at the base of the body
(Figure 1), and the relative velocity \701HO in the
rotational motion O1 around point HO.

Velocity V”O is perpendicular to the refe-

rence surface M M, .
Proceeding from the above, we have
Vo, =Viug Vo = K2y +T6ifu o [ KiCOSE ~Tisind | =2
=K [ 2y =l SNk | =Tl 0, COSAL
where | - vector directed along the axis of

the absolute coordinate system; j; and K -
vectors correspondingly parallel and perpendicular
to the reference surface (M M, Fig. 1); EHOQ—

distance between points H_ and O; Z'HO— the
projection of the absolute speed of a point HO on
the axis KOZH perpendicular to the floor.

The expression for the velocity V02 of the
center of mass O2 of the tube
©)
In (3) ¥,,and Z_ are the projections of the

Vo, = Vo T +2, K.

absolute velocity \7Oz of the center of mass O2 of
the tube on the fixed axes Oy and Oz.

The velocity of the point \7K2 (the projection
of the axis of rotation of the drum on the plane
yOz), as well as the velocities V, ,V, ,V_ (the

centers of mass of the drum, the rotor and laundry)
can be found as a result of the geometric addition
of the velocities of the portable (in this case,
translational) and relative motions, i.e.

VK2 :Voz +VK202 ' Vos :VKz +\703K2 '
Vo, =Vo, TVoo, Vo, =Vi, Vo, @)

where the second terms of the right-hand
sides are velocities in relative motion (rotational to

the chosen poles O, and K ).
In this way,
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Vo, =lio b1 x| TCOS(4, +8,0) +Ksin(g, +,,) |.
Vo, = Lox i x| TCos(d, +,,) +Ksin(, + ) |.

Voo, = Loo,®1 x| Tcosg, +ksing, |, 5)
Vo, = Lo il x| TCOS(g +yr,5) + K sin(g, +y7,,) |-
Here £, Lo . {op o L, are positive On the basis of (2), (3), (4), (5) taking into

account vector products
ixj=k, ixk=-] (6)
the kinetic energy of the entire system of the

constants (distances between points written in the
indices at); @,,,¢,,,/,, - the angles of the

phase shift (assumed as constant). machine:
2 12 2 12 2 12
T _ m1VO:L + |01¢1 + m2V02 + IOZ¢2 + IT'SVO3 + |03¢3 +
2 2 2 2 2 2 @)
2 12,2 2 12
rn4VO4 I O4 4 u43 maVOa I Oa ¢3
+ + .
2 2 2 2
Expressing the kinetic energy through where A - square matrix of the size 6x6,
generalized coordinates and velocities, using the % _[ y ¢ " y ¢ ¢} -
Lagrange equations of the second order, we obtain =% A Yo, L, P &
six equations of plane-parallel motion of the system. As a result, the generalized forces in are
matrix-l;‘lcq)(rersr? equations can be represented in a determined by the dependencies:
AX =B, (8)
n [
Q=PR, +P, —Zl: Psing, + Z;[Fj sing, |+ p_sing.,
i= j=

Q =PR, [le COS¢ + 2, ,Sin ¢1J -R, [(Hz CoS¢g +2,, ,Sin ¢1J,
Q, =Zn:(Picosti)—Zk:(Fj cosB,)— P_COS¢x.
Q4=—mzzg+Zn:(Pisinai)—Zk:(Fjsinﬂj)— p_sing. ©)

Qs = Z[(ysi - yOZ)PiSinai - (ZBi B ZoZ)Pi COSa’i:|+ MTP Sin(¢3 _¢z)

i=1
Q =Myu,—M,-M,, Sin(¢3 _¢2) -M,.
where PHl and F’H2 - elastic-dissipative reactions of the support elements between the floor and the
base 1 of the machine body (Figure 1),

P =G| 2y ~ (=700, | -1 4101,

PH2 = _CH |:ZHO + (¢1 - 7/1)£H2 :| - hH (ZHO + ¢:L£H2) ! (10)
R - the elastic force in the suspension spring of the tube 2 to the body 1
P=c O, —¥s) +(z, —2,)" — Lo - (11)

Fj - the longitudinal force acting on the tube in the damper, due to the forces of dry friction and
pneumatic-hydraulic resistance

F,=—(F +Kk; | [")sinL. (12)
84



AJIMaTBI TEXHOJIOTHSIUIBIK YHUBePCUTeTiHiH Xadapmsbicsl. 2018. Ne3.

