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Abstract. Construction of a novel vibratory valve-injector and its design optimization is presented in the paper. The
principle of the system operation is based on the effect of dynamic positioning of a steel ball in a vibrating tube.
Theoretical analysis of the stability of this non-linear system is coupled together with the experimental study of an
operating valve. Laser holographic interferometry is used for the identification and optimization of working regimes of the

system.
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Introduction

Controlled dosing and spraying of liquid material is
applied in different areas ranging from medicine to
agriculture [1], [2]. Specific interest exists for elastic
catheter pipe type dosing equipment. Complex dynamic
processes taking place in such systems are analyzed in [3],
[4]. Method examining the dynamic characteristics of a
tube under the influence of the internal flow is presented in
[3]. Gaerkin's method in conjunction with the method of
multiple scales is employed for obtaining the stability of
the tube vibration. According to the results, instability can
occur under certain conditions of resonance. In [4] it is
demonstrated that fluid-elastic  effects which are
responsible for fluid-elastic instabilities may be directly
measured through the analysis of the vibrating motion of a
system under flow. Piezoelectric actuators are used to
increase the vibratory level when buffeting forces which
excite tube vibration are low, and to improve the
measurement of fluid-elastic forces.

Application of piezoelectric actuators for the generation of
standing waves in the outlet pipe can produce effects which
can be exploited for the control of the dosing process. The
motion of fluid-suspended particles and fibersin a standing
wave field is analyzed in [5], [6]. The dynamics of micron-
sized aerosol particles and their agglomeration under the
standing wave conditions is analyzed in [7]. Coupling of
the dynamic properties of a vibrating tube with the dynamic
behavior of a steel ball inside that tube can help producing
a new type of smart doser for liquid material which can be

Fig. 1. Schematic diagram of fluid flow controller

effectively controlled by piezoelectric actuators. The
unique feature of the tubular vibratory valve consists in the
fact that the sealing surface of the seat is facing towards the
intake duct and is located in the node of the second natural
mode of transverse vibration of the elastic pipe. The
vibratory valve for controlling liquid flow 1 (Fig. 1)
operates in the following way.

Severa versions of design of systemsfor fluid flow
control are presented in the following diagrams.

A. Thefluid flow controller is presented in Fig. 1.

The controller is composed of tube (1) with input (2) and
output (3) channels. A valve consisting from the closing
element 5, spring 4 and seat 6 is mounted inside the tube.
Vibration exciter 7 is fixed to the one end of the tube.
Limiter 9 is placed inside the rigid tube 8 which is fastened
to membrane 10. The surface of the tube from the seat 6 up
to limiter 9 is cone shape. The feeding generator 11 is
controlling the vibrator.

The spring 4 presses the limiter 5 into the seat 6 and
shuts the flow in the tube when the vibration exciter is off.
Standing waves are excited in the tube when the vibrator is
on. The excitation frequency coincides with the natural
frequency of the system and the fluid flow controller
operates in the resonance mode. That enables to reach
higher amplitudes and the limiter 5 moves against the
spring force into the peak of standing wave and thus opens
the fluid flow channel.

B. Fluid sprayer.
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Fig. 2. Schematic diagram of the vibration sprayer

37

© VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING. 2008 JANUARY/MARCH, VOLUME 10, ISSUE 1, ISSN 1392-8716



331. ANALYSIS OF THE DYNAMICS OF THE VIBRATORY VALVE-INJECTOR V. NAGINEVICIUS™, M. RAGULSKIS*® AND A. PALEVICIUS®®

The vibration sprayer (Fig. 2) consists of longitudinal
(1) and transverse (2) vibration generators attached to the
motionless foundation 3; tube 4 with input (5) and output
(6) channels. Limiter 7 and seat 8 are mounted inside the
tube. Fluid pressure pushes the limiter 7 into the seat 6
when the vibrator is off. Standing waves are generated in
the tube 4 when the vibrator 2 is on. The limiter moves into
the peak of the standing wave and opens the fluid valve.

