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The purpose of this work is to obtain a better understanding of behaviour of
possible ultrasound appliance on fluid media mixing. The research is done in the
regard to Newtonian and non-Newtonian fluids. The process of ultrasound
appliance on liquids is modelled in COMSOL Multiphysics software. The
influence of ultrasound using is introduced as waveform equation. Turbulence
modelling is fulfilled by the k- model in Newtonian fluid. The modeling of
ultrasound assisted mixing in non-Newtonian fluids is based on the power law.
To verify modelling results two practical methods are used: Particle Image
Velocimetry and measurements of mixing time. Particle Image Velocimetry
allows capturing of velocity flow field continuously and presents detailed
depiction of liquid dynamics. The second way of verification is the comparison
of mixing time of homogeneity. Experimentally achievement of mixing time is
done by conductivity measurements. In modelling part mixing time is achieved
by special module of COMSOL Multiphysics — the transport of diluted species.
Both practical and modelling parts show similar radial mechanism of fluid flow
under ultrasound appliance — from the horn tip fluid moves to the bottom and
along the walls goes back. Velocity profiles are similar in modelling and
experimental part in the case of Newtonian fluid. In the case of non-Newtonian
fluid velocity profiles do not agree. The development track of ultrasound-assisted
mixing modelling is presented in the thesis.
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transversal area, [m]
characteristic width, [m]

speed of sound, [m/s]

complex speed, [m/s]
concentration of species, [mol/m?]
specific heat capacity at constant pressure, [J/kg*K]
dimensionless constant, [-]
dimensionless constant, [-]
dimensionless constant, [-]
characteristic diameter, [m]
diffusion coefficient, [m?/s]
diffusion transport, [mol/m?*s]
roughness parameter, [-]

body force, [N/mq]

frequency of the acoustic field, [Hz]
gravitation acceleration, [m/s?]
minimum mesh size, [m]

intensity of ultrasound, [W/m?]
kinematic momentum, [kg/m*s]
material parameters, [-]

gas polytropic index, [-]

turbulent kinetic energy, [m?/s?]
von Carman constant, [-]

kinetic energy at a point P, [m?/s?]
thermal conductivity,[W/m*K]
complex wave number, [-]

characteristic length of deformation, [m]



consistency, [-]

mass of water, [kg]

empirical value for determination of mesh size, [-]
flux expression, [mol/m?s]

power-law index, [-]

acoustic pressure, [Pa]

acoustic beam of power, [W]

turbulence energy production term, [m?/s?]
atmospheric pressure, [Pa]

pressure threshold for acoustic cavitation, [Pa]
power output from US source, [W]

liquid-vapor pressure, [Pa]

ambient pressure, [Pa]

pressure, [Pa]

initial pressure amplitude, [Pa]

heat source term, [J/m?*s]

rate of energy dissipation, [m?/s®]

heat flux vector, [J/m?*s]

reaction rate expression for the species, [mol/m?3s]
Reynolds stress transport, [-]

radius of the free bubble acting as a nucleus, [m]
bubble radius at equilibrium conditions, [m]
initial bubble radius, [m]

speed of bubble wall, [m/s]

acceleration of bubble wall, [m/s?]

radial distance, [m]

diameter of the horn tip, [m]

strain-rate tensor, [-]

absolute temperature, [K]

Cauchy’s tensor, [-]

liquid bulk temperature, [K]



t time, [s]

tadd time of salt addition, [s]

tadd final time, [s]

thom time of homogeneity achievement, [s]

Uy mean velocity of the fluid at the point P, [m/s]
Vv fluid velocity vector, [m/s]

v fluid velocity, [m/s]

Ven characteristic velocity of deformation, [m/s]
X distance along the sound beam where jet releases, [m]
X distance from the orifice, [m]

y* coordinate, [-]

Vp distance from the point P to the wall, [m]

W wave number, [-]

Greek letter

a van der Waals hard nuclei radius of gas inside bubble, [-]
a dimensionless constant, [-]

B dimensionless constant, [-]

Ba absorption coefficient, [-]

B dimensionless constant, [-]

y shear rate,

é unit tensor, [-]

8i; Kronecker delta, [-]

£,€1j dissipation rate, [m?/s°®]

r diffusion coefficient, [-]

n dynamic viscosity, [Pa*s]

Nap apparent viscosity, [Pa*s]

Ne characteristic viscosity, [Pa*s]

Mo zero shear rate viscosity, [Pa*s]
Neo infinite shear rate viscosity, [Pa*s]

0 liquid surface tension, [N/m?]



Ac time constant, [-]

U molecucar viscosity, [Pa*s]

Uefr effective viscosity, [Pa*s]

Ut eddy viscosity, [Pa*s]

& ratio of specific capacity of the gas inside the bubble, [-]
I transport due to the turbulent-strain interactions, [-]
p fluid density [kg/m®]

Pe complex density, [-]

O, Oyx shear stress, [Pa]

O¢ dimensionless constant, [-]

o dimensionless constant, [-]

" dimensionless constant, [-]

o** dimensionless constant, [-]

T, Tj; viscous stress tensor, [-]

(03 dissipation term, [-]

¢ fluid property, [-]

Qy; transport due to the rotation, [-]

Operators

4 divergence

I identity matrix [3x3]

ab = Zn Zm Apmbnm



List of abbreviations

AOP — advanced oxidation process
CFD — computational fluid dynamic
CMC - carboxymethyl cellulose
CV — control volumes

DNS — direct numerical simulation
FDM - finite difference method
FEM — finite element method

FVM - finite volume method

LES — large eddy simulation

N-S — Navier-Stokes equations

PDE - partial differential equation
PIV — particle image velocimetry
RANS — Reynolds averaged Navier — Stokes model
US — ultrasound



1. Introduction

Since ultrasound phenomenon was discovered, it has attracted a lot of attention
due to its remarkable features. Ultrasound is applied in a number of areas:
medicine, environmental technologies, material science, chemical and physical
processes etc. (Mason, 2012). Outstanding features of ultrasound use are
generated from appearance of cavitation phenomenon. Critical conditions created
by the collapse of cavities affect properties of the molecules and therefore affect
all system.

The most important results are obtained by ultrasound using in chemical
processes. The whole branch of chemistry was introduced — sonochemistry.
Ultrasonical results are observed in crystallization, oxidation, precipitation,
chemical transformations, catalysis and other operations (Mason, 2003). Without
any doubts ultrasound using affects mixing performance. A lot of studies were
done to investigate how ultrasound acts in different reactors, various systems
(homogeneous, heterogeneous) in sundry conditions, in different materials and
etc. (Vajnhandl, 2005), (Pilli, 2011), (Gogate, 2011), (Kim, 2014).

Discovery of non-Newtonian fluids was in late nineteenth and early twentieth
centuries. The most significant development of such phenomena related to fluids
began during World War Il (Denn, 2004). Next progress of non-Newtonian
fluids was motivated by industrial applications and it continues now. In this
thesis effect of ultrasound (US) using is studied in Newtonian and non-
Newtonian fluids.

For introduction of new technology and scale up laboratory equipment into
industry, modelling part is compulsory because of need to avoid undesirable
consequences, optimize production and obtain positive economic results.
Nowadays special modelling tools are used to improve technological processes
and devices. COMSOL Multiphysics is used in this work to simulate process of
ultrasound appliance into liquids. To verify modelling results PIV measurements
and homogeneity experiments were performed.

This work contains several purposes. First of all, the main interest is in

observation of how ultrasound waves affect fluid motion, especially non-
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Newtonian fluids. Secondly, the development of correct model in COMSOL
Multiphysics is important. Thirdly, verification of the proposed model by
practical work should be achieved. The developed model can be used as a

starting point for the evaluation of US mixing application.



11

2. Sonochemistry
Sonochemistry is the application of ultrasound (US) in chemical processes. The
sonochemistry is aimed for comprehensive understanding of the influence of
ultrasonic waves in chemical systems.
Ultrasound is an acoustic wave; it is a propagation of pressure oscillation in
medium with the sound velocity. Ultrasound is inaudible part of sound, and it has
all features of them. The range of US is about 20 kHz — 10 MHz. Basically, US
waves can be roughly subdivided into three main regions:
¢ low frequency, high power ultrasound (20 — 100 kHz) — it is called power
ultrasound,;
e high frequency, medium power ultrasound (100 kHz — 1 MHz) — it is
called high frequency ultrasound,;
e high frequency, low power ultrasound (1 — 10 MHz) — it is called
diagnostic ultrasound (Mason, 2012).
The use of ultrasound waves is widely distributed in nature, science and industry.
US appliance is aimed for diagnostic purposes, under water echo navigation,
food industry (Chemat, 2011), (Awad, 2012), production of nanomaterials (Cui,
2014), (Hazra, 2014), waste water treatment (Tiehm, 2001), detection of cracks
in solids, animal communication, etc. (Pilli, 2011).
Nowadays, there are three main application areas of US use:
e Power ultrasound in engineering and processing: cleaning, welding and
material processing involving basically in industry.
e Diagnostic ultrasound in medicine and non-destructive testing (Mason,
2003).
e Sonochemistry which origin is cavitation phenomenon. This branch
includes number of chemical and physical processes: sonocrystallization,

sonocatalysis, degassing, mixing, etc.

2.1. Cavitation
When US is applied to liquid media there is a phenomenon of cavitation. The
passage of ultrasound waves through liquid media represents cyclic succession

of rarefaction and compression phases (Tang, 2003). Compression cycles exhibit
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positive pressure and push liquid molecules together, while at the rarefaction
phase the instantaneous pressure becomes negative and it pulls molecules each
ones from another (Vajnhandl, 2005). Because of negative pressure and
dissolved air presented in liquid, bubbles are generated. The process by which
cavities form, grow and undergo collapse is called cavitation (Luque Garcia,
2002).

Cavitation is a nucleation process; that is, it occurs at pre-existing weak points in
the liquid, such as gas-filled crevices or transient microbubbles from prior
cavitation events (Suslick, 1994).This cavity is called cavitation bubble, this
process is called cavitation, and the point where it starts is called cavitation
threshold.

Two forms of cavitation are known: stable and transient. Stable cavitation means
that bubbles oscillate around their equilibrium positions over several rarefaction
- compression cycles. In transient cavitation bubbles grow over one (sometimes
two or three) acoustic cycles to double their initial size and finally collapse
violently (Mason, 2012). It was noticed, that stable cavitation is frequently seen
at low acoustic amplitudes and high ultrasound frequency, for transient
cavitation respectively inversely (Pankaj, 2011). Nevertheless, the classification
of cavitation is indefinite because stable cavitation can turn into transient or
transient cavitation can produce small bubbles that lead to stable cavitation
(Vajnhandl, 2005).

Cavitation bubble collapse is induced throughout the liquid by the power of
sound. It has been experimentally shown that the cavitational collapse creates
drastic conditions inside the medium in an extremely short time: temperatures of
2000-5000 K and pressures up to 1800 atm inside the collapsing cavity (Suslick,
1986).

It should be noticed that energy transformation is presented in cavitational
process. Firstly ultrasound affects liquid by perturbations and causes mechanical
movement thereby it compels molecules to oscillate. Then there is the turn of
cavities formation. During each cycle bubbles absorb energy from sound waves
(so cavities serve to concentrate the diffused sound energy) and grow until they

achieve some point at which cavities have unstable size and they burst.
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Experiments have shown that despite the high temperature and high pressure
release around bubbles, temperature and pressure in bulk solution remains
constant. It is explained by very small time of implosions and rapid heat quench
by surrounding media, therefore the process of cavities collapse is considered as
adiabatic process (Hoffmann, 1998), (Gong, 1998), (Putterman, 2001).

2.1.1. Cavitation effects
There are several theories which describe cavitation phenomenon and its effects:
the hot-spot theory, the electrical theory (Margulis, 1992), the plasma theory
(Lepoint, 1994) and the supercritical theory (Hoffmann, 1996). Hot spot theory
(Suslick, 1986) is most widely accepted. This theory proposes the generation of
“hot spots” as a result of the cavities collapse with a temperature of around 5000
K and pressure of more than 1000 atm. Thus, bubble collapse generates a short-
lived, localized hot spot in cold liquid (Suslick, 1994).
Cavitation phenomenon is the reason of various chemical and physical effects.
There are different chemical results generated by cavitation in the chemical
processing: increase of reaction speed, increase of reaction output, more efficient
energy use, reduction in the induction period, possibility to make desirable
switching of reaction pathway, improvement of phase transfer catalysts, and
increase in the reactivity of reagents or catalysts, etc. (Hielscher, 2005).
Sonolysis,  sonocatalysis  (Suslick,  1986),  sonoprecipitation  and
sonocrystallization (Mullin, 2001), (Priegi-Capote, 2007), sonoelectrochemistry
(Akkermans, 1998), (Ohsaka, 2008), and plenty of other sonochemical processes
have got the distribution.
Besides chemical effects US influence produces a number of physical effects
which are called sonophysical. After US introduction into the liquid, molecules
of media adsorb the acoustic energy from sound waves, so microstreaming,
microjets and shock waves are produced. These phenomena cause the turbulence
into the fluid flow and velocity gradient in bubbles vicinity (Chen, 2012), (Wu,
2013).
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Sonophysical effects created by cavitation are used in different processes:
emulsification (Cucheval, 2008), particle fusion and agglomeration (Ingole,

2012), surface cleaning (Ingole, 2012), degassing (Fuchs, 2012).

2.2. Acoustic streaming

While US is applied into the liquid media, the fluid would flow in the same
direction as propagation of US waves. This fact is explained by the radiation of
pressure gradient due to the sound attenuation. Moreover cavities implosions
generate turbulent eddies and circulation currents. The liquid motion under US
influence is called acoustic streaming. This phenomenon is distinguished by its
transport properties: appearance of liquid motion without any mechanical
impact. Utilization of acoustic streaming in an appropriate way may cause high
efficient mixing. The development and employment of this mixing type would
reduce dangers concerning to the process of risky materials and conditions (Suri,
2002).
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3. Non-Newtonian liquids
The quantitative approach of the flow properties of liquids was discovered in
“Theorem XXXIX” which is the classical monograph of Newton, where he
introduced such terms as “internal frictions” and “viscosity”. Newton proposed
that resistance creating due to the internal friction is proportional to the relative
velocity of liquid particles. However, he observed only circular movement. Later
Navier and Stokes modified Newton’s hypothesis.
Liquids with flow properties according to the Newton hypothesis are called
Newtonian liquids. Properties of such liquids are described as follows:

Oyx = 1" Vyx (3.1)
where yx subscript means direction of yx-plane.
This relationship means that at constant pressure and temperature shear stress
gy, IS proportional to the rate of shear y,,, and the constant of proportionality is
dynamic viscosity n. Most substances with low molecular weight such as organic
and inorganic liquids, solutions of low molecular weight inorganic salts, molten
metals and gases exhibit Newtonian flow characteristics (Chhabra, 2010).
With advances in technology there was increased use of substances which
behaviour does not correspond to the Newton’s hypothesis: foams, emulsions,
suspensions, slurries, polymer melts and so on, such liquids are called non-

Newtonian. Fluids are characterized by the viscosity which is defined as:

n =2 (3.2)

Yyx
In this case shear stress is not constant and not linearly proportional to the shear
rate. Thus, a characteristic deformation rate is determined by the following

equation:

Vyx =~ (3.3.)
Where v, is characteristic velocity of deformation, L is characteristic length of
deformation.

Fluids are classified on the basis of fluid behaviour — Newtonian and non-
Newtonian depending on whether they can be described by Newton’s law or not.

Non-Newtonian fluids are categorized as time-dependent and time-independent.
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Fluids which rheological behaviour depends only on shear stress are called time-
independent. The rheological behaviour of time-dependent fluids depends not
only on the shear stress, but also on kinematic history. There is also presence of
liquids which show both viscous and elastic behaviour, and such liquids are
considered visco-elastic liquids. Basically classification of fluids can be done as
follows (Ibarz, 2009):
e Newtonian flow
e Non-Newtonian flow
v' Time-dependent
» Plastic fluids
» Pseudoplastic fluids (shear-thinning)
» Dilatant fluids (shear-thickening)
v" Time-independent
» Thixotropic fluids
» Antithixotropic fluids

e Visco-elastic fluids

3.1. Pseudoplasticity
Time-independent fluids are characterized by the fact that the current value of
shear rate at the point is defined by the current value of the shear stress, this
behaviour is described by next equation:
Ve = £(0) (3.4
The group of time-independent fluid flow contains three types of behaviour
(Figure 3.1.):
e Shear-thinning or pseudoplastic behaviour;
e Visco-plastic with or without shear-thinning behaviour;
e Shear-thickening or dilatant behaviour.
Generally for the determination of viscosity parameters, the relationship between
shear stress o,,, and shear rate yy, is located on logarithmic coordinates:
Oy =m- (Y)" (3.5)

Where m is consistency and n is power-law index.
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Viscoplastic

- -
Bingham
Plastic

—

Shear Stress

Pseudoplastic
Newtonian Fluid_]
Dilatant Fluid

1 1 | 1

Shear Rate

Figure 3.1. Flow curves for various types of non-Newtonian fluids (Chhabra, 2010).
This equation is called power law or Ostwald-de Waele relationship, and the use
of it is sufficient to describe a number of non-Newtonian flows.

In terms of viscosity:

n=m-@)"* (3.6)
Obviously, 0<n<1 will lead:

dn

=, <0 (3.7)

The case n<1 is referred to shear-thinning fluids, while n>1 is known in regard to
shear-thickening fluids. The case n=1 means description of Newtonian flow.

The most prevalent type of time-independent fluid behaviour is pseudo-plasticity
or shear-thinning behaviour. It is characterized by the apparent viscosity which
decreases with increasing of shear rate. This process is explained by the fact that
bonds between molecules in suspension are broken under applied forces. These
molecules are “packaged” densely thereby increasing shear rates, and therefore
viscosity decreases (Huhtanen, 2005).

The most known examples of pseudoplastic fluids are ketchup, blood, paints,
nail polish, whipped cream and other polymer solutions and molten polymers. In

this work CMC solution is used as an example of pseudoplastic liquids.

3.1.1. CMC
Carboxymethyl cellulose (CMC) is one of the most important cellulose

derivatives. This substance is used to suspend, stabilize, thicken, gel and modify
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flow characteristics of aqueous solutions and suspensions. Preparation and use of
its solutions include a wide range of shearing conditions. The most obvious
change in aqueous solution at the addition of CMC is the increase of viscosity.
Addition of small amounts of CMC increases the viscosity significantly. In the
experiment 0,5 weight-% CMC solution (CEKOL5000 from CP Kelco) was used
(data given in Appendix I). The dependence of viscosity from shear rate is
described at Fig. 3.2.