The Py, force in the cuff of the loading
window of the machine acting on the link 1 (body)
on the side of link 2 (tube), with the elastic and

hy, L. +c, L,

M

In (13) h,C - the coefficients of dissipative

resistance and stiffness of the sections; Lb and LC

h,, L, +¢, (L, —A),

dissipative components, is approximated by a
piecewise linear function of two sections

0<L, <A,
A<L.

- the radial deformation and the rate of radial
deformation of the cuff, which are found from the
dependences

(13)

L= 00, =¥e) e~ )"

L = (¥e, = Ve JCOS + (2, — 2 )sine,

7. -1
sing, = —=2—2

The moment of frictional forces on the drum

shaft 3:
M, =M,+M,, (15)
where M - the moment of frictional forces

in the bearings, determined in accordance with the
scheme and dimensions of the bearing assembly
and the belt drive, as well as the acting and the

angle of rotation ¢3 of the drum 3; |\/|y - the
moment of frictional forces on the shaft of the

drum 3, depending on the speed of rotation ¢3 and
the type of seals of the bearing units. The moment
I\/ID developed by the electric motor is given

according to the Kloss formula [2] in the form
M. = 2M (1+aS,) |

D

(16)

i+S—K+2aSK
« S

where slip s — (4, _W)/wc), o =2xf1p;
SK - the critical slip corresponding to the critical

(maximum) moment I\/IK on the rotor of the

engine, is a coefficient that depends on the active
resistances of the engine.

The moment of forces M, acting on the
drum 3 due to the spinning of water through the
holes on the cylindrical surface of the drum can be
defined as a first approximation as the result of the
action of the Coriolis forces of inertia under the
portable rotational and translational relative motion

of the fluid. Define the force of inertia dF of this
element when rotating with angular velocity 4 — .

dF, = - p’yldrde, (17)
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(14)

yc2 - yc1
COSa, =——>

L

where ¥, - the density of the squeezed

water. Integrating (17) on & from 0 to 277 and on
p from R to R (R - radius of the shell of the

cylinder, R - smaller radius of the cylindrical ring
of the water layer), we obtain that the inertial force
distributed over the surface acts on the cylindrical
surface of the drum

Fo_ 2maly l

R3 _R3 .
3 R

The water pressure on the cylindrical surface
of the drum

(18)

F 50327 3 3

=——0 ="/ R’_ :
P 27R¢ 3R R

Due to the presence of laundry and reduced

spin efficiency as the humidity decreases, the

actual pressure P, will be lower than the

calculated pressure; therefore we approximate its
dependence

(19)

p, = ple™ (20)

where A - coefficient, can be taken within
0.3, ..., 0.8; a- constant parameter.

The rate of water expiration in the initial pe-
riod of spinning through the holes of the drum [5]

v, =g [P, (21)
N
here the coefficient of reduction of the cross
section of the jet @ ~0,97 (flow through the
hole in a thin wall).
Coriolis acceleration of a particle of water

passing through the opening of the drum during its
rotational motion,
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a’ =24 xVo. 22)
here 1 - vector directed along the axis OX,
i¢3 - the angular velocity of the motion (rotation

of the drum) and \7b - the linear velocity with
respect to the motion of the liquid through the hole

in the drum shell. Denoting by 7, the tangent

vector to the circumference of the drum at the
center of the hole, directed parallel to the
circumferential velocity to this point, and

considering vectors i and Vb

perpendicular, we obtain
a’ =2¢V.7,. (23)
The force of inertia F, as a result of @

mutually

IEKC =-m.ac. (24)