The fluid is sprayed by the oscillating end (6) of the tube
(Fig. 3a). The eigenshape of the tube changes when the
vibrator 1 is switched on. The standing wave length is
shortened and the limiter is pressed into the seat — the
spraying process is stopped. Such control mode enables
reaching higher control frequencies compared to the
control method used in Fig. 1.
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Fig. 3. Operation diagram of the vibration sprayer: a) valve is open; b) valveis closed

C. Vibration fluid doser (Fig. 4).
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Fig. 4. Schematic diagram of the vibration fluid doser

Vibration fluid doser consists from chamber 1 with input
(2) and output (3) channels, electromechanica drive 5,
controller 6, secondary valve 7 which is pressed by the
spring to one of the seats. The chamber is a rigid tube,
electromechanical drive serves as an exciter of transient
vibrations. The placement of the first (4) and the secondary
(7) valves defines the operating principle of the doser. The
fluid flows through the input channel and closes the first
valve when the vibrator 5 is off. The vibrator excites the
third eigenshape vibrations (two standing waves) in the
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Fig. 5. Operation principle of the vibration fluid doser: a, b and ¢ — the three stages of the doze formation

Dynamics of a steel ball inside a vibrating tube

Motion of a small bal inside a tube performing transverse
vibrationsmay be approximated by the non-dimensional

process of fluid dose formation. The valve 4 opens, but the
secondary valve 7 closes (Fig. 5a).

Next, the second eigenshape vibrations are generated (Fig.
5b). The first valve 4 gets closed, the secondary valve is
still kept closed. The formation of the dose is finished. The
dose is ejected when the first eigenshape vibrations are
generated (Fig. 5¢). The first valve is kept closed, but the
secondary valve is opened.

differential equation of motion describing the dynamics of
a mass particle on an oscillating profile with an obligatory
condition of contact with the surface [3], [4]:

[1+(%) ]mi(+ 52§£m(x)2+252§ L2 Sp— h[l+(%) ])’(Jr ﬂz§£m+£mg -F, 1)

X X XA X

38

ar X X

© VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING. 2008 JANUARY/MARCH, VOLUME 10, ISssUE 1, ISSN 1392-8716



331. ANALYSIS OF THE DYNAMICS OF THE VIBRATORY VALVE-INJECTOR V. NAGINEVICIUS™, M. RAGULSKIS*® AND A. PALEVICIUS®®

where ¢ =¢(xt) — the shape of the tube; x,x, X —
projections of the displacement, velocity and acceleration
of the ball onto the horizontal axis; t — time; m — mass of
the ball; h — the coefficient of viscous friction between the
ball and the surface of the profile; g — the acceleration of
gravity; F — the pressure force of the liquid.

Naturally, Eq.(1) is based on the assumption that the area
of the cross section of the tube is small, the fluid flow is
laminar, and the pressure of the liquid in the tube does not
correlate with the amplitude of the elastic transverse
vibrations. Also it is assumed that the mass of the locking
ball is sufficient enough to perform the vibration induced
motion in the liquid, but not big enough to alter the shape
of the tube's vibration due to its relocation.

Such mathematical model of the system enables effective
separation of ball’s motion to relatively fast and slow
motions. Co-ordinate x represents the horizonta
displacement of the ball (slow motion), while the motion of
the bal in the vertica direction is defined by the
function¢ = ¢(xt).

When the tube performs steady oscillations of a standing
wave type, the form of the tube looks like:

¢ (x,t)= bcos (kx )cos (wt ), @)

where b — the amplitude of oscillations, k and w — the
number and frequency of the standing wave respectively.
When the vibrations take place in the horizontal plane x0y
(Fig. 1) and no external force is applied to the mass
particle, the following conditions are satisfied:

9
F. =0, 3)
o

Then, the condition of existence of the steady state
solutions is found from Eq. (1):

ol & _

= , 4
ot?  Ox )
or applying Eq. (2) to Eq. (4) :
XZ”—-S,SEZ, (5)
k
and
x:L+£-s,SEZ (6)
2k k

Analogoudly, if the vibrations take place in the vertical
plane x0z (Fig. 1), and no external force is applied to the
mass particle, the condition of existence of the steady state
solutions looks like:

o' X &

——+—=—0=0, 7
A ox &xg @)
or
X=Z—S,SGZ. (8)

If the external force is non-zero, there are no steady state
solutions satisfying the condition x = X=0.

Stability of solutions when the vibrations take place in
the horizontal plane

The stability of the solution described by Eq. (5) is checked

constructing the variational eguation around x:%-s

using the following assumption:
X = i—s + dx , 9

here dx is a small variation about the steady state solution.
After the assumption of approximations

s n(k(% S+ de ~ sin(ns) + cog(7s) - kdx = (— 1)° kax
10
co{k(% S+ de ~ cos(7s) — sin(zs)- kdx= (- 1)° (10

and rejection of terms with (dx)* and (dx)’, the following
variational equation is produced from Eq. (1):

md % + hdx + (bkw cos (wt ))*dx = 0. (11)