15 ]
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Figure 3.2. The graph of CMC features: dependence of viscosity on shear rate. The graph is built
on the basis of experimental data (CEKOL50000 from CP Kelco).
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4. Modelling

Computer simulation has become an essential part of science and engineering.
Process simulation is used in development, analysis and optimization of
technical processes, and is widely applied in chemical industry. Traditionally, the
modelling is made via mathematical computations, which allow finding
analytical solutions enabling to forecast the behavior of a system through set of
parameters and initial conditions. CFD has received widespread attention after
advent of digital computers. Since 1960s there has been extensive growth in the
development and application of CFD (Parviz, 1996). Now CFD codes are
considered to be standard numerical tools that help to predict the heat and mass
transfer, phase change, chemical reaction, mechanical movement, and
deformations (Xia, 2002). Nowadays CFD is used to solve tasks in different

engineering problems described in Table 4.1.

Table 4.1. Variety of engineering areas where US is applied (Xia, 2002).

Industry Aerospace, architecture, automotive, biomedical, chemical,
combustion, electronics and computers, glass manufacturing,
HVAC (heat, ventilation and cooling), petroleum, power,
marine, mechanical metallurgical, nuclear, train design turbo

machinery, water;

Environmental | Atmospheric pollution, climate calculations, fire in buildings,

oceanic flows, pollution of natural waters, safety;

Physiological | Cardiovascular flows (heart, major vessels), flow in lungs and

breathing passages.

4.1. CFD
Computational Fluid Dynamics is modelling of fluid flow by usage of numerical
methods and algorithms. Results obtained from CFD modelling are reliable and
crucial for scaling up. Main properties and advantages of CFD modelling are
following (Wanot, 1996):
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1. CFD simulation provides comprehensive understanding of flow distribution,
weight losses, heat and mass transfer, etc. Therefore, engineers have more
detailed insight of what is going in separate processes.

2. Modelling ensures the possibility to assess geometry variations at much less
costs and time compared to experimentation.

3. CFD codes can answer many “what if”” questions quickly.

4. CFD tools allow fulfilling rigorous scale-up because modelling is based on
fundamental physics.

5. It provides possibility to make experiments and forecast consequences of
processes which are hazardous, expensive, unpredictable or new in real life.

6. Since it is a pro-active analytical tool, it can predict issue, not just evaluate
already happened after-effects.

4.1.1. CFD analysis performance
Performance of CFD modelling comprises several steps. Firstly, an engineer has
to define the problem to decide which mathematically described phenomena are
suitable for solution. Then CFD software embodies this knowledge into the
stated problem in scientific terms. Finally, the computer presents the calculations
dictated by CFD tool, and thus an engineer checks and interprets results (Shaw,
1992).

Pre-processing

It is preliminary step which includes problem statement, meshing and
computational model generation. Before the software is utilized, the user defines
problem and understands the nature of questions. At this stage user explores as
much as possible about task.

Next stage of the pre-processing step is building geometry of the studied process
and meshing of this area. At this step user creates the geometry of the problem
area that needs to be analyzed. Usually standard CAD package makes this
procedure. In some CFD tools it is possible to create new shape by user
parameters or to import generated data into CFD package. Then the domain of
interest is divided into number of cells.
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After meshing procedure has been completed it is the turn of setting of the
following parameters: fluid properties, various characteristic physical
parameters, boundary conditions and initial data. Progressive CFD codes have
special packages to implement next operations: defining a grid points,
determining of the boundaries of geometry, appliance of the boundary
conditions, specifying initial conditions, set up fluid properties and settling of

control parameters.

Processing

It is central step of CFD modelling and the most time consuming stage
throughout entire simulation. This stage involves using of computer for
mathematical solution of equations which describe fluid flow. When initial data
are specified, the software solves equations for each cell individually. This
operation is known as discretization, it is iterative process. Usually at calculation
step computer solves thousands of equations, it repeats until a preset
convergence criterion is reached. During pre-processing step initial and
boundary conditions are fixed. Computation continues until difference between
established value and calculated value leads to be zero. Usually some value is
given to mean that convergence is achieved, for example in COMSOL
Multiphysics convergence criterion equals 0,01. Achievement of convergence

shows correctness of settled conditions.

Post-processing

It is the last stage and it includes evaluation of data obtained in CFD simulation.
After mathematical calculations the results can be organized numerically and
graphically. Advanced commercial codes allow visualization of analyzed model
in two or three dimensions. The obtained results make possible analysis,

modification and optimization of the developed simulation.

4.2. CFD software packages
In the last decade continuous progress of CFD codes was observed. Now these

tools can solve issues with high complexity and from different research areas.
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Some of CFD tools are intended for general purposes, some of them can fulfil

specific tasks. The plenty of CFD packages is described at the Table 4.2.

Table 4.2. Variety of CFD software.

COMSOL Multiphysics

Comsol Inc

http://www.comsol.com/

ANSYS FLUENT

Ansys Inc

http://www.ansys.com/

PHOENICS Concentration Heat | http://www.cham.co.uk/
and Momentum
Limited
Star-CD CD-adapco http://www.cd-adapco.com
Flow3D Flow Science, Inc. | http://www.flow3d.com/
CFD-ACE ESI Group http://www.esi-group.com/
AMI-VSAERO Analytical Methods | http://www.ami.aero/

Inc

STORESIM/TETMESH

Altair Engineering

http://www.tx.altair.com/

IGG

NUMECA

International

http://www.numeca.com

TECPLOT Tecplot Inc http://www.tecplot.com/
PAM-FLOW Pacific Engineering | http://www.esi.com.au/
Systems
International
FLOVENT Mentor Graphics http://www.flomerics.com/
AVS/EXPRESS Advanced  Visual | http://www.avs.com/
Systems Inc
CFD++ Metacomp http://www.metacomptech.com/

Technologies Inc

4.2.1. COMSOL Multiphysics

It is a modelling package for simulation of different types of physical processes,

especially coupled phenomena, viz. multiphysics (COMSOL). COMSOL is a

flexible platform that admits modelling of all relevant physical aspects of design.

COMSOL Multiphysics is a powerful interactive environment for modelling and

solving all kinds of scientific and engineering problems based on partial
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differential equations (PDEs). The package offers an extensive interface to
MATLAB and its toolboxes for a large variety of programming, preprocessing
and postprocessing possibilities. Also this software provides sophisticated and
convenient tools for geometry creation and meshing. It consists of a variety
number of modules for different engineering applications, and it is one of most

popular tools for CFD modelling.

4.3. Governing equations
The cornerstone of CFD is the set of governing equations which describe the
fluid flow: conservation equations (4.1-4.7), Navier-Stokes equations (4.8-4.11),

and transport equations (4.12-4.15).

4.3.1. Conservation equations
The governing equations of fluid flow perform mathematical statements of the
conservation laws of physics:
» The mass of fluid flow is conserved,
* The rate of change of momentum equals the sum of the forces on a fluid
particle (Newton’s second law);
= The rate of change of energy is equal to the sum of the rate of heat
addition and the rate of work done on a fluid particle (Versteeg, 2007).
1. Mass balance for the fluid element:
Rate of increase of _  Net rate of flow of
mass in fluid element mass into fluid element

Conservation of mass - continuity equation:
2 +V(pu) =0 (4.1)
where p is fluid density, u is fluid velocity vector, t is time. This equation is the

unsteady, three-dimensional mass conservation at a point in a compressible fluid.

“V” - is Nabla operation which means:
ou , dv , Ow
V= (a + % + E) (4.2)
2. Newton’s second law states that the rate of change of momentum of a fluid
particle equals the sum of the forces on the particle:

Rate of increase of momentum _  Sum of forces on
of fluid particle fluid particle
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Forces of fluid particles are:

e Surface forces: pressure, viscous, gravity;

e Body forces (which act on a volume): centrifugal, Coriolis, electromagnetic.

It is common practice to introduce the contributions due to the surface forces as

separate terms in the momentum equation and to include the effects of body

forces as source terms.

Momentum conservation equation in general form:

p%+p(u-V)u=V-[—p1+T]+F 4.3)

where T is viscous stress tensor, p is pressure, F is body force, The operation “I:

means identity matrix [3x3]. The state of stress of a fluid element is defined in

terms of pressure and viscous stress.

3. The energy equation is obtained from first law of thermodynamics, that the
rate of change of energy of a fluid particle is equal to the rate of heat addition

to the fluid particle plus the rate of work done on the particle:

Rate of increase of Net rate of heat Net rate of work
energy of fluld = added to fluild + done on  fluid
particle particle particle

Energy conservation in general form:

|
pCy (5 + (- NIT) = —(V - q) +r:S—£g—’T’p(aa—‘t’+ (-V)p) + Q)

(4.4)
where C, is specific heat capacity at constant pressure, T is absolute temperature,
q is heat flux vector, S is strain-rate tensor, Q is heat source term.

S == (Vu+ (Va)T) (4.5)

€,

The operation “:” means:

a:b =Y, Ym Ambnm (4.6)
Where a and b are parameters in matrix, m and n are number of variables of
parameters.
To close system of conservation equations constitutive relation is needed. A

common relation is obtained from Boussinesq hypothesis (Boussinesq, 1877). In
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1877 he proposed that Reynolds stresses are proportional to mean rates of

deformation:
—_— 2
T=—puu = 2uS — g,u(V ~u)l 4.7

Where u; and u; are velocity components.

4.3.2. Navier-Stokes equations
The most useful form of the conservation equations for fluid flows is obtained by
introducing a suitable model for the viscous stresses. In a Newtonian fluid the
viscous stresses are proportional to the rates of deformation. The most useful

form of Navier-Stokes equations is:
6(pu)

+ V(puu) = — =2+ V(ngradu) + Sy, (4.8)
a(”V) +V(puv) = ==+ V(ngradv) + Sy, 49
a(pW) + V(puw) = —— + V(ngradw) + Sy, (4.10)

where u is dynamlc viscosity in terms of stresses to linear deformations.

The overall effect of body forces is included in S, which is source of x-
momentum per unit volume per unit time. The x-component of the momentum
equation is found by setting the rate of change of x-momentum of the fluid
particle equal to the total force in the x-direction on the element due to the
surface stresses plus the rate of increase of x-momentum.

By application of Newtonian model for viscous stresses in the internal energy:
poe=—p(WV) + V(k. - gradT) + ® +5 (4.11)
where p =p(P,T), and i =i(p,T), ® is dissipation term, k, is thermal

conductivity.

4.3.3. Transport equations
Significant commonalities can be noted in above mentioned conservative
equations. By introducing general variable ¢ the conservative form of all fluid

flow equations for scalar quantities can be described as follows:

% + V(ppu) = V(I'gradd) + Sy (4.12)
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where T is diffusion coefficient, ¢ is fluid property such as momentum, heat,
species, etc.
In words:
Rate of increase  Net rate of flow of ¢ Rate of increase ~ Rate of increase
of ¢ of fluid + out of fluid element= of ¢ due to * of ¢ due to
element (convection) diffusion sources
This equation is called transport equation for property ¢, it emphasizes different
transport processes:
= At the left side: the rate of change term and the convective term;
= At the right side: the diffusive term and the source term.
It is a framework within which numerical methods solve flow, heat and mass
transfer. This equation is a second-order partial differential equation managing
the spatial and temporal variation of ¢.
PDEs are used for description of number of phenomena such as fluid flow,
sound, heat, electrostatics, etc. The behavior of PDE might be elliptic, parabolic
or hyperbolic which is described by corresponding equations set. Equations
belonging to each of these groups behave in different ways physically and
numerically.
e Elliptic
Laplace equation describes elliptic type:
Vu=0 (4.13)
The incompressible irrotational flow of a fluid is described by this equation.
e Parabolic
The unsteady move of a fluid due to an impulsive acceleration of an infinite flat

plate is represented by parabolic equation:

u_ o2
Pl vVu (4.14)

Where v is kinematic viscosity. In this type of equations events are propagated
into the future and a monotone convergence into steady state is expected.

e Hyperbolic
Qualitative properties of hyperbolic equations are explained by a wave equation:

Pu_ 22 (4.15)

at2 0x?2
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Values of the solution depend locally on the initial conditions. Continuous
boundary and initial value give rise to discontinuity. Solution is no more

continuous and thus shocks can be captured by this equation.

4.4. Governing parameters
Geometry and meshing parts play important role in CFD. Formation of boundary
conditions and introduction of initial data are inevitable parts of modelling. Main

governing parameters are described below.

4.4.1. Fluid properties
There are two ways for fluid flow description: Lagrangian and Eulerian
approaches. In different approaches various concepts are used: fluid element is a
volume stationary in space, and fluid particle is a volume of fluid moving with
the flow.
1. Eulerian description: the user consider how flow properties change at a
fluid element that is fixed in space and time (X, v, z, t):
V(X 9,2,t),p(X,y,Z,t),p(X,y,Z,t), .
Continuity equation for fluid element (eq. 4.1):
2 +V(pu) =0 (4.1)
2. Lagrangian description: a fluid flow can be considered as a number of
fluid particles with finite size which have mass, momentum, internal energy, and
other properties. Numerical simulation will be done in regard to each fluid
particle:, (t), o, (t), Py (£), ..
During fluid flow movement a moving fluid particle suffers some changes:
o Change due to changes in the fluid as a function of time;
o Change due to the fact that it moves to a different location in the fluid
with different conditions.
The result of these two actions for a property per unit mass ¢ is called the

substantive derivative D¢ /Dt:

Dy _ 09  dpax  opdy  0pdz
pt 8t + dx dt + dy dt + 8z dt (4.16)

Applying dx/dt = u, dy/dt = v, dz/dt = w:
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be _ % + ugradgo (4.17)

Dt

3. The relationship between the equations or fluid particle (Lagrangian

approach) and fluid element (Eulerian approach):

P 2 9
I I T

a(pd) _ Do

—5 T V(pow) = p— (4.19)
Rate of increase of ¢ Net rate flow of ¢ _  Rate increase of ¢
of fluid element out of fluid element for a fluid particle

4.4.2. Discretization

In order to apply governing equations to fluid motion, the numerical equivalent

must be created. Discretization is transfer of partial differential equations (PDE)

into appropriate set of discrete algebraic equations. The solution of the system

creates a set of values which matching to the solution of the original equations at

predetermined points in space and time.

During discretization there is a process of division of media domain into finite

number of grid points which are called control volumes (CV); it is done for

application of equations in the regard to each cell.

The various techniques exist for numerical discretization:

The finite volume method (FVM) is common in commercial CFD
codes — around 80 %;

The finite element method (FEM) is used in 15 % of CFD codes;
The finite difference method (FDM);

Spectral methods;

Boundary element;

Vorticity based methods;

Lattice gas/ lattice Boltzmann;

Etc

The finite element method is used for discretization in COMSOL Multiphysics.
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FEM

The finite element method was introduced by Courant in 1943 for solving a
torsion problem. Method was developed greatly in 60s for analyzing structural
mechanics issues. FEM for fluid flow was advanced in 70s.

In this method the fluid domain is divided into finite number of sub-domains,
known as elements. A function is assumed for the variation of each variable
inside each element. The summation of variation of the variable in each element
is used to describe the whole fluid flow.

FEM method has several essential features. The first remarkable characteristic is
that grid does not need to be structured, so cells can have different complex
shapes. The second important characteristic of the FEM is that that solution of
the discrete problem is assumed to have a prescribed form. The solution has to
belong to the space of function, which is built by varying function values in an
appropriate way between values in nodal points. The nodal points are typical
points of the elements such as mid-side elements or vertices, etc. Due to this
approach, the representation of the solution is strongly connected to the
geometric performance of the domain. The third significant feature is that FEM
searches solution of integral form of PDE. This method allows obtaining of the
ability to include differential types of boundary conditions and enables the
construction of higher order accurate methods. A final remarkable feature of the
FEM is the way of how the discretization is obtained: the discrete equations are
constructed from contributions on the element level which are then assembled.
Therefore, the finite element method has two advantages: 1 — it easily handles
unstructured cells, and 2 — acquiring higher order accuracy and the easy
implementation of boundary conditions form (Anderson, 2009). FEM method is

used in this work.

4.4.3. Meshing and geometry
Discretization of the solution domain creates a computational mesh on which the
governing equations are solved. Mesh generation is the discretization of the
computational domain.

e The mesh in FDM comprises a set of points — nodes;
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e The mesh in FVM includes a set of volumes — cells;
e The mesh in FEM involves sub-volumes which are called elements where

the variables are defined.

Element form

There are a number of forms how grid elements can be represented (Fig.4.1).

The most common type in CFD is a hexahedron with eight nodes.

prism with
quadrilateral base
(hexahedron or “hex™)

prism with
pyramud triangular base
(wedge)

arbitrary polyhedron

tetrahedron
(“tet™)

oraad

Figure 4.1. Exemplary computational elements in CFD meshing. (Bakker, 2006)

For correct mesh generation the user has to know characteristics of the studied
process, for example, boundary layers, vortices, gradients in pressure or velocity,
etc. The mesh size and shape should be capable to capture appropriate physical
conditions that exist in the flow. For areas with large gradients, greater number
of points in the mesh is needed. Usually linear variation of parameters is
considered, so the mesh should have sufficient scale for valid linear
approximation between two grid points.

However usually it is unknown where the large gradients are or what scale of
mesh should be. Basically at the boundary layers the user should put more
itemized grid. Grid improvement is needed to determine important details of
fluid flow. Basically grid enhancement is necessary near walls, in stagnation
points and in separation areas.

There are two types of grid formation: structured and unstructured. According to
the mesh construction there is adequate numerical method. For example, FDM
programs demand regular mesh structure; while FEM programs require irregular

mesh structure. In regard to FVM irregular mesh construction might be used,
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however a regular structure is more commonly implemented. The advantage of
regular mesh structure is that computation in this case is faster. It is explained by
latent relationship existing between the number of grid points and the number of
its neighbors in a regular mesh, which provides easier calculations. In the case of
irregular structure it is considered that there is no such relationship between
irregular mesh points and neighboring volumes, and therefore there are

calculating expenses.
Structured grid

The main objective of structured grid formation is the definition of coordinate’s
transformation that is displayed on the body fitted non-uniform non-orthogonal

space into the transformed orthogonal computational space (Fig. 4.2).

Figure 4.2. The pattern of transformed computational space. (Bakker, 2006)
There are two stages in structured grid formation: 1 — specification of the
boundary point distribution, and 2 — determination of the interior point
distribution. Three common types of structured grid construction are:

e Conformal mapping method: in this method the angles between grid lines
in computational and real domains are the same. It is the most accurate
method, but obviously use of this method is restricted by 2 dimensional
solutions with simple geometries.

e Algebraic method: aggregation and stretching of grid elements is
provided by algebraic method which can be produces by different
functions such as: trigonometric, polynomial, logarithmic, and geometric
functions. It is one of the most extended methods which are used in
commercial modelling tools due to its simple appliance and a good

control over the grid construct.
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o Differential equation method: in this case set of PDEs is used to create a

grid which could be of elliptic, parabolic or hyperbolic type.

