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ABSTRACTS

tukasz Bak, Stanistaw Noga, Feliks Stachowicz
The Experimental Investigation of the Screen Operation in the Parametric Resonance Conditions

In this paper the experimental studies of the screen working in the parametric resonance condition are discussed. The investigations are con-
ducted for laboratory parametric resonance screen. The measuring test is performed for four cases of tension force values. The full sheet metal
instead of the sieve is used. For each considered case the natural frequency of the plate and the parameter modulation frequency are deter-
mined. The achieved results are presented and discussed. It is shown that the highest sieve plate amplitude is obtained when the parameter
modulation frequency is two times larger than natural frequency of the sieve plate. This parametric resonance vibration was observed only for
tension force equal to 4000 N because of the rotational speed limits of electrical vibratos.

Vaclav Tesar
Fluidic Generator of Microbubbles — Oscillator with Gas Flow Reversal for a Part of Period

Paper presents a fluidic device developed for generation of small (less than 1 mm in diameter) microbubbles in a liquid from gas passing gas
through small passages. Until now the bubbles are larger than the size of aerator passage exits so that making the passages smaller did not re-
sult in obtaining the desirable microbubbles. Analysis of high-speed camera images (obtained with a special lens of large working distance) have
shown show that the large bubble size is caused by slow ascent motion of very small bubbles so that they get into mutual contact and grow by
conjunction. The solution is to pulsate the supplied gas flow by a no-moving-part fluidic oscillator. The generated small bubble is moved back into
the aerator passage where it is for a part of oscillation period protected from the conjunction with other, previously generated microbubbles.

Ernest Czerwinski, Pawet Olejnik, Jan Awrejcewicz
Modeling and Parameter Identification of Vibrations of a Double Torsion Pendulum with Friction

The purpose of this paper is to investigate a double torsion pendulum with planar frictional contact. The single torsion pendulum with one-
degree-of-freedom is an angular equivalent of the linear harmonic oscillator. The second degree of freedom has been obtained by adding a free
body to the inverted single torsion pendulum. The free body's angular displacement is caused by frictional forces appearing in the interface
(contact zone) between the free body and the pendulum column’s head kinematically excited at its base by a mechanism with torsion spiral
spring. An experimental station has been set up and run to find most unknown parameters of the pendulum from the time series of state varia-
bles taken as inputs to the Nelder-Mead method of identification. The obtained results proved significant usability of the identification method
in the case of numerical simulation of the pendulum’s dynamical model. It has not been satisfactorily proved in the case of time characteristics
coming from a real system that exhibits also some unrecognized physical effects.

Stawomir Wudarczyk, Artur Muraszkowski
A Concept and Simulation Studies of a Mechatronic Stair Transporter for the Disabled

A numerical model of existing stair climber with its passenger was built and its operation was analysed through simulations. A modification
of the stair climber has been developed on a basis of the simulation studies. The modification depends on equipping the device with additional
controllable mechanism the function of which is to change the position of the passenger's centre of gravity. Comparative simulation studies
were carried out for the standard version and the modified version of the stair transporter in a system for the dynamic.

Sergiy Lupenko, Nadiia Lutsyk, Yuri Lapusta
Cyclic Linear Random Process as a Mathematical Model of Cyclic Signals

In this study the cyclic linear random process is defined, that combines the properties of linear random process and cyclic random process. This
expands the possibility describing cyclic signals and processes within the framework of linear random processes theory and generalizes their
known mathematical model as a linear periodic random process. The conditions for the kernel are given and the probabilistic characteristics
of generated process of linear random process in order to be a cyclic random process. The advantages of the cyclic linear random process are
presented. It can be used as the mathematical model of the cyclic stochastic signals and processes in various fields of science and technology.

Tadeusz Kaczorek
Minimum Energy Control of Positive Time-Varying Linear Systems

The minimum energy control problem for the positive time-varying linear systems is formulated and solved. Sufficient conditions for the exist-
ence of solution to the problem are established. A procedure for solving of the problem is proposed and illustrated by a numerical example.
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Shiv Manjaree, Bahadur Chand Nakra, Vijyant Agarwal
Comparative Analysis for Kinematics of 5-DOF Industrial Robotic Manipulator

This paper gives the kinematic analysis of a 5-DOF industrial robotic manipulator while considering wrist in motion. Analytical solutions have
been obtained for forward kinematics and inverse kinematics to accurately position the end-effector of robotic manipulator in three dimensional
spaces. For the first time, a hybrid neuro-fuzzy intelligent technique with two different membership functions has been studied and their perfor-
mances are comparatively evaluated with analytical solutions. An experiment has been performed for a desired trajectory. It is seen that the re-
sults for the intelligent technique are reasonably in agreement with experiment. Also, the results obtained highlight the importance of selection
of a particular membership function for robotic manipulators of industrial use.

lhor Kuz, Olga Kuz, Heorgij Sulym
Stress- Strain State of Elastic Plate with an Arbitrary Smooth Notch

The paper contains comparing calculations of the stress fields in an elastic plate with notch along the arc of a circle, ellipse or parabola
obtained by analytic method based on complex Kolosov-Muskhelishvili potentials and by numerical variation-difference method. These fields
differ by no more than 2%, which, in particular, indicates the reliability of such numerical implementation. This discrepancy can be explained by
the fact that in the analytical solution domain is unbounded, while the numerical calculation was carried out, obviously, for a finite field.
The given stresses at the top of the notch along the arc of an ellipse or a parabola significantly increase with increasing of the relative depth
of the notch (while increasing its depth or decreasing width).

Viorel Ungureanu, Dan Dubina, Andrei Crisan, Antonio Madeo, Giuseppe Zagari, Giovanni Zucco, Raffaele Zinno
Koiter Asymptotic Analysis of Thin-Walled Cold-Formed Steel Members

An imperfection sensitivity analysis of cold-formed steel members in compression is presented. The analysis is based on Koiter's approach
and Monte Carlo simulation. If the modes interaction is correctly accounted, than the limit load and the erosion of critical buckling load can be
easily evaluated. Thousands of imperfection can be analysed with very low computational cost and an effective statistical evaluation of limit
performance can be carried out. The analysis is done on pallet rack uprights in compression, based on an intensive experimental study carried
out at the Politehnica University of Timisoara.

Carlos M.N. Velosa, Kouamana Bousson
Robust Output Regulation of Uncertain Chaotic Systems with Input Magnitude and Rate Constraints

The problem of output regulation deserves a special attention particularly when it comes to the regulation of nonlinear systems. It is well-known
that the problem is not always solvable even for linear systems and the fact that some demanding applications require not only magnitude
but also rate actuator constraints makes the problem even more challenging. In addition, real physical systems might have parameters whose
values can be known only with a specified accuracy and these uncertainties must also be considered to ensure robustness and on the other
hand because they can be crucial for the type of behaviour exhibited by the system as it happens with the celebrated chaotic systems.
The present paper proposes a robust control method for output regulation of chaotic systems with parameter uncertainties and subjected
to magnitude and rate actuator constraints. The method is an extension of a work recently addressed by the same authors and consists
in decomposing the nonlinear system into a stabilizable linear part plus a nonlinear part and in finding a control law based on the small-gain
principle. Numerical simulations are performed to validate the effectiveness and robustness of the method using an aeronautical application.
The output regulation is successfully achieved without exceeding the input constraints and stability is assured when the parameters are within
the specified intervals. Furthermore, the proposed method does not require much computational effort because all the control parameters
are computed offline.

Alexander Bogdanovich, Oleg Yelovoy, Leonid Sosnovskiy, Victor Komissarov, Sergey Tyurin
Local Damages During Rolling and Mechano-Rolling Fatigue for the Mechanical System Shaft — Roller
(0.45 Carbon Steel — 25XI'T Steel, 20XH3A Steel — 20XH3A Steel)

The report provides a description of local damages which are formed in the process of wear-fatigue tests. The analysis of local surface
wave-like damages during rolling and mechano-rolling fatigue for the shaft-roller mechanical system under steady-state and multi-stage loading
conditions is given. It is shown that the study of local wear-fatigue damage was made possible by new methods of testing and measuring wear-
fatigue tests and damages, which are described in the report. New characteristics to estimate the parameters of the local wear-fatigue damage
are proposed. The concept of local fatigue curves is introduced. The laws of local wear-fatigue damage for the shaft - roller system
are analysed.

Wojciech Cieszynski, Michat Zieba, Jacek Reiner
Real time Trajectory Correction System of Optical Head In Laser Welding

Application of laser welding technology requires that the laser beam is guided through the whole length of the joint with sufficiently high accura-
cy. This paper describes result of research on development of optomechatronic system that allows for the precise positioning of the laser
head’s TCP point on the edge of welded elements during laser processing. The developed system allows for compensation of workpiece’s
fixture inaccuracies, precast distortions and workpiece deformations occurring during the process.
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Abstract: In this paper the experimental studies of the screen working in the parametric resonance condition are discussed. The investi-
gations are conducted for laboratory parametric resonance screen. The measuring test is performed for four cases of tension force values.
The full sheet metal instead of the sieve is used. For each considered case the natural frequency of the plate and the parameter modula-
tion frequency are determined.The achieved results are presented and discussed. It is shown that the highest sieve plate amplitude is ob-
tained when the parameter modulation frequency is two times larger than natural frequency of the sieve plate. This parametric resonance
vibration was observed only for tension force equal to 4000 N because of the rotational speed limits of electrical vibratos.

Keywords: Vibrating Screen, Parametric Resonance, Natural Frequencies

1. INTRODUCTION

Vibro-impact mechanisms, such as screeners and drill-
ing/cutting devices, are usually designed to operate in a reso-
nance regime (RR) (Michalczyk, 1995). Then the most powerful
energy flux can be achieved from the exciter to the vibrating com-
ponent, and high oscillation amplitude of the target structure can
be obtained using excitation of a relatively low intensity. Paramet-
ric resonance PR is the state of oscillating instability which can
arise under periodic disturbance of a parameter of the structure,
for example, under periodic variation of the pendulum length
or the tensile force in a beam, plate or a flexible screen (Par-
szewski, 1992; Virgin, 2007).