Since all coefficients of this ordinary differential equation
are positive in the neighborhood of t, the real parts of both
roots of the characteristic equation will be negative. Thus
the solution of the variation is stable and the position

X =%+ dx is also stable. The value of the discriminant of

the characteristic equation of Eq. (11) will define the type
of the stable attractor. Averaging in time produces the
following equation:

(bkw )’
2m

d§<'+£d>'<+ dx =0. (12
m

Therefore, the stable attractor will be of a knot type and the

roots of the characteristic equation of Eq. (12) will be real,

i.e. the discriminant is positive, and the attractor of the
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focus type when the roots are complex (discriminant is
negative). That produces the following relations:

a) theattractor of the knot typeat b <

b) the attractor of the focustypeat b > h .
mwk

The stability of the solution described by Eq. (6) is checked
in analogous way:

x:”—+”—s+dx, (13)
2k k

here dx is a small variation. Rejection of the non-linear
terms and the following approximations

sin[k(z”—k+ %s+ dxj] ~ (-1)

(14
cos(k(i+ Zsy dxn ~ —(= 1) kdx
2k Kk
in Eq. (1) lead to:
(L+ k*b?(coswt )* Jmd +
(- mk*b>wsin 2t + h{L+ kb (coswt)* )lix - (15)

w2b?k(cos wt )* mdx = 0

The coefficient of this ordinary differential equation at dx
is negative in entire neighborhood of the local timet. Thus,
at least one of the roots of the characteristic equation
Eq.(15) will be positive, and the solution in Eq.(13) will be
unstable. Thus, the positions of the ball at the nodal points
of the vibrating profile are unstable. Alternatively, the
positions at the peaks of the profile, i.e. at the points which
vibrate with the maximum amplitude, are stable. Of course,
that is true when the ball cannot jump off the surface of the
profile (is placed inside a vibrating tube).

Experimental Analysisof a Tubular Vibratory Valve

A number of experimental studies are needed in order to
ensure high dynamic accuracy of operation of the vibrator

a. The hologram of the transverse vibrations of the tube at w =
1,3 kHz. Illumination angle of the laser beam = / 4; 6b. The
hologram of the tube at the illumination angle =/ 2

valves for controlling the flow of liquid substances. In most
cases the exciting frequencies of the tubular working tube
are fairly high, and the amplitudes corresponding to them
are measured in micrometers. Therefore the holographic
method can be effectively applied for the visua
representation of wave processes taking place in the tubular
vibratory valve ([1], [2]). The most effective method for
studying the standing wave processes is the method of
holographic interferometry with time averaging ([5], [6]).
It should be noted that the most clearly expressed bands in
the holographic interferograms are those recorded at the
positions of minimum amplitudes ([7]). It is important to
obtain the distribution of the vibration amplitudes not only
in the middle of dark interference bands, but also in
arbitrary positions on the surface of the tube. That enables
the determination of the location of the steel ball inside the
tubular valve. The amplitudes of vibration of the structure
are determined using the methodology presented in [8], [9].
Holographic interferograms of the transverse vibrations of
a tubular vibratory valve are presented in Fig. 6a, Fig. 6b
and Fig. 7a. Fig. 6a and Fig. 6b make it possible to
conclude that transverse vibration of the tube is sufficiently
uniform (Fig. 6¢). Therefore, the seat of the vibratory can
be located in a nodal point, regardiess of how it is
displaced lengthwise in the upper or the lower nodal point
of the tube. It should be noted that the frequency of
excitation must be selected with care since the best
performance of the vibratory valve is taking place at the
resonant frequencies. If the excitation of the transverse
vibrationsis far away from the resonance frequencies of the
tube, the operation of the tubular valve turns to be hardly
controlled.

The obtained results enable to optimize the design of the
vibratory valves for controlling and dosing the liquid flow.
The following parameters of the system are analyzed and
optimized: a) selection of the materia of the working tube;
b) selection of the area of the transverse cross section of
the tubular tube; c) location of the transverse vibration
nodes in the tube; d) determination of the transverse
vibration amplitudes along the tube. Maximum uniformity
of the transverse vibrations in the vibratory vave is
achieved due to this optimization which leads to more
stable operation of the whole system.
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¢. The interpretation scheme of the transverse vibrations

Fig. 6. Holographic interferogram of transverse vibrations of the tube
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Concluding Remarks

New model of a tubular vibratory valve is designed using
the stabilization effect of a steel ball in the vibrating tube.
The methodology of identification of vibration peaks
enabled experimental optimization of the working regimes
of the system. Such type of analysis could be successfully
applied in the design stage of different precise vibratory
systems.
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