Unstructured grid

Unstructured grids have the advantage — they can be proceeded to match any
geometry. However, this privilege is difficult to implement. In this case mesh
generation is not automatic, the user should interact in mesh computation to
derive grid with appropriate degrees of local resolution. The most appropriate
variant for an unstructured grid depends on: convenience in generation numerical
accuracy, memory requirements, flexibility to provide complex geometry, and
flexibility for localized domains of high or low resolution.

Mesh generation is integrated into the design of environment in advanced
commercial software. The software makes the process of mesh generation easier
with representative graphic interface, multithreading, high automated mesh
assembly and other characteristics.

The role of gridding is invaluable. Sometimes the only way how to eliminate
errors is improving a grid meshing. The stage of mesh generation is critical in

CFD analysis due to its support and functionality to achieve maximum accuracy.

4.4.4. Boundary conditions
The numerical simulation gives result if boundary conditions are specified for
governing equations. The form of boundary conditions depends on PDE of
solution equation and type of discretization. For steady state problems there are
three kinds of spatial boundary conditions.
e Dirichlet boundary conditions.

¢ =fi(x,y,2) (4.20)
The values of the variable ¢ on the boundary are known as constants f;. This
approach allows substitution to fix the boundary value. For instance, for no-slip
and no-penetration conditions on the solid walls, the fluid velocity equals to the
velocity of the wall.

e Neumann boundary conditions.

2= h@y2) (4.21)
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In this case the derivatives of the variable ¢ on the boundary are known as f,,
and this provides new extra equations, which are used to find the value at the
boundary. Exemplary, if the velocity does not change downstream of the flow,
there is assumption that the derivative of velocity is zero at the boundary.

e Mixed type boundary conditions.

ap+ b2 = f,(x,y,2) (4.22)

The behaviour of specified domain is governed by physical boundary conditions.
The most important of them in this study are follows:

e Inlet and outlet;

e Wall functions;

e Symmetry.
1. Inlet and outlet.
During CFD modelling a wide range of boundary conditions are pointed out to
describe fluid motion incoming and outgoing. In this project following boundary
conditions were specified:

e Axial symmetry:

e Wall functions;

e Inlet and outlet.
Axial symmetry
This type of boundary conditions allows using two-dimensional geometry for
obtaining three-dimensional results. The center of vessel is considered as plane
for symmetry, and the derivatives of the variables normal to the flow equal zero.
This way ensures correct, less time-consuming and easier modelling.
Wall functions
It is inevitable to consider existence of solid walls in modelling of fluid flow.
Some properties of the wall affect the behaviour of fluid flow, for instance
material of the walls and their roughness. The material of a wall affects heat
transfer between wall and a fluid, the roughness of the walls influence on
friction. To describe all changes due to presence of walls special models called
“wall functions” are used.

Inlet and outlet
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The vessel with fluid is considered system in this work, and firstly it is stagnant.
The appearance of ultrasound perturbs the system. Disturbances are transmitted
from cell to cell; therefore there are changes in velocity components of cells. The
velocity and pressure profiles are pointed out to determine inlet and outlet

conditions.

4.4.5. Wall functions
The presence of wall affects the fluid flow. It is obstacle for motion of fluid
particles and thus it promotes turbulence. Turbulence in the presence of wall is
the main difficulty because turbulence is zero at the wall and further turbulence
flow field undergoes sharp gradients in the vicinity of a wall. A turbulence
model should be able to capture this fact. Several approaches exist for the
handling of wall effects: standard wall functions, non-equilibrium wall functions
and other user-defined wall functions (Dewan, 2011). The use of wall functions
is necessary only in the case of two-equation models. In these models kinematic
viscosity varies as flow goes to the wall, and wall functions are used to define
energy dissipation term, and thereby to close the equation set.
The domain of interaction of fluid flow and wall is typically divided into three
layers:
1. The inner layer is called viscous sublayer. In this layer the flow is almost
laminar and the viscosity plays a major role in momentum, heat and mass
transfer.
2. The middle layer lies between laminar and turbulent regions. It is called the
buffer or blending region, where the effects of molecular viscosity and
turbulence are equal.
3. The outer layer is called the fully turbulent layer; in this region turbulence
plays a dominant role. The turbulence in this region increases because of the
production of turbulence kinetic energy due to the high gradients in mean
velocity field.

Description of these layers is presented at Figure 4.3.
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Figure 4.3. Three-zonal wall function for k — € model. (Chmielewski, 2013)

Standard wall function

The most useful approach for fluid flow description near the walls is standard
wall function. This method was proposed by Launder and Spalding in 1974.
The function of the wall in the viscous sublayer:

Uur=y" (4.23)
The method is based on the assumption that the velocity obeys the log law-of-the

wall.
U* =—In(Ey") (4.24)
c
where k is von Carman constant, E is roughness parameter, y* is coordinate.
Ut = (4.25)

where U, is mean velocity of the fluid at point P, k,, — kinetic energy at point P,

Y, is distance from point P to the wall.

0.257,0.5
y =t nk” L (4.26)

In the case of k — & model, as it can be seen from Figure 4.3, only small region
can be solved:
{ Ur=y:0<y"<5

U* =< In(Ey"):y* = 30

(4.27)
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Outside these boundaries significant errors appear, which affect the accuracy of
numerical calculations of fluid flow parameters in equipment with complex

geometry.

4.5. Turbulence modelling

Turbulence modelling is a key ingredient in CFD work, and today it is the most
important challenge for the numerical solution of fluid flow problems. Despite
Navier-Stokes equations are able of describing turbulent flows completely, it is
impossible to make detailed simulations because of the fact that turbulent flows
are violently unsteady by their nature.

Several techniques exist for turbulence modelling. However, for practical real
problems they are limited and engineers try to model the effect of viscous
dissipation mechanism of turbulent flows by adjutant governing conservation
laws with extra equations and unknowns. Today there is wide range of various
turbulence models. Some of them are superior to the others; nevertheless none of

them can totally forecast all types of turbulent flows. (Sert, 2010)

4.5.1. History
A turbulence phenomenon was firstly noted by da Vinci in 15" century, but there
were no significant evolutions until 19" century. The development of turbulence
modelling began with Boussinesq work in 1877 (Boussinesq, 1877). He
introduced eddy viscosity concept and proposed hypothesis that turbulent
stresses are linearly proportional to mean strain rates. It is still the key point of
most turbulence models. In 1894 Osborne Reynolds performed the most
singificant experiments in regard to the turbulence subject (Reynolds, 1894). He
entered Reynolds number as physical parameter involved in transition of
turbulence. The results and conclusions of his work are topical till now and have
to be studied more. After that in 1925 Prandtl presented first results of turbulence
modelling - his work called Mixing-Length Theory (Prandtl, 1925). Principally it
was an attempt to estimate values of eddy viscosity, introduced by Boussinesq,
to close RANS equations. Next remarkable step was made by Kolmogorov
(Kolmogorov, 1941). He published his “K41 Theory” where he wrote most

important results of turbulence theory. It is noted that Kolmogorov has



37

introduced ideas of k — & theory. During 20" century a lot of researchers
produced number of improvements and deviations in turbulence development.
Renaissance of turbulence study began in 1970s with advances in computational
technique. First CFD technique was large eddies simulation (LES) method
proposed by Deardorff in 1970, and then the direct numerical simulation (DNS)
was introduced by Orszag and Patterson in 1972 (Orszag, 1972), (Evangelinos
C., 2000). Hereafter wide range of approaches based on Reynolds-averaged
Navier-Stokes equations (RANS) has been presented. At the moment the use of
RANS equations is the most popular of turbulence modelling.

4.5.2. Turbulence

There are two regime of fluid flow — laminar and turbulent. In engineering

practice the turbulent flow is most common type of fluid flow. Turbulence is

complex phenomenon, it could be thought as instable laminar flow at high

Reynolds number. These instabilities have origin from interactions between non-

linear inertial terms and viscous terms. Such interactions are three-dimensional

and time-dependent. Furthermore, interactions are rotational due to vortex
stretching. Another turbulence feature is that it is random process in time. Thus
there is no certain method to predict turbulence behaviour. Turbulence

phenomenon has following characteristics (Davidson, 2014):

1. Continuum. Turbulence is a continuous phenomenon that exists in large
range of length and time scales, which is larger than in molecular scales. In
order to visualize turbulent flows there is common practice referring to
turbulent eddies. They are considered as local swirling motions and their
characteristic dimension is on the order of local length scale. Turbulent
eddies overlap in space and large eddies consists of small ones.

2. High Reynolds number. Turbulent flows are observed at large Reynolds
number. For instance, conversion of laminar flow into turbulent occurs in
pipes at Re=2300.

3. Irregularity. Turbulent flow is chaotic and irregular. The flow comprises a

spectrum of various eddies sizes. There is no exact determination of turbulent
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eddy, however, it exists in space at a certain time (at this time it has
characteristic velocity and length), then it is destroyed.

4. Diffusivity. In turbulent flow the diffusivity increases. The improved
diffusivity improves mass-, heat-, momentum- and energy transfer.

5. Three-dimensional. Turbulent flow is characterized by velocity fluctuations
in all directions, so it is always unsteady and three-dimensional.

6. Dissipation. Turbulent flow is dissipative; it means that kinetic energy in
eddies is transformed into thermal energy. The cascade process is known as
transmission of energy between eddies. Large eddies receive kinetic energy

from mean flow; while small eddies derive kinetic energy from large ones.

4.5.3. Models of turbulence modelling

At nowadays there are several approaches for turbulence modelling.

1. Computation of fluctuating quantities.
e Direct Numerical Simulation (DNS)
In this method the solution of unsteady Navier-Stokes equations in spatial grids
allows: 1 - consider turbulence in small time steps to resolve the period of the
fastest fluctuations; 2 - determine the Kolmogorov length scales at which energy
dissipation takes place. This simulation method calculates the mean flow and
turbulent velocity fluctuations. However, these calculations are expensive in
terms of computing resources; therefore DNS is not used in industrial aims.
e Large Eddies Simulation (LES)
This method of turbulence modelling tracks the behaviour of larger eddies. The
method involves space filtering of the unsteady Navier-Stokes equations,
computation takes large eddies and rejects small ones. The effects of the resolved
flow (mean flow plus large eddies) are included by means of sub-grid scale
model.

2. Reynolds-Average Navier-Stokes equations models
e Eddy-viscosity model (EVM)
This branch of turbulence models is based on modelling of Reynolds stresses by

linear constitutive relationship:
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_puﬂh._utthj+ax) 2 ks (4.28)

where y, is eddy viscosity defined by Boussinesq, u;u; is the velocity fluctuation
correlation tensor, §;; is the Kronecker delta:
Sij=1ifi=j,6;=0ifi#] (4.29)
k is turbulence Kinetic energy per unit mass.
k=2(u?+v72+w?) (4.30)
v Algebraic (zero equation) models
= Cebeci-Smith model
= Balwin-Lomax model
= Johnson-King model
= A roughness-dependent model
v One equation models
*  Prandtl’s model
= Baldwin-Barth model
= Spalart-Allmaras model
v Two equation models
* k — w model
» k — & model
* Modified k models
e Non-linear eddy-viscosity models (NLEVM)
This class of turbulence models is based on non-linear relationship between the
mean turbulence field and the mean velocity field:

—puiu] = 2p,Fy (4.31)
where F,,; is non-linear function dependent on turbulence variables such as
mean strain or vorticity fields.

» Explicit non-linear constitutive relation
> v2 — f models
e Reynolds stress models (RSM)
RSM includes solution of RANS and six additional transport equations for

Reynolds stresses.
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DR;;
where P;; is Reynolds stress transport, D;; is diffusion transport, &;; is dissipation
rate, I1;; is transport due to the turbulent-strain interactions, €;; is transport due

to rotation.

4.5.4. Reynolds averaging
The concept of Reynolds averaging was introduced in 1895. Basically, Reynolds
averaging implies statistical method. There are three methods of averaging of
Navier-Stokes equations:
1. Time averaging.
Time averaging is appropriate for stationary turbulence; it means that turbulent

flow does not vary with time:
. 1t
Fe(@) = lim 2 [ f (x, D)dt (4.33)
where f(x, t)is instantaneous flow variable, F,(x) is time averaging flow.
2. Space averaging.

Space averaging is appropriate for homogeneous turbulence; it means that

turbulent flow on the average is uniform in all directions:
. 1
Fy(6) = lim = f|f £ (x, £)dv (4.34)

where Fy is spatial average turbulent flow.
3. Ensemble averaging.

Fe(x,0) = lim S5, fu(x, 1) (4.35)
where N is number of identical experiments, Fy is ensemble averaging flow.
Because ensemble averaging is more general and inhomogeneous turbulence is
involved in engineering practice, time averaging is the most adequate approach
of Reynolds averaging.

4. Averaging (Wilcox, 1993).
The main idea of Reynolds averaging is to decompose the flow to averaged and
fluctuating component:

ui(x,t) = U;(x) + ui(x,t) (4.36)

where U;(x) is mean velocity, u;(x, t) is fluctuating part of velocity.
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The process is called Reynolds decomposition and the principle of it is described
at Fig. 4.4.

A
u

W [

-~
Time
Figure 4.4. The description of Reynolds decomposition. (Versteeg, 2007)

Applying time averaging procedure:
Uy(x) = lim . 7w (x, tde (4.37)
Time averaging appliance to mean velocity:
0,(x) = lim 7 U Gdt = Uy () (4.38)
Using obtained equations:
w00 = lim 2 [y, £) = Ui(0lde = U;(x) — Ti() =0 (4.39)
Therefore, fluctuating part equals zero.

For incompressible flow mass and momentum conservation equations

respectively are:

oy

o; = 0 (4.40)
Qui o i 9 0%
P T PY ox;  0x;  Ox (4.41)
where T;; is viscous stress tensor:
Tj; = .uSij (442)
where u is molecular viscosity, S;; is strain-rate tensor:
_ (2w 0y
5= (32 +52) (4.43)
Reynolds averaged equations of mass and momentum conservation respectively:
au; _
=0 (4.44)
au; ] ——— _ 9P 2 ——
¥+pa—xj(UjUi +ujul) = _6_xi+6_xl-(zﬂsﬁ —pu]ul) (4.45)
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Therefore Reynolds stress tensor is obtained:

T = —puju; (4.46)
The stumbling stone of RANS equations is calculating the Reynolds stress
number at lack of equations and abundance of unknowns. Therefore RANS

equations can be solved when the number of unknowns and number of equations

are equal.
4.5.5. kmodels
k — & model

The k — & model is the most widely known and extensively used two-equation
eddy viscosity model. There are different variations of this model which can be
found in literature. Originally, k — € model was developed to improve the
mixing-length model. Main studies of this model are described by Jones and
Launder (Jones, 1972) and Launder and Sharma (Launder, 1974) in 1970s.

The name of the model means: k is transport equation for turbulent Kinetic
energy, and ¢ is equation for the dissipation rate of turbulent kinetic energy.

The idea is to obtain exact equations for € and to define suitable closing
approximations for equation governing its behaviour.

e Eddy viscosity:
C,k?
e =" (447)

e Turbulence kinetic energy:

ok ok oU; 9 ok
PRt pUy e = 1y S pe+ |+ m/o) | (@48)

e Dissipation rate:
aU;

ok de £ g2 0 de
poE+ pU I = Co Tty S = Cap s+ [+ /00 3| (449)

e Closure coefficients:

C, = 0.09 (4.50)
o = 1.0 (4.51)
C. = 1.44 (4.52)

C.p = 1.92 (4.53)
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0. =13 (4.54)
where C, oy, Ceq, Ce2, 0, are dimensionless constants.

e Auxiliary relations:

=¢€ 4.55

©="/kc, (4.55)
3/2

1= Gk (4.56)

This model has good results for free-shear-layer flows with relatively small
pressure gradients and for small mean pressure gradients of wall bounded flows.
The model requires explicit wall dumping functions and the utilization of fine
grid near solid walls.

The k— € model was introduced at 1970s, since many improvements of
standard k — &€ model have been done: k — € RNG (Re-Normalization Group)

model, k — ¢ realizable model.

k — w model

The k— w model is a well-known and widely tested two-equation eddy
viscosity model. The main study of this model is done by Wilcox (Wilcox,
1993). This model is an alternative way to define eddy viscosity function.
Convective transport equations in this case are solved for the turbulent Kinetic
energy k and its specific dissipation rate w.
e Eddy viscosity:
== (4.57)

w
e Turbulence kinetic energy:

ok ok au;
PS4 pU 2 = 1y B — ke + o G+ o) S| (458)

e Specific dissipation rate:

w au;

a a a . 0
pU+pU 32 = ary S oo + | (u+ o) 32| (459)
e Closure coefficients:
B ="/100 (4.60)

o =1/, (4.61)
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a=5/g (4.62)
B =340 (4.63)
o =1/, (4.64)

where §*, ¢*, a*, B, o are dimensionless constants.
e Auxiliary relations:
e = B wk (4.65)

1=k (4.66)
The k — w model is proven to be superior in numerical stability over the k — €
model mainly in the viscous sublayer near the wall. The k — w model does not
require explicit wall-damping functions as in the k — € model. The numerical
wall boundary conditions require the specification of the distance. In the
logarithmic area the model shows good matching to experimental results for mild
adverse pressure gradient.

4.6. Ultrasound modelling
Use of ultrasound as an effective tool to intensify the rates of physical and
chemical processing has been successfully provided over the last decade for a
variety of applications. Enhancement of mixing rate occurs due to the wave
propagation and cavitation phenomena. Basic principles of ultrasound modelling
are described below.

1. Acoustic wave propagation.
The propagation of acoustic waves through the liquid medium is characterized
by the wave equation. The acoustic wave equation is a second order partial
differential equation (PDE) that quantifies equation acoustic pressure as a
function of space and time.

The wave propagation in one dimension is described by equation:
b __ %2 _ (4.67)

where c is sound speed, P is acoustic pressure.
This equation can be solved by assuming sound wave to be constant and

expressing the acoustic pressure as follows:
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p = posin(wt + k,, x) (4.68)
where w is ultrasound frequency, k,, is wave number.