The problem of the parametric resonance in mechanical systems
is studied by numerous researches and development centres
(Basar et al., 1987; Bak et al., 2013; de Silva, 2005; Hagedorn
and Koval, 1971; Michalczyk, 1995; Nguyen, 2013; Osinski, 1985;
Parszewski, 1982; Slepyan and Slepyan, 2013, 2014). The para-
metric resonance phenomenon has been known since 19th centu-
ry. For the first time, this phenomenon is described by Hill
and Mathieu and can be found as the fundamental theory related
to the vibration of the slender structures and the parametric reso-
nance phenomenon (the so—called Hill or Mathieu equation (de
Silva, 2005; Kaliski, 1996; Parszewski, 1982; Virgin, 2007)). The
analysis of parametric vibration in the beam system including the
Timoshenko theory is discussed by Hagedorn and Koval
(1971).While the parametric vibration of a Beroulli beam with
constant transverse loading is analysed by Osinski (1985).In
paper of Yang and Chen (2006), the problem of stability in trans-
verse parametric vibration of axially accelerating beam is studied.
In the consideration the Newton's second law and Boltzmann's
superposition principle are used. The numerical method, based on
a finite element discretisation, is proposed to solve the parametric
resonance problem of a shell structures by Basar et al. (1987).

Work of Nguyen (2013) deals with analysis of the parametric
resonance of the simple supported rectangular plate by using the
von Karman large-deflection theory. In general parametric reso-
nance is undesirable effect in machines construction (for example
in gear wheels cooperation, slender structures, and other) (Virgin,
2007). But in some cases, the parametric resonance phenome-
non, allows to achieve higher performance processing.

A good example of confirmation, can be vibratory machines
for screening and transport of aggregate (Bak et al., 2013; Osi-
fski, 1985). Free vibrations of the screen sieve, operation in the
parametric resonance conditions, are analyzed in the paper
of Bak et al. (2013) by using analytical and numerical method. The
simple dynamic model of the vibrating screen operating in the
parametric resonance mode is proposed by Slepyan and Slepyan
(2013, 2014). The proposed model includes two mass points
connected by the prestressed string. Furthermore, in the above
mentioned papers the description of the sample screen system
working in the parametric resonance condition is presented. While
in papers of Song et al. (2009) and Li (1995), new constructions
of the vibrating screen working near resonance zone and chaoti-
cally excited are considered. Complex vibration analysis of the
new type of large vibrating screen with hyperstatic net-beam
structure is conducted in paper of Zhao et al (2009). Another
analysis related to the motion of the sieve of the vibrating screen
along the variable elliptical trace during screening processes
is discussed by He and Liu (2009). This paper continues the
recent authors investigations concerning the vibration of screen
systems (Bak etal., 2013). The present paper deals with the
experimental investigations of the laboratory screen operating
in the parametric resonance condition. The aim of these investiga-
tions is to determine the natural frequencies of the sieve and the
parameter modulation frequencies (the excitation frequencies)
as a function of the sieve tension force. Firstly, the description
of the screen is presented. Then the results of the dynamical
investigations are presented and discussed.
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2. DESCRIPTION OF THE LABORATORY SCREEN

The laboratory parametric resonance screen (Fig.1) is made
in accordance to the project based on the GEPARD-2 screen.
GEPARD-2 screen was formerly designed by V. Slepyan from
Loginov Partnership Mining Company in Kiev. All assemblies
of the screen are mounted on the base frame which is composed
of square profiles welded together.

The laboratory screen consists of the following assemblies
and devices:

— sieve size: 700 x 750 mm x 1 mm,

— two electrical vibrators with eccentric mass control from 0
to 2.97 kN,

— four strain gauge sleeves connected with HBM QUANTUM

X840 data acquisition system,

— two PCB model 353B14 accelerometer,
— laser speedometer with resolution 1 rpm,
— NI 9234 |EPE measuring module supported by the Signal

Express software.

gy S

Fig. 1. Parametric resonance screen

Moreover in the experiment the PHANTOM V710 high speed
camera is used. The total estimated weight of the screen system
is 200 kg. In the presented investigations, the full sheet metal
instead of the sieve is used. For each case the value of the ten-
sion force was established with using strain gauges sleeves which
are mounted on the suspension bolt (Fig.2).

beam

suspension

Fig. 2. The strain gauges sleeves assembly
for tension force measurement
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3. EXPERIMENTAL METHODS

As mentioned earlier, the experiment is performed for the
plate without cut outs. The plate is made from 1 mm thickness
spring steel sheet grade 1.8159 (Tab. 1).The plate is mounted
between two beams of the screen with additional rubber pads
for reducing plate bending stresses (Fig. 1).For estimation
of tension force rough calculations were performed by using the
string tension force equation:

F, = 4f212Pp (1)

where: F, — tension force, f — frequency, [- string length (plate
width), P - string (plate) cross-section area, p - material density.

This formula has been proposed by Slepyan and Slepyan
(2014) for preliminary adjustment of screen tension to obtain the
resonant frequency equal 25 Hz. In this frequency the most effi-
ciency screening is observed. The adjustment parameters which
were applied during test are shown in Tab.2. For each adjusted
tension force the resonant plate vibrations can be obtained by
changing the rotational speed of electrical vibrators in the range
of 2300+3466 rpm. The eccentric masses are adjusted on 50%
of nominal centrifugal force equal to 2972 N. By taking into ac-
count variable angular velocity of eccentric masses excitation
force is calculated. Rotational speed data is measured by laser
sensor and then converted to excitation frequency.

Tab. 1. Mechanical properties for spring steel sheet1.8159

Mechanical property Value
Young modulus, GPa 210
Ulitimate tensile stress, MPa 590
Tensile Yeld stress, MPa 395
Elongation Aso, % 24
Denisity, g/cm3 7.84

Tab. 2.Screen adjustment parameters

Tension force, N Excitation force, N f r:(;(:::ct::nHz
4000 1571/ 2151 49.4 and57.8
4800 1818 53.13
5200 1913 54.5
6000 1987 55.55

Two PCB piezoelectric accelerometers with measurement
range £1000gare used to determine the frequency and vibration
level. Voltage signal from the sensors is converted and collected
as acceleration versus time data. Further signal processing
is performed in MATLAB software by using Fast Fourier Trans-
form functions(FFT) and Chebyshev filter.

Plate vibrations are recorded also by using high speed camera
with speed rate 400 fps. This rate is sufficient to determine the
mode shapes of vibrating plate and to observe the system behav-
iour.

4, RESULTS

The results of the plate vibration frequency are shown
in Tab. 3. The first parametric vibration is observed when the plate
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natural frequency to excitation frequency ratio is nearly equal to
0.6 in all respected cases. As the tension force increased the
natural frequency for plate also increased what was expected
(Fig. 3). Comparing the tension forces from rough calculations and
from measurement test huge differences are observed. For this
reason the equation of string tension cannot be used even for
rough calculation of sieve natural vibrations. A small change
of proper excitation frequency (0.5 Hz) caused amplitude fading.
The second parametric resonance is found when the rotational
speed of vibrators increases. It is obtained for plate natural fre-
quency to excitation frequency ratio equal to 0.5. This parametric
resonance vibration was observed only for tension force equal to
4000 N because of the rotational speed limits of electrical vibratos.
This result confirms the theory of parametric resonance that the
primary parametric resonance appears when the frequency
of parameter change is two times larger than the natural frequen-
cy of the system.

acta mechanica et automatica, vol.9 no.4 (2015)

nant vibration more than 80 g (Fig. 5b). Application of excitation
frequency twice as large as the natural plate vibration resulted
in more than twice vibration amplitude in comparison with the first
parametric vibrations. This is important from the point of view
of the screening efficiency. High vibration amplitude causes the
vibro-impact occurrence. This phenomenon enable to screen the
naturally wet fine granular materials (e.g., sand) by breaking
glutted particles of material without additional water supply.

10000 - - 70
e e eeeee Rough tension force calculations
9000 - -
e \Measured tension force .o
8000 T = Excitation frequency ~_,ee®” 65 N
~ 7000 - . 5
ﬂé' 6000 o= - 60 §
25000 fwertt // g
=] - =
® 4000 — 55 S
2 3000 — - ‘E
2000 o 50
1000
0 T T T T 45
25 27 29 31 33 35
Resonance frequency

Fig. 3. Dependence among the tension force, resonance frequency
and excitation frequency

Resonant frequencies of the plate are determined by analysis
of the amplitude spectrum graphs (Fig.4). The highest peak in the
graph demonstrates the resonant frequency of plate. In the graph
for first parametric resonance there is also one high peak localized
near frequency equal to 20 Hz (Fig.4a). This could be the effect
of high amplitude screen beams vibrations which are observed
during the test. Beams vibrations highly disturbed the plate motion
and the screen work as well, which is confirmed by high speed
camera record. For second parametric resonance there are no
visible peaks close to plate resonant frequency (Fig.4b).
The further peaks in high frequency level had no visible effect on
plate vibrations. The screen operation is stabile and the beams
vibrate with very small amplitude.

Tab. 3. Plate resonant frequencies

Tension force, Plate vibration Plate resonant frequency
N frequency, Hz lexcitation frequency ratio
4000 29.1 0.589 and 0.503
4800 324 0.61
5200 335 0.615
6000 34.35 0.618

Large differences between the first and the second plate par-
ametric vibrations are clearly visible by taking into account the
acceleration versus time graph (Fig. 5). The amplitude of the first
resonant vibration (Fig. 5a) is less than 40 g and for second reso-
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Frequency, Hz
Fig. 4. Amplitude spectrum graphs: a) force tension: 5200 N, excitation
frequency: 54.5 Hz; b) force tension: 4000 N, excitation frequency:
57.8 Hz
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Fig. 5. Filtered acceleration versus time data for force tension 4000 N,
a) excitation frequency: 49.4 Hz; b) excitation frequency: 57.8 Hz

Beside the vibrations amplitude level the mode shape of vibra-
tion is also very important. The first mode shape of plate vibration
is observed in both excitation frequencies 49.4 Hz and 57.8 Hz
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(Fig. 6). This confirms that the first natural frequency of a plate
with tension equal to 4000 N is 29.1 Hz. For second parametric
vibration large plate deformation is visible caused by large vibra-
tion amplitude (Fig. 6b).

Fig. 6. Plate vibrations shapes (maximum deformation) for tension force
4000 N caught by high speed camera: excitation frequency:
49.4 Hz; b) excitation frequency: 57.8 Hz

5. CONCLUSIONS

This work deals with the experimental investigations of the la-
boratory screen operating in the parametric resonance condition.

