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Abstract. The analysed system has three degrees of freedom in a plane: trandation motion in the direction of wave
propagation, oscillatory motion in the direction orthogonal to the direction of wave propagation, and the rotation motion.
The dynamical parameters of the system are approximated for steady state motions. It is shown that the particle can be
trandated by the velocity much lower that the velocity of wave propagation. At the same time it can experience high
angular frequency rotation motion. The condition of existence of such type of regime of motion is determined. Such modes
of motion can exist in gaseous of liquid environment whenever an unbalanced particle is subjected to propagating

longitudinal waves.
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1. Introduction

Rotation motion occurs in different unbalanced systems
subjected to waves and vibrations [1 — 4]. Transportation
and manipulation of objects by propagating waves is
analysed in a number of studies [5, 6]. Conveyance of
particles and bodies by propagating waves is an important
scientific and engineering problem with numerous
applications. Particle segregation in suspensions subject to
ac electric fields [7], transport of sand particles and oil
spills in coastal waters [8], powder transport by
piezoelectrically  excited  ultrasonic  waves [9],
transportation of thin films in biomedical applications [10]
are just few examples of problems involving interaction
between propagating waves and the transported objects.
Conveyance of unbalanced rotors by propagating waves is
an important problem. The object of this paper is to
analyse steady state motions of such systems when its
trandation velocity in the direction of wave propagation is
dlow and rotation velocity is fast.

2. The modd of the system

The schematic diagram of the system is presented in
Fig. 1. Coordinates of points A and B are:

Au+n,y) (1)
B(u+7+rsing,y—rcosp)

where r =|AB]; A is the axis of rotation of the rotor; B is

the location of the concentrated unbalanced mass m; ¢ is
the angle of deflection of the unbalanced mass from y-axis;
1 =n(u,t) describes the longitudinal propagating wave.
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The kinetic energy and dissipative system’s function
are:

2T :(|o+mr2)g92+(m)+m)<(u+h)2+y2)+

+2nr ((U+1)cose + ysine) @
2D =H, (1+0')0® +H,¥* +H _¢?

where m, is the mass of the particle without the
unbalance; H,, H, and H, are viscous damping

coefficients according to respective coordinates; top dot
denotes full derivative by time;

n'=0n/ou; ni=onjét. ©)

The governing differential equations of motion take the
following form:

(IO + mrz)(;5+ mr ((ii+7)cosg + ysing)+ H,p =M,
(mg +m)ui+7j)+ mr((;icos<p—(p25in¢a)+ He@+p=F, (4

(my + m)y + mr(glisin(p+¢2 COS(p)+ H,y=0

where M, is external force moment according to variable
@, F, isexternal force according to coordinate X;

n=n0+n
. fos "2 "o "
n=n'lU+n"0% + 250+ ny

®)

The following notations
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[4 . .
m,=——:f =
lo+mr (my +m)r
2
L L S (6)
My +m lg+mr
reduce eqg. (4) to:
p+h,p=0
l/7+hx‘/)=\lj (7)
p+hp=8B
where

= —V((t/? +¢@)cosg + fsin (p)+ m,
¥ = —i - ulpcosp - p? sing)- heay + 1, (8)
B= —y(gbsin o+ > cosw)

In case of harmonic propagating wave:

1 = Acoset — ku)
a = acoset —kry) (9)

a=—
r

Further we will analyse steady-state motion with slow
average velocity:

v =v<<Z. (10)
kr

Equations (7 — 9) are transformed to the following form:

D = &0
f, —hyv—ha'y ~&(f, —hy) (11)
ot —kry = ot — &kry

where gisasmall parameter. The change of variables:
y=vt+y (12)

where y is motion which average in time equals to zero
helps to construct the solution in the form of power series:

o=+ +ep +...
W=yotey+... (13)
B=Lo+0+...

where
S=w-krv; (14)

@ isconstant quantity intime; ¢, (i=1,2,...); 1/7]- , B; ae
functions which time averages are equal to zero.

The first approximations of differential egquations from
(7, 8, 10-13) take the following form:

G+, = —v((u70 + g )C0Spy + fg Sin (po)+ m, —h,8

Yo+ hro = —Gig + u52 Sin(ét + )
— (15)
+fo—hyv+y,

= < ~ (0a
Y1 +hyy =kryo —
o& ), 0-0

0

Bo +hy By =-ps?sn(d + )

where @, =-as 2 cosét ; and zero order approximations
are;

Wo =—%(a(- scosét + hysinét) - u(h, cos(é + @)+ Ssin(t + 9)))

BRI

Bo = ?y(hcos(ét +@)+asn(qt +9))
(16)

top line denotes time average; time average of function y/;
isequal to zero;

5% . 52
A, = VA =2 . (17)
“s%+h? Y 8% +h?

The two unknowns s and ¢ are determined exploiting the
condition of periodicity of ¢, and ¢;:

®-h,5=0 (18)
Yy -hyv=0

or:

0.5va8(- 2,h, S + (1~ 4, )5 cos@) = h,& —m, +0.5vus(2,h, — 1y5)(19)
0.5kraui,5(h, sing — scosp ) = hyv— f, —0.5kra?4,hs

Eg. (19) produces the condition of existence of the
analysed regime of motion:

[kr(h,0 -~ m, )+ vy £,)+ 05ukrsl(u? ~ 2% b, — 24,5
<1
| 0.5krau(l- 22, )52 |

(20)
where v is determined from Eq. (14).

Only one unknown variable & is present in inequality
(20) and the regions of the existence of the analysed
regimes of motion can be easily identified from this
inequality.
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3. Conclusions

It is shown that unbalanced particle can be sowly
conveyed in the direction of wave propagation in the field
of propagating waves and at the same time it can have a
large spin. The condition of existence of such regime of
motion is determined exploiting approximate analytical
techniques.
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