The wave equation in 3 dimensions is as follows:

— L%y (4.69)

1
Vip=
pp c2p at?

where V2= 327'2’ + giyz + 327’2).
For the propagation ultrasound wave in liquid media following assumptions have
been made (Sutkar, 2010):

e Linear propagation of sound wave through media;

e Shear stress is negligible;

e Density and compressibility of liquid medium are constant;

e Pressure is time harmonic, i.e.

p(r, )~p(r)e'* (4.70)

Considering these assumptions we achieve Helmholz equation for acoustic

pressure distribution:
~P_Z2 p= (4.71)

2. Damping effect.
During US dissipation through the liquid media the intensity of wave decreases,
this fact is called damping effect. It is caused by reflection, refraction and
scattering of the sound wave. By modification the last equation with damping

effect we achieve:

VZp 1 9%p ap
—_—— — — = 472
P pcc? at2 @ ot 0 ( )

where p. is complex density, c. is complex speed. It is considered that these
parameters are dependent on the complex wave number k,. and complex

impedance z:

CkWC
pe = e (4.73)
cc kjc (4.74)
where
w 1

fewe = ?1/1+(iwu/pcz) (4'75)
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1
% = PO s GanTaD (470

4.6.1. Cavitation modelling
Cavitation is characterized as the process of breakdown of a homogeneous liquid
media under low pressures and consequent implosion of vapour bubbles. It
occurs in different situations (in centrifugal pumps, in Venturi nozzles, in the
case of impeller action in ships, during the use of US, etc.). Cavitation
phenomenon causes a number of chemical and physical changes in system.
Therefore, modelling of cavitation has received wide attention from researchers.

1. Acoustic cavitation threshold.

Gas bubbles need a starting point to form nuclei for acoustic cavitation (Niazi,
2014). This starting point might be existed as microbubbles, contaminants and
reactor bubbles. Key factor of bubble appearance is pressure difference. For
cavities formation pressure must be negative because bubbles grow under
exposure to the pressure lower than threshold pressure. Threshold pressure
depends on several factors such as the existence of gases and contaminants in
liquid, applied US frequency and intensity. A general equation for acoustic
cavitation threshold as function of frequency with given nucleus radius is given
by (Crum, 1982):

E(’Lﬂ)l/z {P_1 [1 +§(P — 1)]1/3}f0r P<11

F \p VP

R, = 4.77)

01;—3(%”)1/2 E (P — 1)]1/2 forpP =11

where R, is the radius of the free bubble acting as a nucleus, P, is the ambient
pressure, f is the driving frequency of the acoustic field, P = Pf/P , and P; is

the minimum acoustic pressure amplitude required to initiate cavitation, i.e.
threshold pressure.

2. Cavitation bubble dynamics.
Growth and collapse phase of bubble can be determined by evaluating motion of
bubble wall in bulk due to exerted acoustic field. The Rayleigh-Plesset equation

is the governing equation of cavity interface motion:
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PR+2R? = %[(Ph + 2—9 - P (%)31(’” — 24y g —((P,—-P)| (478
where R is speed of bubble wall, R is acceleration of bubble wall, R, is bubble
radius at equilibrium conditions, @ is liquid surface tension, y; is liquid viscosity,
Py is liquid-vapor pressure, Py, is atmospheric pressure, P, = P, sin wt is exerted
acoustic pressure, Ky, is gas polytropic index.

3. Temperature and pressure of bubble collapse.
During US appliance in rarefaction phase bubbles achieve maximum size and
collapse extremely. High pressure and temperature are created around bubble,
this cause extraordinary conditions for above mentioned phenomena (sonolysis,
sonocatalysis, and sonoluminescence). However, as it was noted cavitation
collapse is counted as adiabatic process. Considering the motion of bubble wall
in an adiabatic collapse, following equations are presented for implosion

temperature and pressure (Hilgenfeldt, 1999) and (Tomita, 1986):

Protapse = (Po+22) - (30)"" - 22 - 2 (48) (4.79)

Ro

_ ToRg(f—l)

Tcollapse - W (480)
where T, is liquid bulk temperature, R, is initial bubble radius, ¢ is ratio of
specific capacity of the gas inside the bubble, a is van der Waals hard nuclei

radius of gas inside bubble.

4.7. Modelling of non-Newtonian liquids
The great possibilities are opened with the latest developments in CFD,
rheological calculations which were not feasible early are now possible. This is
especially significant with respect to fluids with rheologically complex
behaviour. Several CFD codes are suited for data processing of non-Newtonian
fluids, such as: Fluent, Nekton, Comsol Multiphysics, FIDAP, POLYFLOW,
POLYCAD.

4.7.1. Constitutive equations
The system of conservation equations in part 4.3 is not closed for non-Newtonian

fluids due to the presence of the stress tensor 7;;. The required relationship
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between stress tensor and kinematics values (velocities and velocity ingredients)
should be given by appropriate rheological constitutive equations. (Mitsoulis,
2010)
For viscous fluids the rheological constitutive equation that connects stresses
with velocity gradients is the generalized Newtonian model:

T=n"Yy (4.81)
The basis of modelling non-Newtonian flow is to simulate dynamic changes in
viscosity. A number of mathematical equations of different complexity and form
have been proposed in scientific reports to model shear-thinning properties. Next
equations are the most widely used.

e Power-law model (Eq. 3.3, Eq. 3.4).
The power-law model shows the simplest approach of calculation of
pseudoplastic behaviour. However, this method has few drawbacks. Firstly,
power law is used only in a range of shear rates, therefore dimensionless values
of consistency and power-law indexes will be dependent on the values of shear
rates. Secondly, this way does not imply calculations of zero and infinite shear
rates. Thirdly, dimension of consistency index depends on value of power-law
index, thus consistency values cannot be compared when power-law values
differ. Despite the limitations of power-law use, this is the most broadly used
model in engineering applications (Nguyen, 2012).
e Carreau model:

1= 1o+ 1ol1 + Q)] T (4.82)
Where 7, is zero shear rate viscosity, 1., is infinite shear rate viscosity, 4. is
time constant (Davidson, 2010), (ANSYYS).

no = limn(y) (4.83)
y—0
Neo = ylggo n) (4.84)

The Carreau approach is applicable when significant deviations are observed in
the case of use the power law at the highest and at the lowest shear rates. There
is the turn of use zero and infinite shear rates, which are calculated from
equations 4.83-4.84. This model can predict the behaviour of Newtonian fluids

whenn(y) =1ori, = 0.
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e Cross model:
W) =Moo + oy (4.85)
The Cross model is used when description of low-shear-rate behaviour is

necessary. Carreau and Cross models usually are used for calculations of non-
newtonian flow for viscoplastic liquids.

4.7.2. Dimensionless equations
When engineering practice has to deal with non-Newtonian fluids, calculations
become difficult to resolve or even unsolvable. Therefore relevant dimensionless
numbers have to be changed when non-Newtonian fluids are considered.
e Reynolds number
For fluids which power-law describes their motion, next Reynolds number

should be used:

Re = ”n—L (4.86)

Where 1, is characteristic viscosity:

Ne=n-=< (4.87)
Another Reynolds number is advised in the case of power-law fluids (Mitsoulis,
2010), (Boger, 1993):

Re* =22 (1Y’ (4.88)

8n-1K,, \3n+1
where D is characteristic diameter, K,,, is the material parameters.
e Galilei number
Momentum conservation equation (equation 4.3) contains external forces, which
are changes for non-Newtonian fluids. Galilei number describes importance of

the external forces relative to viscous forces in the flow (Souza Mendes, 2007):

Ga = P9 (4.89)

NcVc
e Capillary number

This equation arises from the use of free or moving boundaries:

Ca =" (4.90)
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These dimensionless equations are mostly used in technological calculations.
Also dimensionless characteristics and quantities are utilized according to the

specific issue.

4.7.3. Non-Newtonian flow and turbulence

Like all non-newtonian fluids, shear-thinning liquids are highly viscous;
apparent viscosity of such fluids decreases at increasing shear rate. Therefore,
the flow field’s inertial forces become greater than the viscous forces and make
the flow turbulent (Huhtanen, 2005). Therefore to model non-newtonian flow
under inertial forces there is combination in modelling of fluid dynamics and
turbulence. This interaction binds by the effective viscosity, which connects
molecular and turbulent viscosities as following:

Hefr = Nap + Ut (4.91)
The presence of non-newtonian flow affects conservation equations. This is

conservation equation of momentum with Reynolds decomposition:
por=VI,+F (4.92)
Where T, is total stress tensor, i.e. Cauchy’s tensor. Therefore modified
conservation equation of momentum:
T =-p§+1—puju (4.93)

Where § is unit tensor.

Introduction of non-newtonian flow into k — & model causes few modifications:
Dk
po =V (tess - Vk) + P — pe (4.94)

pz—i =V- ((nap + ('ut/ae)) - Ve) +&- M (4.95)

Where C,,, C.,, o, are determined by Eq. 4.34, 4.35, 4.36, P, is turbulence

energy production term, which describes how turbulence takes its energy from

the main flow via viscous dissipation. Turbulence energy production is defined
from the rate of stress tensor:

Py = 1, S* (4.96)

The use of k— & model has limitation — it assumes that turbulence is

homogeneous and isotropic and cannot include non-isotropic turbulence.
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Nevertheless, this model is widely used and gives reliable results (Huhtanen,
2005).

4.8. Proposed model
It is the most significant part of the thesis — to build correct reliable model in
COMSOL Multiphysics. The point of this work is to combine few phenomena in
one chain. The results of one part are initial conditions for next process.
Firstly, there is modelling of ultrasound use on liquid motion. Pressure waves are
distributed through liquid media thereby turbulence appears. Then velocity
profile of obtained model is used as initial condition for turbulence modelling.
Secondly, there is use of turbulence modelling in order to get the mixing
performance. Finally, the distribution of chemical species is modelled with an
eye to compare the mixing time of homogeneity achievement.
For the simplifying two-dimensional modelling was used. For obtaining three-
dimensional performance revolution of two-dimensional model is utilized.
The strategy of modeling contains few parts: turbulence flow, transport of
diluted species and creeping flow. The effect of ultrasound using is introduced as
waveform equation (Eq. 4.68) where frequency of ultrasound is imported.
Turbulence Flow modelling is based on k — & model, accordingly RANS
equations (Eq. 4.40-4.46) and equation of k — & model (Eq. 4.47-4.56) are used.
The Transport of Diluted Species module is used to obtain the mixing time of
homogeneity. The modelling is done according to the mass balance (4.97) and
flux (4.98) equations:
V(—=D;Vc;) + uVc; = R; (4.97)
N; = —D;Vc; + uc; (4.98)
where ¢; is concentration of species, D; is diffusion coefficient, R; is reaction
rate expression for the species, u is velocity vector, N; is flux expression.
The modelling of ultrasound appliance in non-newtonian fluids is done in
Creeping Flow module. In this part RANS equations and power-law equation
(EqQ. 3.6) are used.
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4.8.1. Initial and boundary conditions
The modelling of the process under study RANS method with k — ¢ model is
utilized. Following boundary conditions are necessary to simulate investigated
process: pressure inlet and outlet, axial symmetry and wall functions (Trujillo,
2011). The details are shown at Figure 4.5.

wall slip
reactor —
/\ \
S R
{ \\ ' : e
| \ \ velocity inlet
\ &
ES &
5 axial symmetry
S50
%1272
0 . < S
>0 wall frmeBdns |
u%-i s0¢ \1/ L .

Figure 4.5. Three and two-dimensional projections of the reactor and its boundary conditions.
For the inlet the turbulent length scale [ and the turbulent viscosity u, are
boundary conditions of the k — & model. The turbulent length scale is the size of
the large eddies that contain the energy in turbulent flows, thus the size of
turbulent eddies are estimated from the diameter of horn tip 3, (Trujillo, 2011):

1 =0.07"7, (4.99)

For the outlet it is considered that outflow pressure equals atmospheric pressure.

4.8.2. Geometry and meshing
The accurate mesh and refinement affect convergence and results. The minimum

mesh size is defined:

B = C/Tf (4.100)

where f is sound frequency, N is empirical value and fall within following range
5<N<10.
_ 1480/20000

min —
8

= 0.00925
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where 1480 m/s is speed of sound in water, 20000 s is sound frequency of US

transmitter, 8 is empirical value.

A
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Figure 4.6. Mesh refinement of model.

Figure 4.6 shows how meshing was implemented in proposed model. This model
contains 8965 triangular elements, 228 quadrilateral elements, 461 edge and 8
vortex elements. Mostly refinements are done close to the walls. Minimum mesh

size meets the requirements from Eqg. 4.100.

4.8.3. Model description
The term of acoustic streaming at high Reynolds number was introduced by

(Lighthill, 1978). He modified momentum conservation equation (Eq. 4.3):
p2t+ p(u-VIu=V-[—pl +1] +F (4.3)
Lighthill demonstrated that the streaming motion converted into jet. He assumed
that the power from acoustic source is released as a narrow beam. Namely, he
applied acoustic beam of power P, into the term body force F:
Fy =2 (1 — e7Fa¥) (4.101)
where Fy is force of momentum rate, X is distance along the sound beam where
jet releases, B, is attenuation or absorption coefficient. In this thesis the value of

P, will be defined as average value of acoustic power output in each

experimental chain, it is assumed that attenuation coefficient 5, equals zero.
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The conservation of momentum rate of generated jet is defined by following
equation:

Fy=p fooo vimrdr (4.102)
The kinematic momentum will be calculated as follows:

K = poFy = p=2(1 — eFa¥) (4.103)
If the attenuation coefficient is very high, the motion derived from acoustic
streaming becomes a circular turbulent jet. In this case mean flow of turbulent jet
is similar to the laminar jet by taking into account that eddy viscosity equals:

ue = 0.016K°5 (4.104)
where K is found from:

K = pP,/c (4.105)
In the case of low attenuation coefficient, the eddy viscosity along the beam
increases with the rise of kinematic momentum (Trujillo, 2009).
This model assumes that the horn tip is velocity inlet (Fig. 4.7), at this point
acoustic energy released as turbulent jet flow. The side of the horn is assumed to
be the outlet (Trujillo, 2009).

T 2
25r dr = 5
Hfrn p!v \N ______
.T\.
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Figure 4.7. Turbulent circular jet solution (Schlichting, 1979). The illustrative view of jet flow
velocity profile around the horn.

To determine the velocity profile at the inlet following equations are used:

_13
v:l\/g.ﬁ.% (4.106)
INTE ()
1 |3 K r

where x is distance from the orifice, r is radial distance (Trujillo, 2009).
The characteristic width of the jet is determined as follows:
b =2 x0.0848x (4.108)
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5. Experiments
The idea of this work it to form a reliable model for simulation of the next
process: ultrasound source induces pressure waves in liquid and thereby causes
motion of liquid molecules. US appliance causes mixing effects because of the
appearance of turbulence and cavitation.
In the first case investigated liquid is water as a pattern of Newtonian liquids,
and in the second case CMC solution is used as an example of non-Newtonian
liquids. The equation which describes the behaviour of CMC solution is
following:

n = 2,708 (y)°*1 (5.1)
The equation is formulated from the data (Appendix I) and from Fig. 3.2. It is
expected that mixing due to US using in Newtonian liquids will be stronger than
in non-Newtonian. To approve whether promoted computational model is
reliable or not, two verification methods are applied: homogeneity and PIV

measurements.
5.1. Power output measurements

5.1.1. US source

As this thesis includes use of ultrasound waves special equipment presents: the
source of ultrasound waves LABSONIC U which can be viewed at the Fig. 5.1.
This equipment is released from B. Braun Biotech International Company,
Sartorius group. This equipment operates on the principle of transmission of
high-frequency sound energy into fluids resulting shock waves and local heating.
These effects induce mixing, microdisruption, emulsification and suspension of
substances. Phenomenon of cavitation also is one of the results (Sartorious
Group, 2000).
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Figure 5.1. The picture of ultrasound source LABSONIC U (Sartorious Group, 2000).
The LABSONIC U contains generator, transducer, standard probe tip (in our

case 40 T) and two spanner wrenches for changing tips. The generator converts
the line frequency to 20 KHz at the appropriate voltage and wave form and
transmits this signal to the transducer via the cable. In the transducer there are
four piezo-electric elements. They convert the electric signal into mechanical
force, which is emitted as sound in the ultrasonic frequency range. The
transducer transmits the US power to the horn tip which is immersed into fluid.

5.1.2. The performance of measurements

Ultrasound homogenizer is used to cause liquid motion in water and CMC
solution. This device has two energy modes: high and low, and these modes can
be varied by turning knob of power level.
To determine power output from US source calorimetric method is used (Kumar,
2006). Calculations are done according next equation:

P, =0, = mepAT/t (5.2)
Where Q. is rate of energy dissipation, m,, is mass of water, C,, is specific heat
of water, AT is temperature rise. In these measurements only Labsonic U and
thermometer were used.
As it is the instrumental characteristic, power output does not depend on
interfered liquid. Nevertheless, these measurements were done for both liquids.
In the case of CMC solution the effect of US using was insignificant, and
thermometer did not recognize temperature rise.
Several options were chosen to calculate power output; they depend on positions

of the power toggle and the knob of power. The power toggle allows selection of
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two output power ranges — high and low. The knob of power is used for fine tune
of the output power. In this work two positions of the power knob were chosen —
50 % and 100% of output power. Finally, there are four positions: low-50 (A),
low-100 (B), high-50 (C), high-100 (D). In each option 4-5 experiments were
done to take the average value of energy output.

The procedure of measurements is following: to switch on simultaneously US
transducer and timer to fix at what time was temperature rise. It should be noted
that in post-processing step various values of specific heat of water were used

from reference data.

5.2. Homogeneity experiment
This technique includes measurements of mixing time of homogeneity in system
which contains sodium chlorate and water. The factor of comparison between
modelling and practical work is mixing time. Modelling part also includes
simulation of salt addition into water. COMSOL Multiphysics contains special
branch for it: “The Chemical Species Transport”, namely “Transport of diluted

species” part was used.

5.2.1. Conductivity meter
For homogeneity measurements Konduktometr 703 from Knick Company
(Fig.5.2) was used to measure electrical conductivity (mS/cm units) of
electrolyte solutions. Measuring temperature was 25 °C. Conductivity meter

works with electrode to measure electrical conductivity.

Figure 5.2. The picture of conductivity meter.
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During experimental work the electrode was introduced near wall of vessel in
order to avoid crushing due to ultrasound waves from horn tip (manual
precautions). Besides Konduktometr 703 and Labsonic U only timer was used in
homogeneity measurements. The sequence of experiment was following: start
US device, pour tracer fluid and measure conductivity. It is expected that at the
moment when tracer fluid is poured there will be conductivity jump. The
measurements are being done until stabilization of conductivity measurements is

achieved. All data were recorded by additional software LabWorldSoft.

5.2.2. Experimental performance

Sodium chloride is used as additive for homogeneity time measurement. This
material is chosen on the basis of cost, easy and safe exploitation, and certified
scientific data. The concentration of NaCl was chosen 250g/1L, it was based on
the proximity of this value to saturation point of NaCl at 20 °C in water.

The purpose of experiment is to compare mixing time from experimental results
with modelling output. As this is measure of homogeneity, the time of
homogeneity achievement was measured after salt addition. In this work the
measure of homogeneity will be evaluated by conductivity. When the salt is
added, then water conductivity changes. There is no importance of conductivity

values; the aim is to obtain the time at when the conductivity has stabilized.

US source

-

¢

labsonse U vessel with liquid konductometer

Figure 5.3. Hlustrative view of equipment of mixing time measurement.