In the experimental investigation, natural frequency of the
sieve plate and parameter modulation frequency are determined
for four cases of the tension force value. As it was expected the
value of the sieve plate natural frequency and parameter modula-
tion frequency grow parallel to the growing tension force.

The plate vibrations in parametric resonance conditions oc-
curred for two resonant frequency to excitation frequency ratios -
0.6 and 0.5.Plate parametric vibrations for frequency ratio 0.6
characterise relatively low amplitude. High amplitude beams
vibrations with frequency of 20 Hz were observed which disturbed
the plate vibrations. The highest sieve plate amplitude is obtained
when the parameter modulation frequency is two times larger than
the natural frequency of the sieve plate.

The experimental approach demonstrated in this paper can be
used for the case with the real sieve and for further investigation
related to the screening process.
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Abstract: Paper presents a fluidic device developed for generation of small (less than 1 mm in diameter) microbubbles in a liquid from gas
passing gas through small passages. Until now the bubbles are larger than the size of aerator passage exits so that making the passages
smaller did not result in obtaining the desirable microbubbles. Analysis of high-speed camera images (obtained with a special lens of large
working distance) have shown show that the large bubble size is caused by slow ascent motion of very small bubbles so that they get into
mutual contact and grow by conjunction. The solution is to pulsate the supplied gas flow by a no-moving-part fluidic oscillator. The gener-
ated small bubble is moved back into the aerator passage where it is for a part of oscillation period protected from the conjunction with

other, previously generated microbubbles.

Keywords: Fluidics, Oscillators, Microbubbles, U-Tube Resonator

1. INTRODUCTION

An important development has been recently taking place
in areas of engineering working with gas bubbles in liquids. The
key factor is introduction of energetically efficient generation of
microbubbles, of diameter less than 1 mm (Rodriguez-Rodriguez
etal., 2015) — but larger than 1 ym so that they should not be
confused with differently behaving smaller nanobubbles (Prevens-
lik 2011, Zimmerman et al., 2011). Microbubbles can intensify and
accelerate several processes.

1.1. Applications and importance of microbubbles

An area in which microbubbles have already demonstrated
their intensification capability are processes that depend on diffu-
sion transport of gas into liquid. The large total surface of mi-
crobubbles, together with longer diffusion time (due to low mi-
crobubble ascent velocity), lead to unprecedented high transfer
rates. A typical example of the intensification is the increased
transfer of oxygen into the liquid in waste water processing
(Terasaka et al., 2011, Rehman et al., 2015, Rawat et al., 2011).
The decomposition of organic waste is actually done by aerobic
bacteria, the metabolism of which is roughly 90% more intensive
than that of anaerobic ones. Aeration to provide the aerobic bacte-
ria with the oxygen they need is the most energy consuming
activity in waste water treatment plants. The improvement
achieved by microbubbles enhances substantially the overall
efficiency of the treatment process.

An increase in effectiveness was also demonstrated in the use
of microbubbles for separation of substances by flotation (Coward
et al., 2015, Hanotu et al., 2012, 2013). Microbubbles, by their
strong clinging to contaminants like oil or grease, make possible

efficient and environmentally friendly removal of fats in product
cleaning. Microbubbles also exhibit a remarkable washing effect
without chemical detergents. For example, Watanabe et al.,
(2013) describe use of microbubbles for de-contamination of
silicon wafers. Microbubbles were also demonstrated by Xi
(2012), to be efficient for disinfection by removal of pathogens.
Coward et al., (2015) demonstrated efficient flotation harvesting of
algae grown in bioreactors for producing biofuels.

In food industry microbubbles can extend shelf life of products
of foamy character — whipped cream, ice-cream, sorbets, and
mousses — in addition giving them interesting taste properties.
Microbubble foam was demonstrated to remain stable for up to
ayear. Also of interest for food industry is water evaporation
ability of microbubbles (Zimmerman et al., 2013) without the heat
reaching the dried product.

Hydrodynamic resistance of ships may be reduced by air mi-
crobubbles, as demonstrated by McCormick and Bhattacharyya
already in 1973 having shown a 30% reduction in friction drag.
Their lack of further progress was due to inefficient generation
of microbubbles -- by electrolysis, needing more energy than was
saved in vessel propulsion. This problem of energetically efficient
microbubble generation plagued also other similar attempts,
including those able to show reductions by up to 80 % (Bogdevich
et al., 1978; Madavan et al., 1984). Recent tests with microbub-
bles were made with very large models (Watanabe et al., 1998;
Moriguchi and Kato, 2002; Yanuar et al., 2012), at Reynolds
numbers near to those of practical use. Of interest to process
engineers is analogous decrease of friction in tube flows (Pang et
al., 2014, Shams et al., 2014)

A wide and increasing spectrum of microbubble uses is cur-
rently in medicine. Microbubbles can convert energy of ultrasonic
vibration into a local thermal therapeutic effect (Kanagawa, 2013).
Streaming effect on microbubbles in ultrasonic field can destroy
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cells (Kooiman et al., 2011) and can cause their outer membranes
to become permeable for drugs (Oh et al., 2014) particularly anti-
cancer ones (Watanabe et al., 2008). Microbubbles are also used
in measuring absolute blood pressure (Tremblay-Darveau et al.,
2014).

Many currently developed uses of microbubbles aim at use
in microfluidics. They are used in gene manipulation (Sun et al.,
2014), biosensors (Kuznetsova and Coakley, 2007), mixing
of reactants for chemical reaction (Lee et al., 2012) or sorting
(Wang, 2012). Important progress is also being done in optofluid-
ics, where ordered arrays of microbubbles can create tuneable
optical components (Hashimoto et al., 2006; Allouch et al., 2014).

The most important current problem of geopolitics is the distri-
bution of cheap crude oil sources in individual parts of the world.
The sources are in politically unstable regions, e.g., in Near East,
but absent in the areas of most consumption (Europe, North
America). A solution is envisaged in producing liquid fuels from
lipids in algae (Lam and Lee, 2012; Leite et al., 2013; Kargbo
2010). The processes used actually simulate the way by which
fossil crude oil was produced 300 million years ago. Decisive
factor for success of this idea is increasing the economy of all
algae growing and processing steps. One of these steps, seem-
ingly secondary but in fact quite important, is supplying CO2
which algae need for photosynthesis. In photobioreactors. This is
done by bubbling the gas through the algae-containing liquid
column (Hu et al., 2015), where an improvement of the diffusion
transport by CO2 microbubbles may be an essential enhance-
ment. Another perhaps less obvious effect achieved by the gas
bubbles in bioreactors is removal of Oz produced by the algae.
Oxygen is an inhibitor to microalgae growth and at saturation level
it is toxic. Zimmerman et al. (2011) demonstrated that O2 removal
leads to much higher algae growth rates.

1.2 New microbubble generation method

In view of the above list of promising microbubble uses (by far
not complete), there is no wonder interest in them has been prop-
agating rapidly. Many advantages were actually obvious already
earlier, but there was the hindrance of low microbubble generation
cos. Considering the water containing environment it has been
also desirable to avoid in the microbubble generator any opera-
tions by electric current.

The simplest and seemingly fail safe generation method is
percolating the gas through an aerator — a body having a large
number of parallel exit channels of very small cross section areas.
Experience with this approach, however, were generally a failure.
As demonstrated in the example Fig. 1, the bubbles obviously
tend to grow far beyond the size of aerator exits.

A promising new solution was recently found (Tesar, 2007;
Zimmerman et al., 2008) in pulsating the gas flow supplied into
the aerator. Especially attractive is using for this purpose a no-
moving-part fluidic oscillator - robust, inexpensive, with long life,
high reliability, no maintenance demands, and operation without
driving electric current. The oscillator is practically nothing more
than just a special shaping of the gas (air) aerator entrance. Prac-
tical results obtained were, however, rather uncertain. Some
experiments have demonstrated successful microbubble produc-
tion — while in other attempts this approach failed. The main
obstacle in the way towards success has been the lack of under-
standing the bubble generation mechanism and the way it is
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influenced by the fluidic oscillation. Initially, attempts focused on
fragmentation effect, which is known to generate in the analogous
(but, of course, inverse) problem of small liquid droplets in air
(James et al., 2003; Tesaf, 2014). Efficient action of the oscillation
on a fragmented bubble requires applying it at natural resonant
frequencies of the resultant microbubbles. These frequencies are,
however, very high — in the kilohertz range, which obviously are
not the frequencies at which the fluidic oscillators in the performed
tests operated — which were typically 100 Hz to 200 Hz. Higher
frequencies are, in principle achievable, but designing fluidic
oscillators for the kilohertz range (at reasonably large size) is far
from easy. Evidently, the successful cases excited (Tesaf, 2013b)
higher harmonics of the basic frequency.

Fig. 1. An example of a typical present-day no-fluidics aerator
in operation (supplied by Pfleiderer water systems GmbH,
Germany). Air passes through pores of equivalent diameter
120 pm, between sintered polyethylene spheres. Bubbles are
generated at only a few exits — due to the phenomenon called
instability of parallel bubble formation (Tesai 2007) — and are
very large: the Sauter mean 5.7 mm bubble diameter evaluated
in this picture is 47-times larger than the equivalent diameter
of pore exits

2. HIGH-SPEED-CAMERA IMAGE STUDIES

Because of the absence of reliable information about genera-
tion of microbubbles, author (Tesar, 2013a) begun series of ex-
perimental studies in an attempt to understand the mechanism. All
previous researchers so far were satisfied in their studies of bub-
ble (and microbubble) formation with visual observations or imag-
es obtained using a standard-speed camera. However, the repeti-
tion rates of microbubble formation are often very much higher —
of the order 102 Hz — than what can be visually captures. Author
was able to use for his study of microbubble formation a high-
speed camera, capable of taking images at 4000 frames per
second or more — the limiting factor being the available light that
had to be focused onto the very small millimetre-sized picture
scene. The key component of the image taking was a long-
distance macro-lens Machine Vision “Navitar” 12X. This made
possible photographs of sub-millimetre objects from a distance as
large as 100 mm from the front lens. This allowed taking the high-
speed video sequences from outside of the water tank, through its
glass walls. Also, this special lens made possible clear recognition
of details at extremely small distances from the exits of the aerator
passages. It was in particular the phenomena observed in this
region that provided an explanation to the apparent paradox of the
microbubble diameters much larger than the equivalent diameter
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of the aerator passage exit (Tesaf, 2013a).