K™K
Here M, is the reduced mass of the water in
the hole.
The moment of the resistance forces Mb
applied to the drum, caused by the spinning of
water through all N of the holes in the first

approximation, is defined as the total effect of the

Coriolis inertia forces
N

M, =Y RxFS =-2NmRV,4i (25)
k=1
The moment of the drag forces acting on the
drum is determined by the empirical formula of
Pfleiderer [3], which in the transformed form in the
system of Sl units will have the form

MAzﬂpa)j{Ds(l+5|;J+ D§[1+WHN”% (26)

where g =3. 10°, L -the density of air ( p
=1196 kg/ m’), @, = ¢3’ D - the outer diameter of
the drum, Da - the inner diameter of the ring formed

by the packed laundry, H - the length of the drum,
Hl - the length of the laundry ring.

The rate of change in the mass of water m,

and its moment of inertia |, is

mb = _¢F071¢;3\/2(R _3RR1 )le_a '

, m
] . M3 , — R2 _ b . (27)
Iszle Rl 7[5]/12

D

Integration of a system of differential
equations describing the plane oscillations of the
body 1 and tube 2 was carried out using the
standard MATLAB package.

The initial conditions of the system (for
t =0) were:

ZHI(O) _ ¢1(O)CH (le _fgzc)_CH (ng _gHZ) ,

H

c, l?
0)=__ mw (29
%) Cylh —2Mgly

#.(0)=0,
By the result of integration, it was checked

whether the frictional connection between the base
of the body 1 and the floor undergoes a rupture,

A Rz_ﬂg;lg and whether the casing legs come off the floor,
according to the conditions.
1 . )
R, =——|—(y, -V, )Psing, +(z, -z, )Pcosa, —(y, -V, )P,sina, +
H1 KHZ +£Hl |: Al H2 1 1 Al H2 1 1 A2 H2 2 2 (30)
+(Yo, = Y, ) Fosin B, —(z, -z, )F,cos B, +mg(y, — yHZ)J >0,
1 . .
RH2 = M[(y;\l - yHl) P15|na1 - (ZAl - ZHl) Plcosal + (yA2 - yHl) Pz Smaz -
2 1
~(z, ~ 2, )P,cosa, = (Y, — ¥, )FiSin A + (2, — 2, )F,cos B, - (31)

~(Yo, — V) Fosin B, +(z, -7, )F,c0s B, —mg(y, - yHl)} >0,
(Ry +Ry )T > [+P, cosa, —P, cosa, + F, cos 3, —F, cos B, + mg +ml| . (32
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R, R, - reactions of support elements at

points H, and H,. (30) and (31) correspond to

the preservation of the contact of the left and right
support of the body 1 with the base; condition (33)
corresponds to the preservation of the frictional
connection between the body 1 and the base

(floor), where f - coefficient of sliding friction;

yH1’ sz’ ZH1’ ZHz
the points H,, H, of the base of the body 1

(calculated according to (27)). In addition, from
(30) - (32), a check is made to ensure that the

- the absolute coordinates of

protruding elements of the spring-loaded tube-
engine-counterweight system do not collide with
the side, bottom and top walls of the machine
casing 1.

Denoting the right, left, upper and lower
protruding points of the spring-loaded system as

W ,W W, W, on the basis of the normal
equations of the straight lines (projections of the
planes of the walls of the machine body on the

plane), we obtain the following conditions for the
absence of collisions

Yo, COS¢, + z, sing <t ,0 =0 + Yo,

—Ya, sing, + z, COSg <l L ,=l,+12,,

y, Cosg +z sing </l B (. =L+ Y,

(33)

Y, Sing + z, COSG <l 0, =0, +12,.

In (33), £, .0,
points: W and W, to the axis O,z, of the
¢, - distances

- the distances from the

coordinate system Oy.z; ., £,

from points W ,W to the axis Olyl of the same

coordinate system.

Conclusion

A mathematical model describing the planar
motion of the suspension of the drum machine is
developed, which can be used for design and
development. Dependencies are also defined to
ensure that the suspension does not collide with the
body of the machine.
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