5.3. PIV experiment
Particle Image Velocimetry is a measuring technique, which allows catching of
velocity information of flow field. PIV records position of small tracers over

time; these particles are added into the flow to derive local fluid velocity. PIV is
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a (quantitative propagation of the qualitative flow visualization method
(Jahanmiri, 2011).

PIV is a complex system (Fig.5.4) which contains a number of subsystems: laser
box, high quality recording camcorders, studied vessel with tracer particles dived

into the flow of study and computer with processing software installed.

Figure 5.4. lllustrative view of PIV technique (Flowtech Reseacrh Inc.).

Particles are introduced into vessel with studied liquid. It is considered that these
particles have so small weight that they do not affect fluid motion. Namely these
particles show liquid motion, and they have to be illuminated in a plane which
was fixated during preliminary step. This plane was obtained due calibration:
laser beam has to elucidate this plane and camcorder will record relocations of
all particles in this plane. Recording of data is performed in two steps: laser
beam lights twice in short time. Thus, this technique allows writing of exact
motions of tracer particles which identify liquid motion.

It should be pointed out that the half of success of PIV technique depends on
postprocessing step. The results of PIV work are ready instantly. This is an
advantage of this technique because of settings are not always correct. All data
are shown in clear view on computer screen via special software. According to
the obtained data the initial settings are checked. During the work settings were

changed 4-5 times due to indefinite results and due to insufficient clarity of taken
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frame. When all settings were fixed it took few minutes to have series of shots
taken and postprocessing could be initiated.

The aim is to study liquid motion under US waves, so one more unit was
introduced into PIV system. Ultrasonic homogenizer was installed vertically into
the vessel. The technique of execution is described above. Experiments were
made in two cases — with water and CMC solution.

PIV in this work is the key instrument of evaluation of developed model. Data
from PIV measurements could be viewed and postprocessed in PIV software
with option to convert result into MATLAB environment. Obtained pictures of

velocity profiles are compared with results derived in modelling part.
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6. Results

The objective of this work is fulfilled if the proposed CFD model is verified by
experimental tools. Several groups of results were reached. Firstly, ultrasound
measurements were done in order to set up inlet velocity profiles for boundary
conditions of the model. Secondly, measurements of mixing time were done as
indirect method of verification. Thirdly, PIV measurements were done to get
experimental velocity fields. And finally all obtained experimental data were

compared with analogical results from the proposed model.

6.1. Results of power output measurements
Four different modes are used to study the influence of US on liquid motion: two
various US power output in water and CMC solution. At each experiment several

repetitions were done to get more reliable result.

6.1.1. Power output measurements in the case of power level at position
A
The comparison of reached experimental values in the case of power level at

position A with water is shown at Figure 6.1.

"A" power input

24.5
, —=y% 0.0px + 23.789
2 - e —7Y = 0.05[L7x + 23.649
— " y=0.0423x + 23.517

o 23.5 1 y = 0.0591x + 22.735
o =—Exp 1
3 23 A
g == Exp 2
22.
E > Exp 3
2
22 == EXp 4
21.5 Exp 5
21 T T T T T
0 2 4 6 8 10 12

Time, min

Figure 6.1. Obtained measurements of temperature rise in dependence from time are described at
this picture. Measurements are done in the case A.
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Obtained data after calculations according to the equation 5.2 give next results of

power output values, they are shown in Table 6.1.

Table 6.1. Calculated data of power output at A position of input power with water.

Name of Mass of water in experiment, | Value of power output P,
experiment kg kw

Expl 0,787 0,003712

Exp2 0,787 0,003428

Exp3 0,79 0,002488

Exp4 0,784 0,003134

Exp5 0,79 0,002963
Average 0,7875 P,=0,003145

6.1.2. Power output measurements in the case of power level at position
B
The comparison of reached experimental values in the case of power level at

position B is shown at Figure 6.2.

n n H
B" power input
26.5
y = 0.1444x + 24.493
26 y =0.1276x + 24.52
O 255 y =0.1142x + 24.606
(] ——
5 £0.13x + 24.107 Exp 1
e 2 == Exp 2
3 y =0.1191x + 23.921 Exp 3
e 24.5
=—=Exp 4
24 Exp 5
23.5 T T T T T T 1
0 2 4 6 8 10 12
Time, min

Figure 6.2. Derived measurements of temperature rise depending on time are described at this
picture. Measurements are done in the case B.
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Obtained data after calculations according to the equation 5.2 give next results of

power output values, they are presented in Table 6.2

Table 6.2. Calculated data in the case of power level at position B.

Name of Mass of water in experiment, | Value of power output P,
experiment kg kW

Expl 0,789 0,007026

Exp2 0,787 0,007556

Exp3 0,790 0,007059

Exp4 0,787 0,007819

Exp5 0,789 0,006448
Average 0,7885 P5=0,007182

6.1.3. Power output measurements in the case of power level at position

C

The comparison of obtained data in the case of power level at position C

is shown at the Figure 6.3. Four experiments were done at this power level.

"C" power input

26

y =0.0671x + 24.69

255

y =0.1018x + 24.

337
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g

3 =¢=—Exp 1

© 245

g y =0.0929x + 23.635 == Exp 2

£

k24 Exp 3
== Exp 4

23.5

23

5 10 15

Time, min

20

Figure 6.3. Obtained measurements of temperature rise in dependence from time are described at
this picture. Measurements are done in the case C.
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Obtained data after calculations according to the equation 5.2 give next results of

power output values, they are viewed in Table 6.3.

Table 6.3. Calculated data of high-middle level of input power.

Name of Mass of water in experiment, | Value of power output P,
experiment kg kwW
Expl 0,785 0,003621
Exp2 0,787 0,005264
Exp3 0,786 0,005738
Exp4 0,783 0,005917
Average 0,785 P-=0,005135

6.1.4. Power output measurements in the case of power level at position

D
The Figure 6.4. shows data obtained in the case of power level at position D.
n n H
D" power input

30 V=0.2306x ¥ 24.86

29

iy M

27 y = 0.2677x +22.531
o
o 26 215
= =¢=Exp 1
£ 25
g. , == Exp 2
g %4 Y =0.2018x + 21.973 Exp 3

3 =>=Exp 4

22

21

20 T T 1

0 5 10 20
Time, min

Figure 6.4. Obtained measurements of temperature rise in dependence from time are described at
this picture. Measurements are done in the case D.
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Obtained data give next results of power output values; they are descried in

Table 6.4.
Table 6.4. Calculated data of high-high level of input power.

Name of Mass of water in Value of power output P,
experiment experiment, kg kw
Expl 0,784 0,0111825
Exp2 0,784 0,014659
Exp3 0,784 0,014124
Exp4 0,786 0,014317
Average 0,7845 P5=0,0135708

6.1.5. Summary
For this thesis in the case of water low power mode is used — cases A and B
(3,145 W and 7,18 W). In the case of CMC solution low power mode with 100%
level knob (case B - 7,18 W) and high power mode with 50% of level knob (case
C - 5,135 W) are used. The choice is justified by the fact that at 3,145 W the lack
of motion was observed in CMC solution due to its viscosity. The case D is
rejected because of the fact that high power mode is not recommended for work
according to the manual.
To start modelling the velocity profile should be defined from power output
values, according to the Eq. 4.105 (Trujillo, 2009):
K = pP,/c (4.105)
Table 6.5 contains average values of output power and calculated via them

values of kinematic momentum.

Table 6.5. Obtained values of power output measurements and kinematic momentums.

Name of Average value of output Kinematic momentum K;,
experiment power P;, W kg/(m*s)
Water 3,145 K,=2,12
Water 7,18 Kz=4,85
CMC 5,13 Kp=4,37
CMC 7,18 K-=6,11
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It should be noticed that density and sound velocity of 0.5% solution is defined
from (Al-Bermany, 2012) and equals poe = 1064 kg/m?3, ¢ = 1250 m/s.

6.2. Results of velocity inlet calculations
Velocity inlet values are necessary for modelling part. These data are calculated
via equations 4.106-4.107.

1[3.¥E, ¥y
V= 4\/; ~ (y+_y2)2 (4.106)
1 |3 K
yzz\/;-z-g (4.107)
where eddy viscosity is calculated from eq. 4.104:
ue = 0.016K 5 (4.104)
Initial data for these calculations are:
x =0,03m, r =0,0038m
Table 6.6. Calculated values of velocity inlet and related data.
The values of The values of
The name of _ _ S
) kinematic eddy viscosity, y v, m/s
experiment
momentum Pa*s
A K,=2,125 Ura=0,0233 1,8832 0,18
B Kz=4,85 u:5=0,0352 1,8832 0,27
C Kp=4,37 u:p=0,0334 1,8832 0,26
D K-=6,11 U:c=0,0396 1,8832 0,30

6.3. Results of mixing time measurements

The purpose of this method is to get values of mixing time. These measurements
are compared with data from modelling part. It should be noticed that at each
experiment salt was added at around 5 minutes.

The homogeneity is acquired at the value where deviation of conductivity values
between two adjacent points is 1%:

Ci+1—Ci

< 1% (6.1)

Cit+1
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where ¢; is value of conductivity at the determined time, c;,, is value of

conductivity in next time interval.

6.3.1. Mixing time of water at 3,145 W
Figure 6.5 contains the fluctuation part of obtained data from experiment of
water under ultrasound appliance at 3,145 W. All obtained measurements are
available in Appendix II.

Experiment of water under 3,145 W of
output power

0.009
0.008 =
0.007
§006 = Conductivity
2| measurements after
§005 salt addition
=
&004
>
]
[ =
8003 Conductivity
measurements before
0.002 salt addition
0.001
O T * T T T T 1

12:00:00 AM 12:02:53 AM 12:05:46 AM 12:08:38 AM 12:11:31 AM 12:14:24 AM 12:17:17 AM
Time, s

Figure 6.5. Conductivity measurements of mixing time of water under 3,145 W of output power.
As it can be seen from Appendix Il in this case salt was added at 5,19 minutes.
After 4,48 min there is no fluctuation in conductivity values more than 1 %,
therefore:

tmwater—3.145 = 4,48min = 268,8s
Next five Fig. 6.6-6.10 describe modelling results. Each picture shows how salt
is distributed in the reactor at defined point of time. It should be noted that inlet

of tracers coincides with horn tip.
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Figure 6.6. Modelling of homogeneity achievement of water at 3,145 W at 1st sec.
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Figure 6.7. Modelling of homogeneity achievement of water at 3,145 W at 50th sec.
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Figure 6.8. Modelling of homogeneity achievement of water at 3,145 W at 100th sec.

Time=200 s Surface: Concentration (mol/m?) W

T T T T T T f T A 198
0.05 -

0.04 -

0.03

0.02 |-

0.01 -

0

-0.01

-0.02 -

-0.03

-0.04

-0.05

-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 V119

Figure 6.9. Modelling of homogeneity achievement of water at 3,145 W at 200th sec.
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Figure 6.10. Modelling of homogeneity achievement of water at 3,145 W at 275th sec.
From Fig. 6.6-6.10 it is seen that gradually salt fills entire volume of the reactor.

Mixing time achieved in modelling equals 275 sec.

6.3.2. Mixing time in water at 7,18 W
Figure 6.11 involves data from experiment of water under 7,18 W of output
power of ultrasound. All obtained measurements are available in Appendix I11.
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Experiment of water under 7,18 W of
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Figure 6.11. Conductivity measurements of mixing time of water under 7,18 W of output power.
As it can be seen from Appendix Il in this experiment the salt was added at 5,04
minutes. After 2,10 min there is no fluctuation in conductivity values more than
1 %, therefore:

tmwater—7,18 = 2,10min = 126s
Modelling results are viewed on Fig. 6.12-6.16 show following values of mixing
time of homogeneity achievement in the case of water under 7,18 W power

output of ultrasound.
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Figure 6.12. Modelling of homogeneity achievement of water at 7,18 W at 1st sec.
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Figure 6.13. Modelling of homogeneity achievement of water at 7,18 W at 50th sec.
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Figure 6.14. Modelling of homogeneity achievement of water at 7,18 W at 75th sec.
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Figure 6.15. Modelling of homogeneity achievement of water at 7,18 W at 100th sec.
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Figure 6.16. Modelling of homogeneity achievement of water at 7,18 W at 132th sec.
Completely salt has distributed in the reactor by the time of 132 sec according to
the modelling. The mechanism of salt distribution is the same as in previous

case.

6.3.3. Mixing time of CMC solution at 5,135 W
Figure 6.17 includes data from experiment of CMC solution under 5,135 W of

output power. All obtained measurements are available in Appendix 1V.

Experiment of CMC under 5,135 W of
output power
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Figure 6.17. Conductivity measurements of mixing time of CMC solution under 5,135 W of
output power.
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As it can be seen from Fig. 6.17 and from Appendix IV in this experiment it is
unobvious the time of salt addition, it is thought that at 5,00 minutes. Moreover
there is no clear answer of when homogeneity is achieved. It should be pointed
out that there was no visual effect of mixing.

Modelling results are shown on Fig. 6.18-6.20. Each picture shows how salt is

distributed in CMC solution at defined point of time.
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Figure 6.18. Modelling of homogeneity achievement of CMC solution at 5,135 W at 1st sec.
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Figure 6.19. Modelling of homogeneity achievement of CMC solution at 5,135 W at 50th sec.
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Figure 6.20. Modelling of homogeneity achievement of CMC solution at 5,135 W at 100th sec.
Modelling results as well as experimental ones show that mixing in CMC

solution takes place only in the small region near the horn tip.

6.3.4. Mixing time of CMC solution at 7,18 W
Figure 6.21 contains data from experiment of CMC solution under ultrasound

appliance at 7,18 W. All obtained measurements are available in Appendix V.
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Figure 6.21. Conductivity measurements of mixing time of CMC solution under 7,18 W of

output power.
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As it can be seen from Fig. 6.21 and from Appendix V in this experiment it is
unobvious the time of salt addition, it is thought that at 5,00 minutes. Moreover
there is no clear answer when homogeneity is achieved. It should be pointed out
that there was no visual effect of mixing. According to the mathematical
approach time of homogeneity achievement is 8,17 minutes.

In this case:

tmeme—7.18 = 8,17 — 5,00 = 3,17min = 190,2s
Modelling results are shown on Fig. 6.22-6.24. Each picture shows how salt is

distributed in CMC solution under 7,18 W of power output.
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Figure 6.22. Modelling of homogeneity achievement of CMC solution at 7,18 W at 1st sec.

Time=50s Surface: Concentration (mol/m?®)

0.05 . . . . . . - - . 1 A202

0.05
0.04
0.03 -
0,02
0.01 |

ol
F0.01 |
0.02
0.03 -

0.04

0.05 |-

0.06
1 1 | 1 1 1 | | 1 1 |
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.08 0.08 0.1 012 ¥ -05

Figure 6.23. Modelling of homogeneity achievement of CMC solution at 7,18 W at 50th sec.
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Figure 6.24. Modelling of homogeneity achievement of CMC solution at 7,18 W at 100th sec.
Despite experimental part demonstrated results of mixing time of CMC solution
under 7,18 W of power output, modelling results show that there is no

homogeneity has been achieved.

6.3.5. Summary
The measurement of mixing time is indirect method to verify mixing effect in the
proposed model and in real experiment. The use of ultrasound in water causes
visual motion and respectively significant conductivity fluctuations are presented
as indicator of mixing. All obtained data from experimental and modelling

results are shown in Table 6.7.

Table 6.7. Obtained data of mixing time from homogeneity measurements.

S S Visual
) Power Mixing time of Mixing time of
The fluid ] ) effect of
output, W | experimental part, s | modelling part, s o
mixing
3,145 268,8 275 Yes
Water
7,18 126 132 Yes
CMC 5,135 - - No
solution 7,18 190,2 - No
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Experimental and modelling results for water demonstrate similarity with small
deviations in the range of uncertainty, so proposed model is stated to be capable
to describe flow caused by US mixing. In the case of CMC solution experimental
results are thought as absent: the first attempt did not provide the result, the
second one provides unclear results, during both experiments there were no
visual mixing. Therefore, it is thought that US source did not cause sufficient

mixing to achieve homogeneity.

6.4. Results of PIV measurements
The procedure of technique was described in part 5.3. The motion of each tracer
is described by the velocity components. PIV data were extracted into the

MATLAB environment; they can be viewed in Appendices VI-1X.

6.4.1. PIV results of water at 3,145 W
Figure 6.25 shows mixing of water under US use at output power of 3,145 W.

Velocity components which form this picture are available in Appendix VI.

Figure 6.25. PIV measurements of water at 3,145 W of power output of ultrasound.

The intensity of colour of such pictures shows the value of velocity vector. As it
can be seen from Figure 6.25 the greatest mixing effect is observed around horn

tip, and the maximum velocity magnitude is 0,16 m/s. The distribution of mixing
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is directed from the center of vessel to the bottom, then to the walls and finally
the motion comes back to the horn tip.

Modelling results are shown on Fig. 6.26-6.27. Each picture shows velocity
profile which is caused by ultrasound power. As it can be seen from Figure 6.26
maximum velocity magnitude is 0,21 m/s. The comparison of modelling and

practical results is shown at Figure 6.28.
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Figure 6.26. The two-dimensional view of modelling results of water at 3,145 W.
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Figure 6.27. The three-dimensional view of modelling results of water at 3,145 W.
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Figure 6.28. The comparison of velocity profiles of water at 3,145 W between PIV results (on the
left side) and modelling results (on the right side).
The mechanism of how ultrasound waves radiate in water analogous as in PIV

measurements: the velocity profile is maximal at the horn tip, then the motion is
directed to the bottom of the reactor, and then the movement goes along the
walls. As it can be seen from Fig. 6.28 the velocity profile from experimental
and modelling results has circular character. Also it should be noted both results

display similar velocity magnitudes.

6.4.2. PIV results of water at 7,18 W
Figure 6.29 shows mixing of water under US use at output power of 7,18 W.

Velocity components which form this figure are available in Appendix VII.
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Figure 6.29. PIV measurements of water at 7,18 W of power output of ultrasound.

As it can be noted from Figure 6.29 the performance of mixing is similar as in
previous experiment. The distribution of mixing is directed from the horn tip
through the bottom and walls back to the center of vessel. As it can be viewed
from Fig. 6.29 the maximum velocity magnitude is 0,3 m/s.

Modelling results are shown on Fig. 6.30-6.31. Each picture shows velocity
profile which is caused by ultrasound power. As shown in Fig. 6.30 the
maximum velocity magnitude is 0,31 m/s. The comparison of practical and
modelling results is shown at Figure 6.32.
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Figure 6.30. The two-dimensional view of modelling results of water at 7,18 W.
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Figure 6.31. The three-dimensional view of modelling results of water at 7,18 W.

Figure 6.32. The comparison of velocity profiles of water at 7,18 W between PIV results (on the
left side) and modelling results (on the right side).