The explanation was found in conjunctions of freshly formed
microbubbles — merging a certain number of microbubbles to form
a single much larger bubble. The key factor is the fact that ascent
velocity of bubbles decreases rapidly with decreasing size. Mi-
crobubbles move so slow they do not get far from the passage
exit before the next, follower microbubble appears, gets into touch
with the already present one, and merge with it. The merging is
favoured from the energy point of view — some energy is released
as is seen from the following consideration of a spherical bubble
of diameter d; has volume:

r 3
V=2d; (1)
and its surface area is:
F =nd; (2)
so that its surface energy is:
E =ndloc (3)

where a[N/m?] is the surface tension.
Conjunction of two equal-sized bubbles of diameter d; thus
results in a single bubble of diameter dc and volume;
Tl'dj3 md3
‘=73 "6
and hence surface area:

()

2
F, = nd? = 23md} (5)

while the total surface of the two small pre-conjunction primary
microbubbles was:

Fiota = 27dez (6)
This was 2 = 0.794-times larger. Thus, there is energy:

2
AE = (2 - 23)nd?o (7)

released during this conjunction. It is not small — its magnitude
is more than one fifth of the available total sum of surface energy
of the two pre-conjunction microbubbles. The energy eq. (7)
is dissipated by viscous effects during the strong oscillation that
takes place immediately after the conjunction. Analysis of high-
speed camera images has shown, as documented in the example
presented in Fig. 2, that the after-conjunction oscillating motion
effectively stops the upwards motion of the larger bubble formed
in the process. This larger bubble thus stays for some time practi-
cally at the same height above the aerator top surface - and, as
aresult, inevitably takes place in another conjunction with the
subsequently formed next bubble. In the example presented in
Fig. 2 there were five microbubbles taking part in the four conjunc-
tions A, B, C, and D before the resultant bubble was finally re-
leased and moved away. In other observed cases the number
of repeated conjunctions was even much higher. Note in Fig. 2
that all this happened at very small distances — merely around 0.2
mm - above the aerator exit and the conjunctions followed one
another at ~ 6 millisecond intervals. Both the position and speed
made it impossible to watch the processes visually. No wonder
the phenomenon has so far escaped attention of earlier research-
ers.
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Fig. 2. An example of high-speed camera images (bottom) of freshly
produced microbubbles 1, 2, 3, 4, and 5 — and a diagram
of evaluated heights h above the aerator exit as a function of time
t. Microbubbles move upwards so slowly that they get into contact
and subsequent conjunction with the next, later generated
microbubble. The conjunctions may be repeated several times
before the microbubble is finally released
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Fig. 3. A typical example of a fluidic amplifier (Tesar, 2009)
of the jet-deflection type. When provided with suitable
de-stabilising feedback loop channels it may be
the essential part of a fluidic oscillator

3. STANDARD FLUIDIC OSCILLATORS

3.1. Amplifier and feedback loop

According to Zimmerman et al., 2008, the bubble growth
caused by the conjunctions may be eliminated if the gas flow is
pulsed, preferably by a fluidic no-moving-part oscillator. The prob-
lem that remained was the uncertainty: sometimes the pulsation
did help, sometimes not. The reason is in the character of the
action of the oscillator.

The self-excited fluidic oscillators in general use the hydrody-
namic instabilities in the flowfield. There is a large number
of alternative possibilities how to create the instabilities. Most
often used are version consisting (Tesaf, 2013b) of two compo-
nents. The first component is a fluidic amplifier — a device re-
sponding by large changes of the conditions in its output terminal
to a rather weak control fluid flow into its input. The second com-
ponent are destabilising negative feedback loops connecting the
amplifier inputs and outputs, Fig. 4.
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Fig. 4. Usual versions of fluidic oscillators with two alternative layouts
of feedback loops, both invented in the 1960's by Warren.
These oscillators sometimes did produce microbubbles — but
sometimes did not. To discover the reasons, author investigated
the mechanism of bubble formation using a high-speed camera

An example of typical amplifier is presented in Fig. 3. It shows
the main plate in which are made cavities for air flows. In opera-
tion, the cavities are closed by being covered by flat top and
bottom cover plates. The amplifier shown is of the jet-deflection
Coanda-effect bistable type. At left in Fig. 3 is supply nozzle into
which is fed a constant flow of air. This flow leaves the supply
nozzle as a jet issuing into the cavity between two mutually op-
posed attachment walls. The apex angle of these two walls is so
large that the jet cannot follow both. Instead, by a phenomenon
known as the Coanda effect, the jet attaches to only one attach-
ment wall — and is led through one of the two diffusers into either
A or B output terminal, seen at the right-hand side of the picture.
On each side of the supply nozzle exit in Fig. 3 there are control
nozzles. Air flow admitted into one of these nozzles - the one at
the side to which the jet is attached - causes the main jet (the one
leaving the supply nozzle) to switch from the ON one attachment
wall to the other, opposite one that was so far in the OFF state.

Converting a fluidic amplifier into an oscillator is achieved
by the feedback loops. Two most popular loop versions are pre-
sented in Fig. 4. Both lead to a de-stabilising effect: if the flow
passes through the amplifier in Fig. 3 to the terminal A, then a
signal is fed into the control nozzle on the same. This switches —
after a certain time delay - the main jet flow into the other terminal
B. The roles of the terminals are then exchanged and this is a
beginning of another oscillation period.

It should be noted that the Coanda-effect attachment of the
main jet to the attachment wall requires a low resistance load
connected to the amplifier output terminals. If the flow through e.g.
the terminal A encounters a high-resistance loading (e.g., is to
pass through a connected device with small channel cross sec-
tions), the Coanda effect fails to keep the main jet deflected.
If there is no such load connected to the other output terminal, the
jet switches to that easier flow path — and becomes attached to
the other attachment wall. The load-switched fluidic amplifiers
therefore need no control nozzles.

3.2. Flow reversal caused by jet pumping
It is useful to note that the main jet (as all jets do, especially

if their Reynolds number is high enough so that the flow is turbu-
lent) entrains the air from its surrounding space and carries
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it away. Let us assume that the jet leaves the amplifier through the
output terminal A in Fig. 3. Its entrainment action removes the
surrounding fluid from the amplifier — where it is replaced by
a suction inflow into the amplifier body through the other terminal
B. This suction effect of the ON jet flow acting in the other, OFF
terminal is called jet-pumping.

If the amplifier is provided with the feedback and oscillates,
this jet-pumping effect generates in its output terminals an alterna-
tion of suction and blowing, each for a part of oscillation period.
This temporary flow reversal, however, requires low-resistance
loads connected to the terminals. The lack of success some mi-
crobubble researchers encountered with their fluidic oscillators
was due to the high resistance of their aerators (too small and too
long passages). What took place instead of the jet pumping was
spillover flow of periodically varied intensity through the OFF
terminal. The adjustment of the oscillator and load for their proper
collaboration requires a matching similar to the one discussed in
Tesar (2009).

4. SUPPRESSING THE CONJUNCTION BY THE OSCILLATOR
4.1. High-speed camera images of successful cases

For the studies of processes at (as well as in) the aerator pas-
sages was designed a laboratory model aerator with well ordered
passages, made by drilling (rather than the chaotically arranged
passages usually made by sintering of small particles, as is the
example case shown in Fig. 1). The organised aerator layout is,
of course, amenable to better description and study. In the model
aerator there was a set of parallel drilled holes. To avoid expected
problems with breaking the very small drill bits, the holes were of
relatively large, 0.6 mm diameter — Fig. 5. Also, to make the pro-
cess of microbubble generation easily adjustable, the fluidic oscil-
lator was for this study replaced by a pulsation generator with
a generator of harmonic electric signal and a loudspeaker.

Outflow

Return suction

<

-
i
Fig. 5. An example of high-speed camera images of freshly produced
microbubbles that just left the row of 0.6 mm diameter aerator
passages. The conjunctions shown in Fig. 2 were in this case
eliminated because the used oscillator caused flow direction

reversal for a part of the cycle. Thus the newly formed

microbubbles having returned into their aerator passage
are protected from contact with the microbubble previously made

Successful generation of microbubbles with this model is seen
in the microphotograph in Fig. 5. The amplitude of the oscillation
was so large that the microbubble motion was not at all dependent
upon the small steady ascent velocity. Instead, the microbubble
motion was governed by a mechanism similar to the processes
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in a synthetic jet (Travnicek et al. 2007, Tesar 2007): entrainment
of fluid near to the exit and a rectified one-direction flow at larger
distances. The freshly produced microbubble after its emergence
from the aerator is in the subsequent part of the oscillatory period
sucked back into the aerator passage — while its predecessor
microbubble at a larger axial distance from the passage exit is not
influenced by the suction a and moves away. The motion is gov-
erned by the inertia of water also moved (this water gets into the
aerator passage during the previous suction part of the cycle from
locations near to the passage exit.

A h ... Height of microbubble centre above the aerator exit

In;m] > Dl‘;ﬁalﬂm’rreﬂiu P ?

e ; ﬁ >/ ;
2

; g; Exit ; >Separation %
15 r between

consecufive

om
Exit g aerator g microbubbles
1 velocity \

05 —f® ‘ o

0 10 20 !
Returned by suction

Fig. 6. Height vs. time trajectories of freshly formed microbubbles

seen in Fig. 5 —i.e. those influenced by the temporary flow
reversals caused by the jet-pumping in the fluidic oscillator

The model generated small microbubbles of the diameter
0.6 mm, the same as that of the passage exits — and very much
smaller than the typical bubbles obtained with contemporary
steady-flow aerators (Fig. 1). The generation of microbubbles was
also studied by analysis of high-speed camera images (analogous
to those described above in Section 2 for the steady, non-
pulsating air flows). With the applied pulsation, there were no
observable microbubble conjunctions. It was soon found that this
absence of conjunctions (which keeps the bubbles small) is due to

Water column
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the temporarily reversing character of the flow direction in the
aerator passages. The reversal is seen in the time history diagram
presented in Fig. 6. The pulsation amplitude is seen to be so large
that during a part of the oscillation cycle the suction moving the
microbubble back into the aerator passage prevents it from getting
in touch with the previously generated ones. Also of importance is
the suction of the water from the vessel into the passage - as is
shown e.g. in the regime C in Fig. 7. In the following part of the
oscillation cycle this water column from the passage is expulsed,
together with the microbubble. It is essential to note that the den-
sity of the bubble is roughly three orders of magnitude smaller
than density of water. It would be therefore wrong to think about
acceleration of the bubble. Instead, it is the water column inside
the aerator passage that is accelerated (in the regime D in Fig. 7).
Its inertia moves it together with the microbubble quite far from the
aerator. This way is suppressed the effect of the small ascent
velocity and consequent mutual contact that without oscillation
leads to the conjunctions.

It should be noted that the diagram in Fig. 6 shows the vertical
position of the bubble centre as a function of time. The lines con-
necting in Fig. 6 the locations of the microbubble centres may
suggest that the microbubbles having left the passages are not
particularly much separated in space in the horizontal direction.
This would be a wrong impression, on the horizontal co-ordinate is
time. What really influences the possibility of the mutual conjunc-
tions are the vertical separations of the bubbles — and these sepa-
rations are large.

4.2. Failures caused by improper loading the oscillator

With this demonstrated elimination of conjunctions — and the
clear explanation of the elimination phenomenon - it became
a question why the positive results were obtained only in some
tests. The reason was found in disappearance of the jet-pumping
phenomenon if the oscillator is loaded by high hydraulic re-
sistance.

gl A
‘\\Vy/‘ [5 Zf\[nt?ml ‘ J)i

o AN g

Fig. 7. The states from A to E eat left show schematically the water pathlines and positions of a microbubble and water column
during the oscillation cycle - the instants are identified in the diagram from Fig. 6.

In the successful tests discussed in Section 4.1 the jet pump-
ing did occur due to two factors. First, the used oscillator was
quite small in relation to the rather large aerator's drilled passag-
es. The aerator thus represented a low-resistance load. Second,
the hydrostatic pressure acting on the submerged aerator pas-
sage exits did not add much to the loading because - for easier

observation - the aerator was placed to only a small depth under
the water surface. These two favourable factors disappeared in
the unsuccessful tests with larger amplifiers ( the size chosen for
generating more microbubbles) and aerators with relatively long,
tortuous passages positioned in the usual large depths.
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5. ELIMINATING THE CONJUNCTIONS

5.1. Fluidic circuit with jet pump and accumulator

The solution that made the reverse flow for a part of oscillation
cycle reliably present was provided with the fluidic oscillator de-
signed specifically for generation of micro-bubbles. It is a subject
of author's recent patent application (Tesaf, 2015). The flow re-
versal in this device does not depend on the rather weak, general-
ly unreliable and sometimes non-reproducible effect of jet pump-
ing inside the amplifier. Instead, the return flow is driven by energy
of air accumulated inside a fluidic accumulator, which is a part
of the circuit. Also, this available driving effect is employed in an
efficient, full-scale jet pumping.

Aerator

Monostable

diverter valve Air flow
: divider

T
Generated

bubbles
> <l
Accelerated
water ﬁ
\5\ Previous
Previous ) bubble
bubble S/
4 New
Water @ bubble 1 U-tube
column formed - accummulation
Air of air

Air | Length [ of
J‘\ liquid-filled volume
Time progress

Fig. 8. Schematic representation of the fluidic generator according
to the author's patent application (Tesar, 2015). The two details
drawings in the bottom left are the cases D and E from Fig. 7.
They show the character of the flow in an aerator passage in the
half-period characterised by generation of the microbubbles

Monostable Reverse flow
diverter valve in divider:

\ Jet-pumping

* Aerator

E> o— '.’% in suction
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source
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Fig. 9. Schematic representation of the same generator as in previous
Fig. 8 - here, however, showing the half-period of air flow back
from the water tank into the aerator passages

In one of its simplest versions the new layout is presented
schematically in Figs. 8 and 9. The air flows are there indicated
gray arrows. The components of the schematically presented
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devices are nozzles, drawn as black (fully filled) triangles, — and
diffusers, drawn schematically as white (not filled) triangles. The
first picture, Fig. 8, shows the arrows in the expulsion half-period,
i.e. in the part of the cycle during which air is percolated through
the aerator passages into the water in a large vessel, with the
aerator at its bottom. The other Fig. 9 shows the air flow arrows in
the other, suction half-period. In both pictures in their left-hand
lower part are added the corresponding representations of the
flow in the aerator passages from Fig. 7.

The air supplied into the microbubble generator comes first in-
to a device drawn in the upper left corner of the circuit. It is a load-
switched monostable diverter. In principle it may be described as
akin to jet-deflection type fluidic diverter amplifiers discussed
in Section 3 — the difference being in there being only one attach-
ment wall and also in the absence of control nozzles. This device
is switched by the load-switching effect discussed above. The
monostability means that the air jet generated in the supply nozzle
tends to attach always to the single attachment wall. There is also
only one output terminal — apart from it, there is in this device
a vent outlet, connecting the internal cavities of the device with the
atmosphere outside.

The other part is the jet pump device, located in the centre
of the picture. It possesses one nozzle and two diffusers, with
their smaller cross section ends at the nozzle. The nozzle is con-
nected to the output of the diverter device. One output terminal
of the jet pump (i.e. the larger cross-section end of the diffuser)
is connected to the aerator at the bottom of the water-filled vessel.
The other output terminal is connected to the fluidic accumulator.
There are many alternative designs of fluidic accumulators.
The one chosen for schematic presentation in Figs. 8 and 9 is the
U-tube with two vertical columns — one of them open into atmos-
phere.

In the situation presented in Fig. 8, air jet issuing from the
supply nozzle at left attaches to the attachment wall and is guided
into the nozzle of the jet pump — which in this regime does not
operate as a jet pump at all — its role may be described as divid-
er, dividing the supplied ait flow into two output flows. The dashed
arrow line passing through the vent outlet of the diverter indicates
that there may be some jet pumping suction effect. It is an effect,
however, which is here unimportant; the discussed fluidic circuit
is capable of performing its task even if the pressure inside the
device is higher than atmospheric and some air actually leaves
the cavity through the vent as a spillover flow.

One of the output flows leaving the exits of the jet-pump /f low-
divider progresses to the aerator where it generates the small
bubbles. The flow from the other exit continues into the active arm
of the U-tube, where it gradually pushes down the water level.
This, of course, is associated with rising water level in the other
arm. Thus the pressure in the active arm gradually increases and
finally reaches the level at which the load-switching occurs in the
monostable diverter valve.

After the switching, the air jet in the diverter separates from
the attachment wall — as shown in Fig. 9 — and leaves through the
vent into atmosphere. This is the beginning of the other half-
period. Between the both arms of the U-tube now exists the pres-
sure difference:

AP = gAH, (8)

where g = 9.81 m/s? is the gravitational acceleration. This differ-
ence drives the air away from the U-tube into the jet pump/ divider
which now behaves as the usual jet pump, i.e. entrains the air
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from the aerator and takes it along to the switched divider. . There
this return flow prevents the main air jet from attaching to the
attachment wall (i.e. keeps the air flow deflected into the vent).
This is the desirable regime with removal of the freshly made
microbubbles back into the aerator passages. Of course, as the
time progresses, the height AH (as well as AP, eq. (8) ) in the U-
tube decreases. Finally the influence of this flow from the U-tube
accumulator ceases completely. There is no more the reverse
flow that could maintain the main air jet in the monostable diverter
separated from the attachment wall. The jet clings back to the wall
— and the next oscillation cycle may begin.

Two
anti-parallel
aerators

Special
four-collector
load-switched
diverter

| U-tube
resonator

Fig. 10. Schematic representation of the double-acting fluidic generator
of microbubbles with prevention of the conjunctions.
The diffusers A to D are the ones presented in Fig. 11

A

Return from aerator @ 4

Bubble formation in aerator &5

Filling the resonator

Fig. 11. Interaction cavity of the special diverter with four collectors A
to D. Grey arrows indicate the character of air flow in the
half-period of formation of microbubbles in the aerator a2

The periodic switching between the two regimes is in tune with
the oscillatory motions of the liquid in the U-tube — the frequency
of which is:

r=n e o)

where [ is the length of the liquid column in the U-tube, as shown
in Figs. 9, 14.
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Fig. 12. Photograph of the two components (b1 and separate inner
component by) of the laboratory model of the double-acting
microbubble divider — which now really operated as the jet
pump. From there it generator with integral U-tube resonator.
The air and water flow cavities were laser-cut in 3 mm thick
polymethylmethacrylate plate

Capacitance of vessel A:

Ca=F 79v

Fv cross-sectional area
of accumulation vessel

J Inertance of the
connecling pipe

Fp cross-sectional area

Effective 5
of the pipe

pipe length
Inerfance: J =vli/ Fp

Effective resultant capacitance C = CA/ 2 = Fv /2 gv
of two vessels at opposite ends of the interconnecting pipe

Fig. 13. The principle of the CJC oscillator: two accumulation cavities
(of capacitance values CA and CB respectively) are connected
by a pipe of inertance J

U‘tUbe szszF

Capacitance of column A:
Resonance:

C,=Frgv
C?mcita?ce Q. =27t
of two columns
cch/2=F/29v QNS=1/DT
Inertance ) =2v//F |Resonantfrequency:
Q
- _ 82
A ‘ frel_ 2%
@ ﬁ f =i.‘@
@ res= 04y v ]
B
! [~ Cross-section
area F

et/

Fig. 14. The U-tube oscillator: contrary to the separate accumulation
and inertia components in Fig. 14, here the two vertical columns
share the capacitance as well as inertance properties
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Fluidic Generator of Microbubbles — Oscillator with Gas Flow Reversal for a Part of Period

Resonant
frequency

=18 Hz
fres

Water
filled
) length

775 mm

Fig. 15. Early tests with the U-tube integrated into a load-switched fluidic
jet-type oscillator verified the capability of self-excited oscillation
at very low frequencies

5.2. Integral design

Obvious disadvantage of the circuit discussed in the previous
Sect 5.1 is the energetic loss associated with allowing the com-
pressed air to leave into the atmosphere (through the vent of the
divider) during approximately one half of the oscillation cycle. This
is actually not necessary. The monostable layout was chosen for
discussion here only because of its simplicity and ease of expla-
nation of its action. There may be a double-acting configuration
with a single U-tube resonator — but with two aerators, operating
in anti-parallel (i.e. in opposite phases).