The results of experimental and modelling part show good agreement: the

character of velocity profile and obtained velocities’ magnitudes are similar.
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6.4.3. PIV results of CMC solution at 5,135 W
Figure 6.33 shows mixing of CMC solution (0,5 % w.) under US use at output
power of 5,135 W. Velocity components which form this figure are available in
Appendix VIII.

Figure 6.33. PIV measurements of CMC solution at 5,135 W of power output of ultrasound.

As it can be noticed from Figure 6.33 the effect of mixing distribution is similar
as in experiments with water. However, the field of motion radiation is smaller
and mostly mixing is observed close to the horn tip. The concentration of motion
does not extend from the center of vessel. Circular character of liquid motion is
kept. As it shown on Fig. 6.33 maximum velocity magnitude is 0,045 m/s.

Modelling results are shown on Fig. 6.34-6.35. Each picture shows velocity
profile which is caused by ultrasound power. As it can be viewed from Fig. 6.34
maximum velocity magnitude is 0,25 m/s. The comparison of practical and

modelling results is viewed at Figure 6.36.
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Figure 6.34. The two-dimensional view of modelling results of CMC solution at 5,135 W.
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Figure 6.35. The three-dimensional view of modelling results of CMC solution at 5,135 W.
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Figure 6.36. The comparison of velocity profiles of CMC solution at 5,135 W between PIV

results (on the left side) and modelling results (on the right side).
The mechanism of how ultrasound waves radiate in CMC solution is analogous
as in PIV measurements: circular motion near the horn tip, however the area of
distribution is smaller. As it can be seen from Fig. 6.36 the velocity profile from
experimental and modelling results are circular, the magnitudes of velocities
differ.

6.4.4. PIV results of CMC solution at 7,18 W
Figure 6.37 shows mixing of CMC solution under US use at output power of
7,18 W. Velocity components which constitute this figure are available in
Appendix IX.
As it can be noticed from Figure 6.37 the effect of mixing distribution is similar
as in previous experiments. As it can be noted from Fig. 6.37 maximum velocity
magnitude is 0,03 m/s. The comparison of practical and modelling results is

viewed at Figure 6.40.
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Figure 6.37. PIV measurements of CMC solution at 7,18 W of power output of ultrasound.

Modelling results are shown on Fig. 6.38-6.39. Each picture shows velocity
profile which is caused by ultrasound power. As it can be seen from Fig. 6.38

maximum velocity magnitude is 0,25 m/s.
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Figure 6.38. The two-dimensional view of modelling results of CMC solution at 7,18 W.
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Figure 6.39. The three-dimensional view of modelling results of CMC solution at 7,18 W.

Figure 6.40. The comparison of velocity profiles of CMC solution at 7,18 W between P1V results
on the left side and modelling results on the right side.

The mechanism of how ultrasound waves radiate in CMC solution is analogous

as in PIV measurements and as in previous experiment: circular motion close to
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the horn tip. As it can be seen from Fig. 6.40 the velocity profile and velocities

magnitudes in experimental and modelling part differ.

6.4.5. Summary

Experimental and modelling results have good agreement in overall pattern of
fluid flow. The motion of fluids under US use has circular character: the flow of
water is directed from the horn tip onto the bottom, further flow moves along the
walls and it comes back to the center. The mixing performance of CMC solution
involves only space around the horn tip.

The radius of flow radiation depends on viscosity — the field of wave’s
distribution in water is larger, the field of wave’s distribution in CMC solution is
smaller. As it can be seen from Table 6.8 velocity magnitudes in PIV
experiments and in modelling part have a good agreement in the case of water. In
the case of CMC solution scales of velocity magnitudes do not match in

experiment and modelling.
Table 6.8. The comparison of values of velocity magnitudes between PIV experiments and

modelling results.

) Maximum velocity magnitude, m/s
The name of experiment :
PIV Modelling
3,145 W 0,16 0,21
Water
7,18 W 0,3 0,31
5135 W 0,045 0,25
CMC
7,18 W 0,03 0,25
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7. Conclusions

This work is devoted to study the modelling of US with Newtonian and non-
Newtonian fluids. It can be said that all aims are reached: observation of
consequences of US appliance on the fluids, creation of the correct model for
CFD simulation of studied process, verification of the proposed model by
experiments.

Newtonian fluids are presented by water; non-Newtonian fluids are presented by
0.5% (mass.) CMC solution. The use of ultrasound waves cause fluid motion:
significant in water and slight in CMC solution. In the case of water the great
volume of the reactor was affected by the US influence. Moreover cavities
formation was noted in provided experiments. In the case of US using on non-
Newtonian fluids there was mixing of fluid flow only in the horn vicinity and
essential volume of the reactor was not affected.

The model for simulation of investigated process is presented. The k — & model
was used to simulate the process of US using on Newtonian fluid, power-law
relationship was used to model the fluid flow of non-Newtonian fluid.
Experimental part was made to verify four groups of results: water and CMC
solution were affected by ultrasound waves of different power.

Homogeneity and PIV experiments were made as verification methods. As
indirect method of validation, measurements of mixing time of homogeneity
achievement were used. As direct method of examination, the fluid motion was
investigated via PIV system. In homogeneity experiments there was no effect of
US using on CMC solution; the values of mixing time from practical and
modelling parts for water are similar.

PIV measurements show that the proposed model is capable to describe the fluid
flow under US using in the case of water. This is based on the similar character
of the fluid flow under US appliance and corresponding values of maximum
velocity magnitudes. In the case of CMC solution the proposed model show
similar character of the fluid flow under US using, namely that the circular
radiation of US waves is presented in small region around the horn tip. However

there is divergence in values of maximum velocity magnitudes in CMC solution.
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Therefore the developed model of modelling the fluid flow under US appliance
is useful for Newtonian fluids. In order to predict the behaviour of flow of non-
Newtonian fluids the proposed model should be improved.

Next proposals can be used for further researches:

e more experiments should be made with US source in order to study the
influence of ultrasound in various conditions (temperature, environments,
geometry), so the set of equations to simulate the US waves radiation will
be developed;

e more experiments should be focused on the flow of non-Newtonian fluids
in order to progress the understanding of behaviour of non-Newtonian
fluids and therefore to develop modelling of their flow, in the case of
turbulent flows;

e there is need to study the interaction between different physical
phenomena, namely turbulence in non-Newtonian fluids, effect of
ultrasound appliance in liquids (both Newtonian and non-Newtonian).

Hopefully this model can help for further investigations of the remarkable

process of US using on Newtonian and non-Newtonian liquids.
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Appendices

Appendix |

Experimental data of CMC solution: dependence of viscosity from shear rate.

Shear rate | Viscosity, | Shear rate

Pa*s
2,14 1,56 51,1 0,34
4,18 1,21 53,1 0,333
6,22 1,02 55,1 0,325
8,26 0,895 57,2 0,318
10,3 0,806 59,2 0,312
12,3 0,737 61,3 0,306
14,4 0,683 63,3 0,3
16,4 0,638 65,3 0,294
18,4 0,6 67,4 0,289
20,5 0,567 69,4 0,284
22,5 0,539 715 0,279
24,6 0,514 73,5 0,274
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26,6 0,492 75,5 0,27
28,6 0,473 77,6 0,266
30,7 0,455 79,6 0,261
32,7 0,439 81,7 0,258
34,8 0,424 83,7 0,254
36,8 0,411 85,7 0,25
38,8 0,398 87,8 0,247
40,9 0,387 89,8 0,243
42,9 0,376 91,8 0,24
45 0,366 93,9 0,237
47 0,357 95,9 0,234
49 0,348 98 0,231

100 0,228
Appendix I

There are experimental data of homogeneity measurements, namely conductivity
measurements in dependence of time. These data belong to water under
ultrasound use at 3,145 W of output power level.

Time. s Conductivity, Time. s Conductivity, Time. s Conductivity,
puS/cm puS/cm puS/cm
0:00:00 | 0,000201 0:05:20 0,005751 | 0:10:39 | 0,007906
0:00:01 0,000201 0:05:20 0,005751 0:10:40 0,007906
0:00:01 0,000201 0:05:21 0,005502 0:10:40 0,007906
0:00:02 | 0,000199 0:05:21 0,005502 | 0:10:41 0,0079
0:00:02 0,000199 0:05:22 0,005502 0:10:41 0,0079
0:00:03 0,000199 0:05:22 0,005502 0:10:42 0,0079
0:00:04 | 0,000199 0:05:23 0,005903 | 0:10:42 0,0079
0:00:04 0,000198 0:05:23 0,005903 0:10:43 0,007896
0:00:05 0,000198 0:05:24 0,005903 0:10:43 0,007896
0:00:05 | 0,000198 0:05:24 0,005505 | 0:10:44 | 0,007896
0:00:06 | 0,000198 0:05:25 0,005505 | 0:10:44 | 0,007906
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0:00:06 0,000198 0:05:25 0,005505 | 0:10:45| 0,007906
0:00:07 0,000198 0:05:26 0,005486 | 0:10:45| 0,007906
0:00:07 0,000198 0:05:27 0,005486 | 0:10:46 | 0,007924
0:00:08 0,000198 0:05:27 0,005486 | 0:10:46 | 0,007924
0:00:08 0,000198 0:05:28 0,005486 | 0:10:47 | 0,007924
0:00:09 0,000198 0:05:28 0,005201 | 0:10:48 | 0,007924
0:00:09 0,000205 0:05:29 0,005201 | 0:10:48 | 0,007923
0:00:10 0,000205 0:05:29 0,005201 | 0:10:49 | 0,007923
0:00:10 0,000205 0:05:30 0,005346 | 0:10:49 | 0,007923
0:00:11 0,000209 0:05:30 0,005346 | 0:10:50 | 0,007928
0:00:11 0,000209 0:05:31 0,005346 | 0:10:50 | 0,007928
0:00:12 0,000209 0:05:31 0,00534 0:10:51| 0,007928
0:00:13 0,00021 0:05:32 0,00534 0:10:51| 0,007936
0:00:13 0,00021 0:05:32 0,00534 0:10:52 | 0,007936
0:00:14 0,00021 0:05:33 0,005404 | 0:10:52 | 0,007936
0:00:14 0,000211 0:05:33 0,005404 | 0:10:53 | 0,007937
0:00:15 0,000211 0:05:34 0,005404 | 0:10:53 | 0,007937
0:00:15 0,000211 0:05:34 0,005404 | 0:10:54 | 0,007937
0:00:16 0,000211 0:05:35 0,005453 | 0:10:54 | 0,007937
0:00:16 0,000212 0:05:36 0,005453 | 0:10:55| 0,007935
0:00:17 0,000212 0:05:36 0,005453 | 0:10:56 | 0,007935
0:00:17 0,000212 0:05:37 0,005543 | 0:10:56 | 0,007935
0:00:18 0,000211 0:05:37 0,005543 | 0:10:57 | 0,007939
0:00:18 0,000211 0:05:38 0,005543 | 0:10:57 | 0,007939
0:00:19 0,000211 0:05:38 0,00553 0:10:58 | 0,007939
0:00:19 0,000216 0:05:39 0,00553 0:10:58 | 0,007957
0:00:20 0,000216 0:05:39 0,00553 0:10:59 | 0,007957
0:00:21 0,000216 0:05:40 0,005611 | 0:10:59 | 0,007957
0:00:21 0,000225 0:05:40 0,005611 | 0:11:00 | 0,007957
0:00:22 0,000225 0:05:41 0,005611 | 0:11:00 | 0,007964
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0:00:22 0,000225 0:05:41 0,005611 | 0:11:01| 0,007964
0:00:23 0,000225 0:05:42 0,005597 | 0:11:01 | 0,007964
0:00:23 0,000226 0:05:42 0,005597 | 0:11:02 0,00796
0:00:24 0,000226 0:05:43 0,005597 | 0:11:02 0,00796
0:00:24 0,000226 0:05:44 0,005712 | 0:11:03 0,00796
0:00:25 0,000226 0:05:44 0,005712 | 0:11:03 | 0,007965
0:00:25 0,000226 0:05:45 0,005712 | 0:11:04 | 0,007965
0:00:26 0,000226 0:05:04 0,005614 | 0:11:05| 0,007965
0:00:26 0,000221 0:05:46 0,005614 | 0:11:05| 0,007983
0:00:27 0,000221 0:05:46 0,005614 | 0:11:06 | 0,007983
0:00:27 0,000221 0:05:47 0,005614 | 0:11:06 | 0,007983
0:00:28 0,000221 0:05:47 0,005874 | 0:11:07 | 0,007983
0:00:28 0,000216 0:05:48 0,005874 | 0:11:07 | 0,007984
0:00:29 0,000216 0:05:48 0,005874 | 0:11:08 | 0,007984
0:00:30 0,000216 0:05:49 0,005694 | 0:11:08 | 0,007984
0:00:30 0,000214 0:05:49 0,005694 | 0:11:09 | 0,007987
0:00:31 0,000214 0:05:50 0,005694 | 0:11:09 | 0,007987
0:00:31 0,000214 0:05:50 0,005806 | 0:11:10 | 0,007987
0:00:32 0,000214 0:05:51 0,005806 | 0:11:10 | 0,007989
0:00:32 0,000214 0:05:51 0,005806 | 0:11:11| 0,007989
0:00:33 0,000214 0:05:52 0,006046 | 0:11:11| 0,007989
0:00:33 0,000217 0:05:53 0,006046 | 0:11:12| 0,007988
0:00:34 0,000217 0:05:53 0,006046 | 0:11:13| 0,007988
0:00:34 0,000217 0:05:54 0,006046 | 0:11:13 | 0,007988
0:00:35 0,000217 0:05:54 0,006263 | 0:11:14| 0,007988
0:00:35 0,000209 0:05:55 0,006263 | 0:11:14| 0,007987
0:00:36 0,000209 0:05:55 0,006263 | 0:11:15| 0,007987
0:00:36 0,000209 0:05:56 0,005999 | 0:11:15| 0,007987
0:00:37 0,000207 0:05:56 0,005999 | 0:11:16 | 0,007985
0:00:38 0,000207 0:05:57 0,005999 | 0:11:16| 0,007985
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0:00:38 0,000207 0:05:57 0,005989 | 0:11:17| 0,007985
0:00:39 0,000207 0:05:58 0,005989 | 0:11:17| 0,007983
0:00:39 0,000207 0:05:58 0,005989 | 0:11:18 | 0,007983
0:00:40 0,000207 0:05:59 0,006041 | 0:11:18| 0,007983
0:00:40 0,000208 0:05:59 0,006041 | 0:11:19| 0,007983
0:00:41 0,000208 0:06:00 0,006041 | 0:11:19| 0,007984
0:00:41 0,000208 0:06:01 0,006041 | 0:11:20 | 0,007984
0:00:42 0,000208 0:06:01 0,00632 0:11:20 | 0,007984
0:00:42 0,000207 0:06:02 0,00632 0:11:21| 0,007987
0:00:43 0,000207 0:06:02 0,00632 0:11:22 | 0,007987
0:00:43 0,000207 0:06:03 0,006435 | 0:11:22 | 0,007987
0:00:44 0,000207 0:06:03 0,006435 | 0:11:23 | 0,007986
0:00:44 0,000207 0:06:04 0,006435 | 0:11:23| 0,007986
0:00:45 0,000207 0:06:04 0,006162 | 0:11:24| 0,007986
0:00:45 0,000207 0:06:05 0,006162 | 0:11:24 | 0,007987
0:00:46 0,000207 0:06:05 0,006162 | 0:11:25| 0,007987
0:00:47 0,000207 0:06:06 0,006162 | 0:11:25| 0,007987
0:00:47 0,000207 0:06:06 0,005962 | 0:11:26 | 0,007987
0:00:48 0,000206 0:06:07 0,005962 | 0:11:26 | 0,007987
0:00:48 0,000206 0:06:07 0,005962 | 0:11:27 | 0,007987
0:00:49 0,000206 0:06:08 0,006627 | 0:11:27 | 0,007987
0:00:49 0,000205 0:06:08 0,006627 | 0:11:28 | 0,007986
0:00:50 0,000205 0:06:09 0,006627 | 0:11:28 | 0,007986
0:00:50 0,000205 0:06:10 0,006878 | 0:11:29 | 0,007986
0:00:51 0,000205 0:06:10 0,006878 | 0:11:30| 0,007986
0:00:51 0,000205 0:06:11 0,006878 | 0:11:30| 0,007986
0:00:52 0,000205 0:06:11 0,006482 | 0:11:31| 0,007986
0:00:52 0,000202 0:06:12 0,006482 | 0:11:31| 0,007984
0:00:53 0,000202 0:06:12 0,006482 | 0:11:32| 0,007984
0:00:53 0,000202 0:06:13 0,006482 | 0:11:32| 0,007984
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0:00:54 0,000202 0:06:13 0,00687 0:11:33 | 0,007984
0:00:55 0,000202 0:06:14 0,00687 0:11:33 | 0,007982
0:00:55 0,000202 0:06:14 0,00687 0:11:34 | 0,007982
0:00:56 0,000202 0:06:15 0,006784 | 0:11:34| 0,007982
0:00:56 0,000205 0:06:15 0,006784 | 0:11:35| 0,007979
0:00:57 0,000205 0:06:16 0,006784 | 0:11:35| 0,007979
0:00:57 0,000205 0:06:16 0,00688 0:11:36 | 0,007979
0:00:58 0,000208 0:06:17 0,00688 0:11:36 | 0,007974
0:00:58 0,000208 0:06:18 0,00688 0:11:37 | 0,007974
0:00:59 0,000208 0:06:18 0,006953 | 0:11:37 | 0,007974
0:00:59 0,000201 0:06:19 0,006953 | 0:11:38 | 0,007974
0:01:00 0,000201 0:06:19 0,006953 | 0:11:39 | 0,007974
0:01:00 0,000201 0:06:20 0,006953 | 0:11:39| 0,007974
0:01:01 0,000201 0:06:20 0,006933 | 0:11:40 | 0,007974
0:01:01 0,000203 0:06:21 0,006933 | 0:11:40 | 0,007973
0:01:02 0,000203 0:06:21 0,006933 | 0:11:41| 0,007973
0:01:02 0,000203 0:06:22 0,006346 | 0:11:41| 0,007973
0:01:03 0,000206 0:06:22 0,006346 | 0:11:42 | 0,007973
0:01:04 0,000206 0:06:23 0,006346 | 0:11:42| 0,007973
0:01:04 0,000206 0:06:23 0,006338 | 0:11:43| 0,007973
0:01:05 0,000197 0:06:24 0,006338 | 0:11:43 | 0,007974
0:01:05 0,000197 0:06:24 0,006338 | 0:11:44| 0,007974
0:01:06 0,000197 0:06:25 0,006338 | 0:11:44| 0,007974
0:01:06 0,000197 0:06:25 0,006835 | 0:11:45| 0,007974
0:01:07 0,000204 0:06:26 0,006835 | 0:11:45| 0,007973
0:01:07 0,000204 0:06:27 0,006835 | 0:11:46| 0,007973
0:01:08 0,000204 0:06:27 0,007173 | 0:11:47 | 0,007973
0:01:08 0,000204 0:06:28 0,007173 | 0:11:47 | 0,007973
0:01:09 0,000204 0:06:28 0,007173 | 0:11:48 | 0,007973
0:01:09 0,000204 0:06:29 0,007082 | 0:11:48 | 0,007973
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0:01:10 0,000197 0:06:29 0,007082 | 0:11:49| 0,007975
0:01:10 0,000197 0:06:30 0,007082 | 0:11:49 | 0,007975
0:01:11 0,000197 0:06:30 0,007072 | 0:11:50 | 0,007975
0:01:12 0,000202 0:06:31 0,007072 | 0:11:50 | 0,007977
0:01:12 0,000202 0:06:31 0,007072 | 0:11:51 | 0,007977
0:01:13 0,000202 0:06:32 0,007072 | 0:11:51 | 0,007977
0:01:13 0,000202 0:06:32 0,006766 | 0:11:52 | 0,007977
0:01:14 0,000205 0:06:33 0,006766 | 0:11:52 | 0,007981
0:01:14 0,000205 0:06:33 0,006766 | 0:11:53 | 0,007981
0:01:01 0,000205 0:06:34 0,007028 | 0:11:53| 0,007981
0:01:15 0,000204 0:06:35 0,007028 | 0:11:54 | 0,007981
0:01:16 0,000204 0:06:35 0,007028 | 0:11:54 | 0,007981
0:01:16 0,000204 0:06:36 0,007039 | 0:11:55| 0,007981
0:01:17 0,000205 0:06:36 0,007039 | 0:11:56 0,00798
0:01:17 0,000205 0:06:37 0,007039 | 0:11:56 0,00798
0:01:18 0,000205 0:06:37 0,007061 | 0:11:57 0,00798
0:01:18 0,000205 0:06:38 0,007061 | 0:11:57 0,00798
0:01:19 0,000205 0:06:38 0,007061 | 0:11:58 | 0,007981
0:01:19 0,000205 0:06:39 0,007061 | 0:11:58 | 0,007981
0:01:20 0,000205 0:06:39 0,007051 | 0:11:59 | 0,007981
0:01:21 0,000205 0:06:40 0,007051 | 0:11:59 | 0,007983
0:01:21 0,000205 0:06:40 0,007051 | 0:12:00 | 0,007983
0:01:22 0,000205 0:06:41 0,007393 | 0:12:00 | 0,007983
0:01:22 0,000203 0:06:41 0,007393 | 0:12:01| 0,007987
0:01:23 0,000203 0:06:42 0,007393 | 0:12:01| 0,007987
0:01:23 0,000203 0:06:42 0,007381 | 0:12:02 | 0,007987
0:01:24 0,000199 0:06:43 0,007381 | 0:12:02 0,00799
0:01:24 0,000199 0:06:44 0,007381 | 0:12:03 0,00799
0:01:25 0,000199 0:06:44 0,007381 | 0:12:04 0,00799
0:01:25 0,000199 0:06:45 0,007348 | 0:12:04 0,00799
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0:01:26 0,000199 0:06:45 0,007348 | 0:12:05| 0,007991
0:01:26 0,000199 0:06:46 0,007348 | 0:12:05| 0,007991
0:01:27 0,000199 0:06:46 0,007311 | 0:12:06 | 0,007991
0:01:27 0,000202 0:06:47 0,007311 | 0:12:06 | 0,007991
0:01:28 0,000202 0:06:47 0,007311 | 0:12:07 | 0,007991
0:01:29 0,000202 0:06:48 0,007075 | 0:12:07 | 0,007991
0:01:29 0,000198 0:06:48 0,007075 | 0:12:08 | 0,007993
0:01:30 0,000198 0:06:49 0,007075 | 0:12:08 | 0,007993
0:01:30 0,000198 0:06:49 0,00698 0:12:09 | 0,007993
0:01:31 0,000198 0:06:50 0,00698 0:12:09 | 0,007997
0:01:31 0,000198 0:06:50 0,00698 0:12:10 | 0,007997
0:01:32 0,000198 0:06:51 0,00698 0:12:10 | 0,007997
0:01:32 0,000198 0:06:52 0,007252 | 0:12:11| 0,007997
0:01:33 0,0002 0:06:52 0,007252 | 0:12:11 0,008