Another source of losses that may be eliminated is the con-
nection between the monostable diverter valve and the jet pump
device. The air flow is first slowed down in the diffuser of the
monostable device — only to be accelerated in the nozzle of the jet
pump a short distance downstream. Of course, these two conver-
sions are inevitably associated with hydraulic losses.

Figs. 10, 11, 12, and 13 present an example of layout also
discussed in Tesaf (2015) that removes both above mentioned
shortcomings. Of course, while the devices used in the circuit
presented in Figs. 8 and 9 may be standard fluidic devices, the
multi-collector integral design in Figs. 10 and 11 are unusual,
specially designed for the purpose. The development of the oscil-
lator thus may be perhaps more difficult.

6. CONCLUSIONS

Generation of microbubbles has very large potential im-
portance for future process engineering. Especially, the potential
importance of producing renewable automobile fuels may be very
high. Particularly attractive — inexpensive and reliable - are mi-
crobubble generation methods based on pulsating the gas flow by
fluidic oscillators. Until recently, however, this generation method
was not always successful, the generated bubbles being large.
High-speed camera studies pinpointed the reason: it was the
consequence of multiple conjunction of microbubbles immediately
after their formation. Also found was the solution of the problem:
reversing the flow direction for a part of the oscillation period.
An oscillator design is described producing this desirable effect by
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a U-tube resonator integral within the oscillator body. It is a sub-
ject of a recent patent application as well as tests in laboratory.
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Abstract: The purpose of this paper is to investigate a double torsion pendulum with planar frictional contact. The single torsion pendulum
with one-degree-of-freedom is an angular equivalent of the linear harmonic oscillator. The second degree of freedom has been obtained by
adding a free body to the inverted single torsion pendulum. The free body’s angular displacement is caused by frictional forces appearing
in the interface (contact zone) between the free body and the pendulum column’s head kinematically excited at its base by a mechanism
with torsion spiral spring. An experimental station has been set up and run to find most unknown parameters of the pendulum from the time
series of state variables taken as inputs to the Nelder-Mead method of identification. The obtained results proved significant usability
of the identification method in the case of numerical simulation of the pendulum’s dynamical model. It has not been satisfactorily proved
in the case of time characteristics coming from a real system that exhibits also some unrecognized physical effects.

Keywords: Friction, Planar Contact, Numerical Modeling, Double Torsion Pendulum, Parameter Identification, Nonlinear Vibrations,
Kinematic Excitation, Kinematic Forcing Mechanism, Nelder-Mead Method

1. INTRODUCTION

The friction in nature exists in the form of external friction oc-
curring at the interface of two bodies. Two kinds are distinguished:
a static friction between the two mutually not moving bodies;
a kinetic friction between the two mutually moving bodies: friction
sliding, wherein the speed of the two bodies in their mutual con-
tact points are different; friction bearings, wherein the resistance
movement occurs in turning one body after another. The friction
may have a structural form that is related to a dissipation of ener-
gy released in the contact surface of mutually fixed parts. Finally,
the friction may be internal being observed in solids and fluids
in the form of mechanical energy loss (Awrejcewicz and Olejnik,
2005).

The first full friction model was presented by Charles Cou-
lomb, who showed that the static friction is not constant,
and pointed to the variability of kinetic friction. It is often used
in engineering practice. The concept of friction can incorporate the
friction effects such as: a viscous friction increasing linearly while
the speed increases; the Stribeck effect observed when a friction
force decreases at a low speed, which is called the Stribeck
speed; the friction dependent on angular position of the contact
surface in rotational motion (Awrejcewicz and Olejnik, 2007).

Steady states of a nonlinear discrete three-degree-of-freedom
system containing a torsional damper are investigated in Skup
(2002). The system under consideration is harmonically excited.
The analysis takes into account structural friction and linear vis-
cous friction of a ring floating in a plunger filled with a high density
silicon oil. The influence of external loading amplitude, unit pres-
sures, linear viscous damping, geometric parameters and ampli-
tude-frequency characteristics is analyzed. The equations
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of motion of the examined power transmission system are solved
by a slowly-varying parameter method and digital simulation.

The described system is related to our work too, in a few key
points, i.e. by regarding to the influence of friction in the two-
degrees-of-freedom system as well as in the forced oscillation
of the torsion pendulum caused by harmonic excitation.

In Bassan et al. (2013) an analysis of a simple torsion pendu-
lum’s motion is presented. Usual basic dynamical model is inves-
tigated in the context of some unexpected features found in exper-
imental data. Comparison with observed values yields estimates
for the misalignment angles and other parameters of the model.
The authors developed a more flexible model for the torsion pen-
dulum.The basic feature of that is to consider a rigid body sus-
pended to the fibre at an arbitrary point, therefore, not necessarily
associated to any particular symmetry of the body. Despite maxi-
mum experimental accuracy, some misalignment can occur when
the fibre is fastened to the test mass. A detailed mechanical mod-
el of the torsion pendulum with geometrical imperfections can
explain two unexpected features, ie.: the modulation of the torsion
signal at the natural frequency of the swinging motion and the
splitting of the swinging resonance.

Analysis of a torsion pendulum is also conducted in some ex-
perimental works. For instance, the dynamic process from period-
doubling bifurcations to chaos is observed in Miao et al. (2014)
by changing the driving period of a modified Pohl's torsion pendu-
lum that formally exhibits periodical dynamics. A data acquisition
system with a CCD camera connected to a computer and corre-
sponding image processing software is designed to exhibit the
dynamics of the modified pendulum by recording the oscillating
angle of the copper rotating wheel. As a result, abundant chaotic
sequence diagrams and phase diagrams can be clearly seen
in real time.
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The described system is related to our work by a similar form
of kinematic forcing. With regard to the method of tunable pa-
rameters of periodic forcing and the free body being in a frictional
contact with the second body, our experimental model is capable
to exhibit any irregular behavior, including various ways of param-
eter dependent bifurcation diagrams and chaotic motion.

An eight-degrees-of-freedom Lagrangian model that provides
a suitable account for the motion of the double torsion pendulum
is described in De Marchi et al. (2013). The model fully describes
its free dynamics and its response to external disturbances,
and can accurately predict the torsion, swinging pendulum
and bouncing resonances. The number and location of resonance
peaks are correctly predicted and are used for a first validation
of the model with preliminary data. There is possible to extend the
Lagrangian formalism, via the Rayleigh dissipation function,
to account for frictional forces. Dissipative effects are taken into
account in order to predict, via the fluctuation-dissipation theorem,
the fundamental limits of sensitivity of the system.

The described system is related to our work in two key points:
(@) parameter identification during validation of the investigated
pendulum’s model; (b) estimation of frictional forces that act in the
contact interface described in Section 2.

Physical systems such as an inverted pendulum driven by
a spiral spring, an unbalanced Euler elastica with a travelling
mass, a heavy body with a parabolic section and an Ising ferro-
magnet are very different. In Coullet et al. (2009) a nonlinear
oscillator close to its supercritical bifurcation that oscillates with
a period inversely proportional to its angular amplitude is present-
ed. The authors performed experiments with a Holweck-Lejay-like
pendulum which was used to measure the gravity field during the
twentieth century. Main conclusions prove, that the spiral spring,
parabolic heavy body and Holweck-Lejay oscillators belong to the
same class of universality as the Ising ferromagnet close to their
symmetry-breaking bifurcation. The Larmor's law was confirmed
experimentally with a good accuracy.

The described system is related to our work in the key point:
kinematic forcing of the investigated double torsion pendulum
is made with the use of a spiral spring. Thanks to that, the dynam-
ics may be investigated using similar methods taken into consid-
eration in Coullet et al. (2009).

The real application of torsional dynamics can be found in Liu
et al. (2014) showing modeling and analysis of a drilling system
discretized into several components with lumped inertia properties
and with the inertia elements interconnected with axial and tor-
sional springs. The work extends the model of one coupling of two
mutually rotating bodies onto a set of multiple couplings modelling
the dynamics of a drill string.

The described system is related to our work only in its particu-
lar connection, but it brings a real application that could be inves-
tigated using elementary couplings with a frictional interface and
a torsional spiral spring.

In other fields of science like in textile metrology or biology the
double torsion pendulum is found as the basic model for the deri-
vation of principles governing description of dynamics of complex
hybrid systems.

In Michalak and Krucinska (2004), the influence of chemical
treatment on bending and torsional rigidity of flax and hemp fibers
was studied. The double pendulum’s mathematical model is use-
ful for the determination of fibre bending rigidity, and the torsional
pendulum is helpful in a subsequent determination of fibre tor-
sional rigidity in investigation of bast fibre rigidities.

The nonlinear dynamics of DNA relevant to the transcription
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process in terms of a chain of coupled pendulums was described
in Cadoni et al. (2013). The authors provided a simple model for a
nonlinear double chain showing some features which are quite
interesting both in the frame of nonlinear dynamics for discrete
systems and for applications, in particular, to DNA torsional dy-
namics.

2. A PHYSICAL MODEL OF THE DOUBLE TORSION
PENDULUM WITH FRICTION

Fig. 1 shows a three-dimensional simplified visualization of the
double torsion pendulum without any excitation mechanism.
It consists of main and auxiliary parts such as screws and pins.
The construction is inverted as compared with the general models
of torsion pendulums so that on the pendulum column’s head it is
possible to freely place a next body. Rotational displacement
of the free body depends on the pendulum column’s dynamics
and the friction in the interface of the two contacting bodies.
The lower part of the sleeve is connected to the movable cam with
the torsion spiral spring imitated by a handmade bar spring.
A dynamic kinematic forcing of the free end of the spring attached
to the slider causes the pendulum's torsion about an angle.
The construction provides an angular contact bearing, allowing
the rotation of the column with minimizing the adverse effects
of friction occurring in that part of the construction (see Fig. 3).

Fig. 1. The double torsion pendulum's CAD in Inventor
with marked generalized coordinates ¢, and ¢,

4

i

E AllZ H
L 1 L

Fig. 2. Scheme of the double torsion pendulum
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In Fig. 2 it can be seen a cross-section taken along the verti-
cal axis of the pendulum with the numbered particular elements.
The construction is placed on the plate (5) on which the pendu-
lum’s base (4) is mounted. The base is designed so that one can
attach the lower measuring circuit board of circular shape, bearing
(3) and the torsion spiral spring (10). Angular contact bearing that
is used in the project transmits the rotation to the lower mounting
ring (2), which is screwed onto the sleeve (1). Rotational move-
ment is generated by the spiral spring mounted between the body
and the sleeve. At the end of the sleeve there is concealed
a plastic cap (8), while the other end of the sleeve is engaged with
an upper mounting ring (6 — head of the pendulum’s column),
wherein the second measuring circuit board with the angular
motion sensor is placed. A free body (7) with a screwed plastic
cap (9) containing two small circular magnets is placed on the
upper surface of the mounting ring. Two rotating magnets at-
tached to the free body create a contactless measurement
by means of the Hall-effect sensor of magnetic field. Therefore,
any angular relative displacement of the bodies can be measured.