0:01:33 0,0002 0:06:53 0,007252 | 0:12:12 0,008

0:01:34 0,0002 0:06:53 0,007254 | 0:12:13 0,008

0:01:34 0,0002 0:06:54 0,007254 | 0:12:13 | 0,008004
0:01:35 0,0002 0:06:54 0,007254 | 0:12:14 | 0,008004
0:01:35 0,0002 0:06:55 0,006982 | 0:12:14 | 0,008004
0:01:36 0,0002 0:06:55 0,006982 | 0:12:01| 0,008006
0:01:36 0,0002 0:06:56 0,006982 | 0:12:15| 0,008006
0:01:37 0,0002 0:06:56 0,007226 | 0:12:16 | 0,008006
0:01:38 0,000197 0:06:57 0,007226 | 0:12:16 | 0,008006
0:01:38 0,000197 0:06:57 0,007226 | 0:12:17 | 0,008007
0:01:39 0,000197 0:06:58 0,007226 | 0:12:17 | 0,008007
0:01:39 0,000197 0:06:58 0,007223 | 0:12:18 | 0,008007
0:01:40 0,000197 0:06:59 0,007223 | 0:12:18 | 0,008008
0:01:40 0,000197 0:06:59 0,007223 | 0:12:19| 0,008008
0:01:41 0,000197 0:07:00 0,007233 | 0:12:19| 0,008008
0:01:41 0,000202 0:07:01 0,007233 | 0:12:20 | 0,008013
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0:01:42 0,000202 0:07:01 0,007233 | 0:12:21| 0,008013
0:01:42 0,000202 0:07:02 0,007177 | 0:12:21 | 0,008013
0:01:43 0,000195 0:07:02 0,007177 | 0:12:22 | 0,008017
0:01:43 0,000195 0:07:03 0,007177 | 0:12:22| 0,008017
0:01:44 0,000195 0:07:03 0,007177 | 0:12:23 | 0,008017
0:01:44 0,000195 0:07:04 0,006987 | 0:12:23 | 0,008017
0:01:45 0,000202 0:07:04 0,006987 | 0:12:24 0,00802
0:01:46 0,000202 0:07:05 0,006987 | 0:12:24 0,00802
0:01:46 0,000202 0:07:05 0,007305 | 0:12:25 0,00802
0:01:47 0,000194 0:07:06 0,007305 | 0:12:02 | 0,008022
0:01:47 0,000194 0:07:06 0,007305 | 0:12:26 | 0,008022
0:01:48 0,000194 0:07:07 0,007426 | 0:12:26 | 0,008022
0:01:48 0,000198 0:07:07 0,007426 | 0:12:27 | 0,008024
0:01:49 0,000198 0:07:08 0,007426 | 0:12:27 | 0,008024
0:01:49 0,000198 0:07:09 0,007324 | 0:12:28 | 0,008024
0:01:50 0,0002 0:07:09 0,007324 | 0:12:28 | 0,008027
0:01:50 0,0002 0:07:10 0,007324 | 0:12:29 | 0,008027
0:01:51 0,0002 0:07:10 0,007324 | 0:12:30 | 0,008027
0:01:51 0,0002 0:07:11 0,007238 | 0:12:30 | 0,008027
0:01:52 0,000196 0:07:11 0,007238 | 0:12:31| 0,008027
0:01:52 0,000196 0:07:12 0,007238 | 0:12:31| 0,008027
0:01:53 0,000196 0:07:12 0,007351 | 0:12:32| 0,008027
0:01:53 0,000196 0:07:13 0,007351 | 0:12:32| 0,008034
0:01:54 0,000196 0:07:13 0,007351 | 0:12:33 | 0,008034
0:01:55 0,000196 0:07:14 0,007327 | 0:12:33| 0,008034
0:01:55 0,0002 0:07:14 0,007327 | 0:12:34| 0,008044
0:01:56 0,0002 0:07:15 0,007327 | 0:12:34 | 0,008044
0:01:56 0,0002 0:07:15 0,007327 | 0:12:35| 0,008044
0:01:57 0,0002 0:07:16 0,007306 | 0:12:35| 0,008044
0:01:57 0,0002 0:07:16 0,007306 | 0:12:36 | 0,008044
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0:01:58 0,0002 0:07:17 0,007306 | 0:12:36 | 0,008044
0:01:58 0,0002 0:07:18 0,00724 0:12:37 | 0,008044
0:01:59 0,000196 0:07:18 0,00724 0:12:38 | 0,008045
0:01:59 0,000196 0:07:19 0,00724 0:12:38 | 0,008045
0:02:00 0,000196 0:07:19 0,007214 | 0:12:39 | 0,008045
0:02:00 0,000194 0:07:20 0,007214 | 0:12:39 | 0,008046
0:02:01 0,000194 0:07:20 0,007214 | 0:12:40 | 0,008046
0:02:01 0,000194 0:07:21 0,007211 | 0:12:40 | 0,008046
0:02:02 0,000194 0:07:21 0,007211 | 0:12:41| 0,008046
0:02:03 0,000194 0:07:22 0,007211 | 0:12:41| 0,008046
0:02:03 0,000194 0:07:22 0,007211 | 0:12:42 | 0,008046
0:02:04 0,000194 0:07:23 0,007236 | 0:12:42 | 0,008046
0:02:04 0,000193 0:07:23 0,007236 | 0:12:43 | 0,008048
0:02:00 0,000193 0:07:24 0,007236 | 0:12:43 | 0,008048
0:02:05 0,000193 0:07:24 0,00724 0:12:44 | 0,008048
0:02:06 0,000194 0:07:25 0,00724 0:12:44 | 0,008049
0:02:06 0,000194 0:07:26 0,00724 0:12:45| 0,008049
0:02:07 0,000194 0:07:26 0,007246 | 0:12:45| 0,008049
0:02:07 0,000194 0:07:27 0,007246 | 0:12:46 | 0,008052
0:02:08 0,000194 0:07:27 0,007246 | 0:12:47 | 0,008052
0:02:08 0,000194 0:07:28 0,007255 | 0:12:47 | 0,008052
0:02:09 0,000195 0:07:28 0,007255 | 0:12:48 | 0,008058
0:02:09 0,000195 0:07:29 0,007255 | 0:12:48 | 0,008058
0:02:10 0,000195 0:07:29 0,007255 | 0:12:49 | 0,008058
0:02:10 0,000195 0:07:30 0,007135 | 0:12:49 | 0,008058
0:02:11 0,000196 0:07:30 0,007135 | 0:12:50 | 0,008062
0:02:12 0,000196 0:07:31 0,007135 | 0:12:50 | 0,008062
0:02:12 0,000196 0:07:31 0,007134 | 0:12:51| 0,008062
0:02:13 0,000197 0:07:32 0,007134 | 0:12:51| 0,008064
0:02:13 0,000197 0:07:32 0,007134 | 0:12:52 | 0,008064