Fig. 3. A mechanism generating the dynamic kinematic sinusoidal forcing
(see £, (t) given by equation (3b)) of one end of the torsion spiral
spring

The design provides some space for installation of the two
mentioned circuit boards with the Hall-effect sensors, which
measure angles of rotation of the torsion pendulum’s column
formed by elements (1, 2 and 6) and the internal sleeve bearing
(3), as well as an angle of rotation of the free body (7).

Fig. 4. View of the experimental stand with electronics
and a stepper motor mounted below the base plate

The torsion pendulum’s kinematic forcing mechanism visible
in Fig. 3 consists of a few mechanical parts (1-5) and a stepper
motor attached to the cam (5). The cam (5) which is put on the
stepper motor’s shaft enables movement of the arm (1) via an
intermediate pin (4). The point of rotation of the arm is the axis of
the fastening pin (3) in the pendulum’s base (2 - it is the same
base marked by 4 in Fig. 2). At the end of the arm there is a roller
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(6) used to attach one end of the spiral spring. The second end is
attached to the sleeve (1) visible in Fig. 2.

Finally, the described design has been physically realized,
and a view of the experimental stand for investigation of dynamics
of the two-degrees-of-freedom mechanical system with friction is
shown in Fig. 4.

3. ELECTRONIC SYSTEM FOR MEASUREMENT
OF THE VECTOR OF GENERALIZED COORDINATES

The vector of real measurement data used for the identifica-
tion purposes has been subject to an acquisition by means
of a measurement system shown in Fig. 5.

DC Motor Driver SMC64v2
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Fig. 5. The measurement and motor driving electronic system

The measurement and motor driving system of the torsion
pendulum cosists of the following elements: two angular position
sensors HMC1512 embedded in a dedicated electronic circuit
based on the LM358 amplifier; Freescale microcontroller FRDM-
KL25Z for data acquisition and control; the DC stepper motor
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driver SMC64v2 controlled by the microcontroller; the 2-phase DC
stepper motor 57BYG081 (55Ncm, 5V, 1A, 1.8° — basic step);
a computer (CPU in Fig. 5) for data reading in a serial connection
with the SDA port of the microcontroller. After reading, the two
series of data corresponding to the angles of rotation were pre-
sented in the Terminal in a column form and after a single experi-
ment saved in a text file for further presentation on the graphs
(see Fig. 11-13).

4. MATHEMATICAL MODEL OF THE DOUBLE TORSION
PENDULUM WITH FRICTION

4.1. Introduction

The investigated double torsion pendulum with friction is an
extension of a single torsion pendulum. The construction has
been inverted, compared to the general models of torsion pendu-
lum so that on the pendulum column’s head there is possible to
place a next body, of which free motion dynamics will depend on
the base pendulum’s dynamics and the friction forces acting in an
interface of the two contacting bodies. This implies that the result-
ing frictional coupling with the two movable bodies establishes the
two-degrees-of-freedom mechanical system with friction.

In Fig. 1 we have introduced two variables ¢,and ¢, that
constitute the vector of generalized coordinates:

a=[g] 0

where ¢, [rad] is the angular displacement of the pendulum’s
column relative to its base, ¢, [rad] - the angular displacement of
the free body relative to the column.

The zero position of the column is determined by the neutral
position of the kinematically forced end of the spiral spring, which
is attached at the center of the hollow bore’s opening in the base.
The column can rotate clockwise and counter-clockwise, contrary
to the range indicated by the opening angle of the hollow bore.

4.2. Derivation of the double torsion pendulum's equations
of motion using the Lagrange method

Kinetic energy of the double torsion pendulum is given by:
1 . 1 . .
T 253190% +;Bz(¢’1 + @)% (2)

where B; [kg'm?] is the mass moment of inertia of the sleeve with
two rings constituting the pendulum’s column, B, [kg:m?] — the
mass moment of inertia of the free body.

The potential energy is given by:

V =3k - e, (3a)

wherek [N-m/rad] is the torsion spring’s stiffness, f, (t) — function
of the kinematic sinusoidal forcing (external excitation) of one end
of the torsion spring given by the formula:

f.(t) = Asin(wt), (3b)

where w [rad/s] is the angular frequency of kinematic forcing,
A [rad] — amplitude of the kinematic forcing.
Vector Q of generalized forces can be written as follows
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[t _ [-My + My
Q= [T2] N [ —Mr ]' @)
where M, [N-m] is the frictional resistance torque of the bearing,
in which the first pendulum’s body (the column) is mounted, M.
[N-m] - the frictional resistance torque between both pendulum’s
bodies of inertia B; and B,.

We assume, that the frictional resistance torque of the bearing
depends on unknown viscous friction and the Coulomb friction
expressed by the maximum static friction torque M, acting in the
contact zone Michalak and Krucinska (2004). Moreover, the dis-
continuity introduced by Coulomb model of dry friction is smooth-

ened by the smoothing function arctg approximating function
sgn(¢,) of sign of the angular velocity ¢, of the column

M, =c¢ ¢ + M1%ar0tg(£1¢1)' (5)

where ¢; [N-m-s/rad] is the coefficient of viscous friction in bear-
ing, M, [N-m] — maximum torque of the static friction of the bear-
ing in the contact zone, &, [s] — a parameter determining accuracy
of smoothing of the static friction torque’s Coulomb term acting
in the bearing’s contact zone. The larger the value of &, is the
closer the arctan function approximates the frictional effects
caused by Coulomb friction.

For further use in the text, the term “contact zone” will denote
a contact zone in the frictional coupling between the pendulum’s
bodies of inertia B; and B,.

One takes into account more frictional effects existing in the
contact zone between both pendulum’s bodies. The frictional
resistance torque between bodies of inertia B; and B, depends
on the viscous friction T,,¢,, smoothened relation for Coulomb

dry friction T4 %arctg(ezq')z), the free body’s angular position

dependent friction T,, (1 — sgn|@,|) and the Stribeck effect that
is characterized by a Stribeck curve Ty, (1 — e~T0l%21)sgn(@,).
Therefore, concatenating the possible frictional effects we obtain:

. 2 ,
My =T, 0, + Ty ;arctg(szqoz) (6)
+T, (1 = sgnl@,|) + Tst(l - e_TOI(pZI)Sgn(‘/’z),

where T,, [N-m-s/rad] is the viscous friction coefficient in contact
zone, T, [N-m] — the maximum static friction torque in the contact
zone, Ty, [N'm] — the maximum static friction torque, T, [N'm] —
friction coefficient associated with the exponential curve appearing
due to the Stribeck effect, T, [s] — the parameter of exponential
curve, &, [s] — a parameter of static friction torque in the analyzed
contact zone.

Expressing the kinetic and potential energies in generalized
coordinates, a Lagrange function L is defined as the difference
of the kinetic energy T and the potential energy V:

L=T-V, 7)

which after substituting equations (2) and (3) leads to the formula
1 . 1 . .

L==B1¢? +-B, (91 + ¢.)? —sk(£(O) — )% (8)

Then, for the function L, the Lagrange equation is used

d (oL oL

" (6_q‘l) e Q, )

where Q - vector of generalized forces, q; — i-th generalized
coordinate.
The Lagrange equation for the coordinate ¢, is given by:
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d ( oL oL
E(a)—a—%:l'l. (10)

Considering only the left-hand side of equation (10) and equa-
tion (8), one obtains:

%(%) _aa_(:l = B¢y + By(¢1 + @) — k(fe(t) — @1). (1)

-y

{1 wew E1 e Trig funcion e 2/%pi:

::1

Fig. 7. Simulation diagram of a subsystem modelling the equation
of the frictional resistance torque M,

Fig. 8. Simulation diagram of a subsystem modelling the equation
of the frictional resistance torque M.

The Lagrange equation for the coordinate ¢, is given in the
form:

d (0L oL
z(@)—@=‘[2. (12)
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Combining the left-hand side of equation (12) and equation
(8), one gets:

d (oL oL

2 (55) == By + ). (13)

Substituting the generalized forces t; and t,, which are de-
fined in (4) into the equations (10) and (12), and taking into ac-
count the formulas (11) and (13), the two ordinary differential
equations of second order describing the dynamics of the double
inverted torsion pendulum with the dynamic kinematic forcing are
found:

Bipy + By (§y + @) — k(fo(t) — 1) = —M, + M;  (14)
and:

Bz(‘lh + ‘Pz) = —Mjy. (15)

Finally, the double torsion pendulum with a plane frictional
coupling is represented by a two-degrees-of-freedom dynamical
system and described by the system of two second-order ordinary
differential equations:

{Bl(bl - k(fe(t) - (pl) = _ML + ZMT! (16)
B,($y + @) = —Mjy.

Equations (16) were implemented in Scilab to build the simu-
lation diagram of the analyzed physical model visible in Fig. 6-8.

5. PARAMETER IDENTIFICATION OF THE REAL OBJECT

Prior to the process of identification, the objective function was
assumed as the arithmetic average of squares of the differences
between the measured and estimated angles in the following form

I 01—+ EE (02-2)?
2
where ¢, (t), ¢, (t) are the actual measurements of angles,
@1 (1), P, (t) - the estimates of angles, N — number of samples
in the series. The objective function (17) was implemented
in Scilab (see Listing 1 in Appendix).

To identify the unknown parameters of the pendulum the
Nelder-Mead simplex method for finding a local minimum
of a function of several variables has been used. It allows to de-
termine the local minimum without using the derivatives, so it can
be applied when the function is not differentiable at a point. In the
numerical analysis we used an identification algorithm available
in the Scilab (see Listing 1). Exemplary references extending the
problem of finding of unknown parameters with the use of the
Nelder-Mead simplex method can be found in Luersen and Le
Richie (2004).

In the identification process there are assumed some known
parameters: w, &;,&,, while the unknowns are as follows:
k,A, By, By, 1, My, Ty, Ts1, Tsz, T, To-

, (17)

5.1. An identification based on the numerical solution —
example

Before the target identification of parameters of the real tor-
sion pendulum will be made, a test of the assumed method in an
exemplary simulation has to be carried out with the use of a nu-



DOI 10.1515/ama-2015-0033

merically computed solution. The identification procedure was
initiated with all values of parameters, i.e.. w =0.5, & =
1000,e, = 1000, B, =20, B, =1,k =100,A = g,cl =
10, M; =3,T,=1,T,; =2, T, =2, Ty, = 0.5, T, = 10.
As a result, the trajectories of state variables visible in Fig. 9 and
10 were obtained.

Figs. 9a and 9b show a time histories of system variables
in a response of the pendulum to the sinusoidal function of the
kinematic forcing f;, (t). According to the specificity of the exter-
nally forced two-degrees-of-freedom dynamical system, the angu-
lar velocities and accelerations are difficult to predict within a time
period of applied forcing. This irregularity is caused by the effects
of a rolling friction present in the bottom bearing and the inertia
of the free body acting reversely on the column at the stick-slip
frictional contact interface of both bodies of the pendulum. In Fig.
9 we can see a temporal slippings as well as close to zero relative
velocities of the free body against the column. Also in this case,
the angular velocity and acceleration of both bodies are difficult
to predict. It is caused by the frictional effects occurring at the
frictional contact interface of both pendulum bodies of inertias
B;and B,.
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Fig. 9. Time histories of the angular displacements [¢;, ¢, ], velocities
[¢1,¢] and accelerations [¢, ¢, ] of the column
and the free body

The set of parameters which were described as unknowns
was slightly modified in relation to the simulation, i.e.: B; = 22,
B, =11, k=10, A=mn/4,¢, =5, M, =2, T,=0.1,
Ty, =3, T, =1, T, = 0.2, T, = 1000.
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It is seen, that after a few steps of the identification procedure
of parameters of the pendulum, the time trajectories are signifi-
cantly different (see Fig. 10a and 10b). However, after several
thousands of iterations, there was obtained better set of parame-
ters. The angular velocity and acceleration are difficult to predict
by unrecognized effects of friction occurring in contact zone of the
pendulum’s bodies.
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Fig. 10. Time histories of the actual [¢, ¢, ] and partially estimated
[¢1, -] dynamical variables of the pendulum before the final
identification parameters are found. In the presented view,
the model's parameters are not finally identified (the procedure
of identification is still in progress)

It has guaranteed almost perfectly identified model of the in-
verted double torsion pendulum with friction and a dynamic kine-
matic forcing (see Fig. 11a and 11b).

5.2. The target identification based on the data acquired
from measurement

In previous section a numerical solution of the pendulum’s
model was taken into consideration leading to the successful
identification. Correctness of our methodology has been proved.

Now, beginning with the identification of the measurement se-
ries, three parameters were assumed as known. Frequency of the
dynamic kinematic forcing w = 2w /T = 2m/0.48 = 13.09 is
assumed. A parameter of static friction torque in the slip zone of
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the bearing and the static friction torque in the analyzed frictional tions, the smallest possible value of objective function was ob-
contact of the pendulum's bodies are as follows: & = tained: y = 0.01171.
1000, &, = 1000, respectively. After a few thousand of itera-
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t
Fig. 11. Time histories of the actual [¢,, ¢,] and estimated [, $,] dynamical variables of the pendulum after final identification
of parameters. In the presented view, the model's parameters are identified (the procedure of identification is finished)
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Fig. 12. Time histories of the actual [, ¢, ]and estimated [, ¢, ] dynamical variables of the pendulum after final identification of parameters

a) A : : : : ' : b)

R O 0.0 [
0.4 . 4 ; ‘ ‘ .

0.2

®1, Y1

P2, P2

[rad]
o
o
——
[rad]
)
no
—>

Fig. 13. Time histories of the actual [¢,, ¢,] and estimated [,, §,] dynamical variables of the analyzed pendulum after final identification of parameters
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Given the time history in Fig. 12b, which shows the matching,
it can be concluded, that the presented numerical solution of the
double torsion pendulum’s model with friction does not match the
measurement series obtained from our real experiment. The time
history of actual value and the estimated value of the angle ¢,
tends to correct convergence, however, the ¢, angle’s time histo-
ry does not show any acceptable convergence.

Then, the second real identification was performed. As
previously, three parameters were assumed as known and set to
the same values. After a few thousand of iterations, the smallest
possible value of objective function was obtained: y = 0.05328.

Given the time history in Fig. 13, which shows the matching,
it can be concluded, that the presented numerical solution of the
double torsion pendulum’s model with friction does not satisfctorily
match the measurement series of data obtained from our real
experiment as in the previous case.

6. CONCLUSIONS

The introduced mathematical model of the torsion double
pendulum with a spiral spring allows to simulate complex dynam-
ics of the mechanical system. The time histories of angular dis-
placement, velocity and acceleration of the pendulum’s column
were shown in Fig. 9. According to the given time history of exter-
nal excitation of the pendulum, the kinematic forcing takes the
form of sine wave. It is one of the reasons causing main complexi-
ty of the system, so the angular velocity and acceleration are
difficult to predict. This irregularity of responses is caused by the
effects of dry and viscous friction acting on the column and the
free body placed on its head. In turn, we had shown in Fig. 10
a time history of the angular displacement, velocity and accelera-
tion of the free body, that is forced via a plane frictional contact by
the column’s head. We can see the restraint of the free body
against the column. Also in this case, if we consider a noise in the
measured series of data, then the velocity and acceleration will be
impossible to observe. After the first sample simulations, it was
decided to carry out the identification of model parameters using
a slightly modified form in relation to the simulation model. It has
led to some satisfactory fitting, even though not all the parameters
have been fully identified. This may be due to the fact that this
particular solution was possible with several different values
of unknown parameters. It is worth noting that even a small
change in the parameters dramatically changes the behavior
of our mechanical system.

The next step was to perform the identification of pendulum’s
parameters. Considering the real and the estimated angular dis-
placements of the pendulum’s bodies, as well as assuming that
the parameters obtained with known parameters B, and B,
should be equal to each other, it can be concluded, that the
matching of the double torsion pendulum’s model with a planar
frictional contact to the measurements obtained from the real
experiment is not sufficiently correct. There are several aspects
that have a direct impact on such divergence.

Firstly, it should be pointed out that the system is very sensi-
tive and has a lot of local solutions dependent on initial conditions.
Free body of the torsion pendulum can move relatively to the
column, where it can exhibit an oscillatory rotational motion to the
right and then to the left, it can move only in one direction and
suddenly stop to move with the column, it can sometimes exhibit
rapid stick-slip behavior in relation to the pendulum’s head and
others. Even with the same initial conditions, the system may
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behave differently as shown by measurements. Another problem
is devoted to the number of unknown parameters. To many un-
known parameters were reported, so that the same co-existing
solutions may be obtained at their different sets of values. It is
also essential that the parameters of the model do not need to be
constant in time, as it has been assumed at the beginning, and
may vary in time.

The spiral spring is worth a comment. Its stiffness during wind-
ing and unwinding is slightly different, although it is assumed
constant. Another imperfections can be introduced by small vibra-
tions visible on the graphs of the angular displacement of the free
body. Such discrepancy may be caused by insufficiently precise
manufacturing of the mechanical parts of the laboratory stand, the
type of bearing and insufficient parallelism between the base and
the column, which causes vibration of the column in a vertical
plane. Another problem could be deduced from the mathematical
model, in which, there could not be taken into account the un-
known dynamical effects that occur in the adequate real object,
or even the idealized mathematical model could include too many
frictional effects that complicate the identification. A small change
of the parameters may result in a large change in the waveforms
of the double torsion pendulum's states. In most considered cas-
es, the estimated displacement of the column adjusts to a meas-
ured position as the parameters in the equation of the position
of the columns are easier to estimate, and the second equation
depends only on both the movement of the column and the friction
between the column and the free body.

Another aspect may be connected with the Nelder-Mead
method. Despite the fact that it is a simple and easy implementing
method allowing the determination of extremes of nonlinear func-
tion of several variables without the use of derivatives, the objec-
tive function can reach local minima during the identification algo-
rithm, so it is not always possible to find the correct set of identi-
fied parameters.

The last aspect that one needs to consider is the fact that the
arm of the mechanism realizing the dynamic kinematic forcing
is greater than the spring hook arm, which can cause unnatural
deformation of the spring and the fact, that angle-voltage charac-
teristics of two sensors are not ideal to measure the rotational
movement of the column and the free body in a range greater
than +45° This prevents a full examination of the model,
as in other cases. In the measurements, it was necessary to adopt
high frequency of excitation, which leads to the observed rapid
dynamic changes of state variables.

Despite the not fully correct identification of parameters of the
double torsion pendulum with friction, we have achieved a good
basis for further work on the subject. It is possible to consider
several possible paths, such as simplifications based on reduction
of system variables, or the extension of the model to take into
account more effects, including a time-dependent uncertainty of
model parameters, which were originally assumed as constants.
One should also tend to improve accuracy of the angle sensors to
be able to measure the states more correctly. Performance of
certain mechanical parts should be raised by eliminating
unwanted vibrations of the column or by replacing the bearing with
another one of a higher enough tolerances, as well as by using
a spiral spring with a greater stiffness. The identification method
could be supplemented with partial analytical solutions to identify
some unknown parameters.
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APPENDIX

Listing 1. A procedure in Scilab of using the Nelder-Mead identification
method

ExpData = fscanfMat("data_in_rad.txt");
fip1.time = ExpData(:,1);

fip1.values = ExpData(;,2);

fip2.values = ExpData(:,3);

function y=Fobj(x);
importXcosDiagram("xcos_model_pendulum.zcos")
Context.w=13.09;Context.E1=1000;Context.E2=1000;
Context.B1=x(1);Context.B2=x(2); Context.k=x(3);
Context.A=x(4);Context.c1=x(5);Context.M=x(6);
Context.Tv=x(7);Context. Ts1=x(8);Context. Ts2=x(9);
Context.Tst=x(10);Context. T0=x(11);

Context.tmax=10;Context.tini=0;Context.S=2;
scicos_simulate(scs_m,Context);

y= (mean((fip1.values-fi1.values)*2) + mean((fip2.values-
fi2.values)*2))/2;

clf(1); fiqure(1)

p