113

0:02:14 0,000197 0:07:33 0,007192 | 0:12:52 | 0,008064
0:02:14 0,000198 0:07:33 0,007192 | 0:12:53 | 0,008066
0:02:15 0,000198 0:07:34 0,007192 | 0:12:53 | 0,008066
0:02:15 0,000198 0:07:35 0,007192 | 0:12:54 | 0,008066
0:02:16 0,000198 0:07:35 0,007252 | 0:12:55 | 0,008066
0:02:16 0,000197 0:07:36 0,007252 | 0:12:05| 0,008065
0:02:17 0,000197 0:07:36 0,007252 | 0:12:56 | 0,008065
0:02:17 0,000197 0:07:37 0,007237 | 0:12:56 | 0,008065
0:02:18 0,000192 0:07:37 0,007237 | 0:12:57 | 0,008063
0:02:18 0,000192 0:07:38 0,007237 | 0:12:57 | 0,008063
0:02:19 0,000192 0:07:38 0,007328 | 0:12:58 | 0,008063
0:02:20 0,000195 0:07:39 0,007328 | 0:12:58 | 0,008063
0:02:20 0,000195 0:07:39 0,007328 | 0:12:59 | 0,008063
0:02:21 0,000195 0:07:40 0,007328 | 0:12:59 | 0,008063
0:02:21 0,000197 0:07:40 0,007328 | 0:13:00 | 0,008061
0:02:22 0,000197 0:07:41 0,007328 | 0:13:00| 0,008061
0:02:22 0,000197 0:07:41 0,007328 | 0:13:01 | 0,008061
0:02:23 0,000197 0:07:42 0,007354 | 0:13:01 | 0,008061
0:02:23 0,000192 0:07:43 0,007354 | 0:13:02| 0,008058
0:02:24 0,000192 0:07:43 0,007354 | 0:13:02 | 0,008058
0:02:24 0,000192 0:07:44 0,007398 | 0:13:03 | 0,008058
0:02:25 0,000193 0:07:44 0,007398 | 0:13:04 | 0,008057
0:02:25 0,000193 0:07:45 0,007398 | 0:13:04 | 0,008057
0:02:26 0,000193 0:07:45 0,007412 | 0:13:05| 0,008057
0:02:26 0,000198 0:07:46 0,007412 | 0:13:05| 0,008055
0:02:27 0,000198 0:07:46 0,007412 | 0:13:06 | 0,008055
0:02:27 0,000198 0:07:47 0,007406 | 0:13:06 | 0,008055
0:02:28 0,000192 0:07:47 0,007406 | 0:13:07 | 0,008054
0:02:29 0,000192 0:07:48 0,007406 | 0:13:07 | 0,008054
0:02:29 0,000192 0:07:48 0,007406 | 0:13:08 | 0,008054
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0:02:30 0,000192 0:07:49 0,0074 0:13:08 | 0,008054
0:02:30 0,000194 0:07:49 0,0074 0:13:09 | 0,008054
0:02:31 0,000194 0:07:50 0,0074 0:13:09 | 0,008054
0:02:31 0,000194 0:07:50 0,007393 | 0:13:10| 0,008054
0:02:32 0,000196 0:07:51 0,007393 | 0:13:10 | 0,008055
0:02:32 0,000196 0:07:52 0,007393 | 0:13:11 | 0,008055
0:02:33 0,000196 0:07:52 0,007317 | 0:13:12| 0,008055
0:02:33 0,00019 0:07:53 0,007317 | 0:13:12| 0,008056
0:02:34 0,00019 0:07:53 0,007317 | 0:13:13 | 0,008056
0:02:34 0,00019 0:07:54 0,007317 | 0:13:13| 0,008056
0:02:35 0,00019 0:07:54 0,007308 | 0:13:14 | 0,008056
0:02:35 0,000193 0:07:55 0,007308 | 0:13:14 | 0,008059
0:02:36 0,000193 0:07:55 0,007308 | 0:13:15| 0,008059
0:02:37 0,000193 0:07:56 0,007318 | 0:13:15| 0,008059
0:02:37 0,000196 0:07:56 0,007318 | 0:13:16 0,00806
0:02:38 0,000196 0:07:57 0,007318 | 0:13:16 0,00806
0:02:38 0,000196 0:07:57 0,00734 0:13:17 0,00806
0:02:39 0,000197 0:07:58 0,00734 0:13:17 | 0,008062
0:02:39 0,000197 0:07:58 0,00734 0:13:18 | 0,008062
0:02:40 0,000197 0:07:59 0,007285 | 0:13:18| 0,008062
0:02:40 0,000197 0:08:00 0,007285 | 0:13:19 | 0,008062
0:02:41 0,000197 0:08:00 0,007285 | 0:13:19| 0,008062
0:02:41 0,000197 0:08:01 0,007285 | 0:13:20| 0,008062
0:02:42 0,000197 0:08:01 0,007264 | 0:13:21 | 0,008062
0:02:42 0,000194 0:08:02 0,007264 | 0:13:21| 0,008062
0:02:43 0,000194 0:08:02 0,007264 | 0:13:22 | 0,008062
0:02:43 0,000194 0:08:03 0,007251 | 0:13:22 | 0,008062
0:02:44 0,00019 0:08:03 0,007251 | 0:13:23 | 0,008063
0:02:44 0,00019 0:08:04 0,007251 | 0:13:23| 0,008063
0:02:45 0,00019 0:08:04 0,007267 | 0:13:24 | 0,008063
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0:02:46 0,00019 0:08:05 0,007267 | 0:13:24 | 0,008061
0:02:46 0,00019 0:08:05 0,007267 | 0:13:25| 0,008061
0:02:47 0,00019 0:08:06 0,007287 | 0:13:25| 0,008061
0:02:47 0,000194 0:08:06 0,007287 | 0:13:26 | 0,008061
0:02:48 0,000194 0:08:07 0,007287 | 0:13:26 | 0,008061
0:02:48 0,000194 0:08:07 0,007287 | 0:13:27 | 0,008061
0:02:49 0,000194 0:08:08 0,00732 0:13:27 | 0,008061
0:02:49 0,000195 0:08:09 0,00732 0:13:28 | 0,008063
0:02:50 0,000195 0:08:09 0,00732 0:13:29 | 0,008063
0:02:50 0,000195 0:08:10 0,007367 | 0:13:29 | 0,008063
0:02:51 0,000193 0:08:10 0,007367 | 0:13:30 | 0,008067
0:02:51 0,000193 0:08:11 0,007367 | 0:13:30 | 0,008067
0:02:52 0,000193 0:08:11 0,007394 | 0:13:31| 0,008067
0:02:52 0,00019 0:08:12 0,007394 | 0:13:31| 0,008071
0:02:53 0,00019 0:08:12 0,007394 | 0:13:32| 0,008071
0:02:54 0,00019 0:08:13 0,007394 | 0:13:32| 0,008071
0:02:54 0,00019 0:08:13 0,007382 | 0:13:33| 0,008071
0:02:55 0,00019 0:08:14 0,007382 | 0:13:33 | 0,008074
0:02:05 0,00019 0:08:14 0,007382 | 0:13:34| 0,008074
0:02:56 0,00019 0:08:15 0,007374 | 0:13:34| 0,008074
0:02:56 0,000192 0:08:15 0,007374 | 0:13:35| 0,008077
0:02:57 0,000192 0:08:16 0,007374 | 0:13:35| 0,008077
0:02:57 0,000192 0:08:17 0,00737 0:13:36 | 0,008077
0:02:58 0,000194 0:08:17 0,00737 0:13:36 | 0,008076
0:02:58 0,000194 0:08:18 0,00737 0:13:37 | 0,008076
0:02:59 0,000194 0:08:18 0,007374 | 0:13:38 | 0,008076
0:02:59 0,000195 0:08:19 0,007374 | 0:13:38 | 0,008074
0:03:00 0,000195 0:08:19 0,007374 | 0:13:39 | 0,008074
0:03:00 0,000195 0:08:20 0,007374 | 0:13:39 | 0,008074
0:03:01 0,000195 0:08:20 0,007394 | 0:13:40 | 0,008074
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0:03:01 0,000195 0:08:21 0,007394 | 0:13:40 | 0,008075
0:03:02 0,000195 0:08:21 0,007394 | 0:13:41| 0,008075
0:03:03 0,000195 0:08:22 0,007409 | 0:13:41| 0,008075
0:03:03 0,000191 0:08:22 0,007409 | 0:13:42| 0,008075
0:03:04 0,000191 0:08:23 0,007409 | 0:13:42 | 0,008075
0:03:04 0,000191 0:08:23 0,007435 | 0:13:43 | 0,008075
0:03:05 0,00019 0:08:24 0,007435 | 0:13:43| 0,008079
0:03:05 0,00019 0:08:24 0,007435 | 0:13:44 | 0,008079
0:03:06 0,00019 0:08:25 0,007449 | 0:13:44 | 0,008079
0:03:06 0,000195 0:08:26 0,007449 | 0:13:45| 0,008083
0:03:07 0,000195 0:08:26 0,007449 | 0:13:46 | 0,008083
0:03:07 0,000195 0:08:27 0,007449 | 0:13:46 | 0,008083
0:03:08 0,000195 0:08:27 0,007451 | 0:13:47 | 0,008083
0:03:08 0,000189 0:08:28 0,007451 | 0:13:47 | 0,008085
0:03:09 0,000189 0:08:28 0,007451 | 0:13:48 | 0,008085
0:03:09 0,000189 0:08:29 0,007445 | 0:13:48 | 0,008085
0:03:10 0,000195 0:08:29 0,007445 | 0:13:49 | 0,008087
0:03:11 0,000195 0:08:30 0,007445 | 0:13:49 | 0,008087
0:03:11 0,000195 0:08:30 0,007446 | 0:13:50 | 0,008087
0:03:12 0,00019 0:08:31 0,007446 | 0:13:50 | 0,008088
0:03:12 0,00019 0:08:31 0,007446 | 0:13:51 | 0,008088
0:03:13 0,00019 0:08:32 0,007446 | 0:13:51| 0,008088
0:03:13 0,00019 0:08:32 0,007481 | 0:13:52| 0,008088
0:03:14 0,00019 0:08:33 0,007481 | 0:13:52 | 0,008091
0:03:14 0,00019 0:08:34 0,007481 | 0:13:53| 0,008091
0:03:15 0,00019 0:08:34 0,007499 | 0:13:53| 0,008091
0:03:15 0,000196 0:08:35 0,007499 | 0:13:54 | 0,008095
0:03:16 0,000196 0:08:35 0,007499 | 0:13:55| 0,008095
0:03:16 0,000196 0:08:36 0,007521 | 0:13:55| 0,008095
0:03:17 0,000195 0:08:36 0,007521 | 0:13:56 | 0,008097
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0:03:17 0,000195 0:08:37 0,007521 | 0:13:56 | 0,008097
0:03:18 0,000195 0:08:37 0,007537 | 0:13:57 | 0,008097
0:03:18 0,00019 0:08:38 0,007537 | 0:13:57 | 0,008101
0:03:19 0,00019 0:08:38 0,007537 | 0:13:58 | 0,008101
0:03:20 0,00019 0:08:39 0,007537 | 0:13:58 | 0,008101
0:03:20 0,00019 0:08:39 0,007541 | 0:13:59 | 0,008101
0:03:21 0,00019 0:08:40 0,007541 | 0:13:59 | 0,008104
0:03:21 0,00019 0:08:40 0,007541 | 0:14:00 | 0,008104
0:03:22 0,00019 0:08:41 0,007559 | 0:14:00 | 0,008104
0:03:22 0,000195 0:08:41 0,007559 | 0:14:01| 0,008106
0:03:23 0,000195 0:08:42 0,007559 | 0:14:01| 0,008106
0:03:23 0,000195 0:08:43 0,007569 | 0:14:02 | 0,008106
0:03:24 0,000188 0:08:43 0,007569 | 0:14:03 | 0,008108
0:03:24 0,000188 0:08:44 0,007569 | 0:14:03 | 0,008108
0:03:25 0,000188 0:08:44 0,007631 | 0:14:04 | 0,008108
0:03:25 0,000196 0:08:45 0,007631 | 0:14:04 | 0,008108
0:03:26 0,000196 0:08:45 0,007631 | 0:14:05| 0,008109
0:03:26 0,000196 0:08:46 0,007631 | 0:14:05| 0,008109
0:03:27 0,000196 0:08:46 0,007629 | 0:14:06 | 0,008109
0:03:28 0,000189 0:08:47 0,007629 | 0:14:06 | 0,008112
0:03:28 0,000189 0:08:47 0,007629 | 0:14:07 | 0,008112
0:03:09 0,000189 0:08:48 0,007626 | 0:14:07 | 0,008112
0:03:29 0,000192 0:08:48 0,007626 | 0:14:08 | 0,008113
0:03:30 0,000192 0:08:49 0,007626 | 0:14:08 | 0,008113
0:03:30 0,000192 0:08:49 0,007534 | 0:14:09 | 0,008113
0:03:31 0,000194 0:08:50 0,007534 | 0:14:09 | 0,008116
0:03:31 0,000194 0:08:51 0,007534 | 0:14:10 | 0,008116
0:03:32 0,000194 0:08:51 0,007534 | 0:14:10| 0,008116
0:03:32 0,000194 0:08:52 0,007554 | 0:14:11| 0,008116
0:03:33 0,00019 0:08:52 0,007554 | 0:14:12| 0,008118
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0:03:33 0,00019 0:08:53 0,007554 | 0:14:12| 0,008118
0:03:34 0,00019 0:08:53 0,007698 | 0:14:13 | 0,008118
0:03:34 0,00019 0:08:54 0,007698 | 0:14:13 | 0,008118
0:03:35 0,00019 0:08:54 0,007698 | 0:14:14 | 0,008118
0:03:35 0,00019 0:08:55 0,007698 | 0:14:14| 0,008118
0:03:36 0,000194 0:08:55 0,007698 | 0:14:15| 0,008121
0:03:37 0,000194 0:08:56 0,007698 | 0:14:15| 0,008121
0:03:37 0,000194 0:08:56 0,007686 | 0:14:16 | 0,008121
0:03:38 0,000189 0:08:57 0,007686 | 0:14:16 | 0,008122
0:03:38 0,000189 0:08:57 0,007686 | 0:14:17 | 0,008122
0:03:39 0,000189 0:08:58 0,007686 | 0:14:17 | 0,008122
0:03:39 0,000189 0:08:58 0,007663 | 0:14:18 | 0,008122
0:03:40 0,000192 0:08:59 0,007663 | 0:14:18 | 0,008124
0:03:40 0,000192 0:09:00 0,007663 | 0:14:19 | 0,008124
0:03:41 0,000192 0:09:00 0,007638 | 0:14:20 | 0,008124
0:03:41 0,000189 0:09:01 0,007638 | 0:14:20 | 0,008126
0:03:42 0,000189 0:09:01 0,007638 | 0:14:21 | 0,008126
0:03:42 0,000189 0:09:02 0,007636 | 0:14:21 | 0,008126
0:03:43 0,000193 0:09:02 0,007636 | 0:14:22 | 0,008128
0:03:43 0,000193 0:09:03 0,007636 | 0:14:22 | 0,008128
0:03:44 0,000193 0:09:03 0,007647 | 0:14:23 | 0,008128
0:03:45 0,000187 0:09:04 0,007647 | 0:14:23 | 0,008128
0:03:04 0,000187 0:09:04 0,007647 | 0:14:24 | 0,008132
0:03:46 0,000187 0:09:05 0,007647 | 0:14:24 | 0,008132
0:03:46 0,000187 0:09:05 0,00766 0:14:25| 0,008132
0:03:47 0,000193 0:09:06 0,00766 0:14:25| 0,008133
0:03:47 0,000193 0:09:06 0,00766 0:14:26 | 0,008133
0:03:48 0,000193 0:09:07 0,007677 | 0:14:26 | 0,008133
0:03:48 0,000191 0:09:08 0,007677 | 0:14:27 | 0,008136
0:03:49 0,000191 0:09:08 0,007677 | 0:14:27 | 0,008136
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0:03:49 0,000191 0:09:09 0,007676 | 0:14:28 | 0,008136
0:03:50 0,000188 0:09:09 0,007676 | 0:14:29 | 0,008139
0:03:50 0,000188 0:09:10 0,007676 | 0:14:29 | 0,008139
0:03:51 0,000188 0:09:10 0,007676 | 0:14:30 | 0,008139
0:03:51 0,000188 0:09:11 0,007665 | 0:14:30 | 0,008139
0:03:52 0,000194 0:09:11 0,007665 | 0:14:31| 0,008142
0:03:52 0,000194 0:09:12 0,007665 | 0:14:31| 0,008142
0:03:53 0,000194 0:09:12 0,007676 | 0:14:32 | 0,008142
0:03:54 0,000187 0:09:13 0,007676 | 0:14:32 | 0,008146
0:03:54 0,000187 0:09:13 0,007676 | 0:14:33 | 0,008146
0:03:55 0,000187 0:09:14 0,007682 | 0:14:33 | 0,008146
0:03:55 0,000191 0:09:14 0,007682 | 0:14:34| 0,008149
0:03:56 0,000191 0:09:15 0,007682 | 0:14:34 | 0,008149
0:03:56 0,000191 0:09:15 0,007671 | 0:14:35| 0,008149
0:03:57 0,000194 0:09:16 0,007671 | 0:14:35 0,00815
0:03:57 0,000194 0:09:17 0,007671 | 0:14:36 0,00815
0:03:58 0,000194 0:09:17 0,007671 | 0:14:37 0,00815
0:03:58 0,000194 0:09:18 0,007675 | 0:14:37 0,00815
0:03:59 0,000187 0:09:18 0,007675 | 0:14:38| 0,008151
0:03:59 0,000187 0:09:19 0,007675 | 0:14:38 | 0,008151
0:04:00 0,000187 0:09:19 0,007679 | 0:14:39 | 0,008151
0:04:00 0,000192 0:09:20 0,007679 | 0:14:39 | 0,008152
0:04:01 0,000192 0:09:20 0,007679 | 0:14:40 | 0,008152
0:04:02 0,000192 0:09:21 0,007681 | 0:14:40 | 0,008152
0:04:02 0,000192 0:09:21 0,007681 | 0:14:41| 0,008153
0:04:03 0,000192 0:00:00 0,007681 | 0:14:41| 0,008153
0:04:03 0,000192 0:09:22 0,007667 | 0:14:42 | 0,008153
0:04:04 0,000187 0:09:23 0,007667 | 0:14:42| 0,008153
0:04:04 0,000187 0:09:23 0,007667 | 0:14:43 | 0,008154
0:04:05 0,000187 0:09:24 0,007667 | 0:14:43 | 0,008154
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0:04:05 0,000187 0:09:25 0,007666 | 0:14:44 | 0,008154
0:04:06 0,000192 0:09:25 0,007666 | 0:14:44 | 0,008155
0:04:06 0,000192 0:09:26 0,007666 | 0:14:45| 0,008155
0:04:07 0,000192 0:09:26 0,007679 | 0:14:46 | 0,008155
0:04:07 0,000193 0:09:27 0,007679 | 0:14:46 | 0,008157
0:04:08 0,000193 0:09:27 0,007679 | 0:14:47 | 0,008157
0:04:08 0,000193 0:09:28 0,007682 | 0:14:47 | 0,008157
0:04:09 0,000188 0:09:28 0,007682 | 0:14:48 | 0,008161
0:04:09 0,000188 0:09:29 0,007682 | 0:14:48 | 0,008161
0:04:10 0,000188 0:09:29 0,007682 | 0:14:49 | 0,008161
0:04:11 0,000188 0:09:30 0,007688 | 0:14:49 | 0,008161
0:04:11 0,000188 0:09:30 0,007688 | 0:14:50 | 0,008164
0:04:12 0,000188 0:09:31 0,007688 | 0:14:50 | 0,008164
0:04:12 0,000188 0:09:31 0,007696 | 0:14:51 | 0,008164
0:04:13 0,000193 0:09:32 0,007696 | 0:14:51 | 0,008167
0:04:13 0,000193 0:09:32 0,007696 | 0:14:52 | 0,008167
0:04:14 0,000193 0:09:33 0,007703 | 0:14:52 | 0,008167
0:04:14 0,000188 0:09:34 0,007703 | 0:14:53 0,00817
0:04:15 0,000188 0:09:34 0,007703 | 0:14:54 0,00817
0:04:15 0,000188 0:09:03 0,007707 | 0:14:54 0,00817
0:04:16 0,000193 0:09:35 0,007707 | 0:14:55 0,00817
0:04:16 0,000193 0:09:36 0,007707 | 0:14:55 0,00817
0:04:17 0,000193 0:09:36 0,007707 | 0:14:56 0,00817
0:04:17 0,000193 0:09:37 0,007709 | 0:14:56 0,00817
0:04:18 0,000188 0:09:37 0,007709 | 0:14:57 | 0,008172
0:04:19 0,000188 0:09:38 0,007709 | 0:14:57 | 0,008172
0:04:19 0,000188 0:09:38 0,007711 | 0:14:58 | 0,008172
0:04:20 0,000192 0:09:39 0,007711 | 0:14:58 | 0,008175
0:04:20 0,000192 0:09:39 0,007711 | 0:14:59 | 0,008175
0:04:21 0,000192 0:09:40 0,007711 | 0:14:59 | 0,008175
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0:04:21 0,000191 0:09:40 0,007711 | 0:15:00 | 0,008178
0:04:22 0,000191 0:09:41 0,007711 | 0:15:00 | 0,008178
0:04:22 0,000191 0:09:42 0,007723 | 0:15:01 | 0,008178
0:04:23 0,000186 0:09:42 0,007723 | 0:15:01| 0,008178
0:04:23 0,000186 0:09:43 0,007723 | 0:15:02 | 0,008179
0:04:24 0,000186 0:09:43 0,007723 | 0:15:03 | 0,008179
0:04:24 0,000186 0:09:44 0,00773 0:15:03 | 0,008179
0:04:25 0,000191 0:09:44 0,00773 0:15:04 0,00818
0:04:25 0,000191 0:09:45 0,00773 0:15:04 0,00818
0:04:26 0,000191 0:09:45 0,00773 0:15:05 0,00818
0:04:26 0,000192 0:09:46 0,00773 0:15:05| 0,008179
0:04:27 0,000192 0:09:46 0,00773 0:15:06 | 0,008179
0:04:28 0,000192 0:09:47 0,007731 | 0:15:06 | 0,008179
0:04:28 0,000188 0:09:47 0,007731 | 0:15:07 | 0,008178
0:04:29 0,000188 0:09:48 0,007731 | 0:15:07 | 0,008178
0:04:29 0,000188 0:09:48 0,007731 | 0:15:08 | 0,008178
0:04:30 0,000188 0:09:49 0,007734 | 0:15:08 | 0,008178
0:04:30 0,000188 0:09:49 0,007734 | 0:15:09 | 0,008178
0:04:31 0,000188 0:09:50 0,007734 | 0:15:09| 0,008178
0:04:31 0,000188 0:09:51 0,007737 | 0:15:10| 0,008178
0:04:32 0,000193 0:09:51 0,007737 | 0:15:11| 0,008179
0:04:32 0,000193 0:09:52 0,007737 | 0:15:11| 0,008179
0:04:33 0,000193 0:09:52 0,00774 0:15:12 | 0,008179
0:04:33 0,000187 0:09:53 0,00774 0:15:12 | 0,008181
0:04:34 0,000187 0:09:53 0,00774 0:15:13 | 0,008181
0:04:34 0,000187 0:09:54 0,007743 | 0:15:13| 0,008181
0:04:35 0,000193 0:09:54 0,007743 | 0:15:14 | 0,008184
0:04:36 0,000193 0:09:55 0,007743 | 0:15:14 | 0,008184
0:04:36 0,000193 0:09:55 0,007743 | 0:15:15| 0,008184
0:04:37 0,000193 0:09:56 0,007749 | 0:15:15| 0,008184
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0:04:37 0,000188 0:09:56 0,007749 | 0:15:16 | 0,008185
0:04:38 0,000188 0:09:57 0,007749 | 0:15:16 | 0,008185
0:04:38 0,000188 0:09:57 0,007753 | 0:15:17 | 0,008185
0:04:39 0,000188 0:09:58 0,007753 | 0:15:17| 0,008186
0:04:39 0,000188 0:09:59 0,007753 | 0:15:18 | 0,008186
0:04:40 0,000188 0:09:59 0,00776 0:15:18 | 0,008186
0:04:40 0,000191 0:10:00 0,00776 0:15:19 | 0,008187
0:04:41 0,000191 0:10:00 0,00776 0:15:20 | 0,008187
0:04:41 0,000191 0:10:01 0,007781 | 0:15:20 | 0,008187
0:04:42 0,000193 0:10:01 0,007781 | 0:15:21| 0,008187
0:04:42 0,000193 0:10:02 0,007781 | 0:15:21 | 0,008186
0:04:43 0,000193 0:10:02 0,007789 | 0:15:22 | 0,008186
0:04:43 0,000193 0:10:03 0,007789 | 0:15:22 | 0,008186
0:04:44 0,000193 0:10:03 0,007789 | 0:15:23 | 0,008188
0:04:45 0,000193 0:10:04 0,007789 | 0:15:23 | 0,008188
0:04:45 0,000193 0:10:05 0,007788 | 0:15:24 | 0,008188
0:04:46 0,000192 0:10:05 0,007788 | 0:15:24 | 0,008189
0:04:46 0,000192 0:10:06 0,007788 | 0:15:25| 0,008189
0:04:47 0,000192 0:10:06 0,007787 | 0:15:25| 0,008189
0:04:47 0,000188 0:10:07 0,007787 | 0:15:26 | 0,008192
0:04:48 0,000188 0:10:07 0,007787 | 0:15:26 | 0,008192
0:04:48 0,000188 0:10:08 0,007867 | 0:15:27 | 0,008192
0:04:49 0,000188 0:10:08 0,007867 | 0:15:28 | 0,008192
0:04:49 0,000188 0:10:09 0,007867 | 0:15:28 | 0,008196
0:04:50 0,000188 0:10:09 0,007867 | 0:15:29 | 0,008196
0:04:50 0,000188 0:10:10 0,007867 | 0:15:29 | 0,008196
0:04:51 0,000188 0:10:10 0,007867 | 0:15:30 | 0,008199
0:04:51 0,000188 0:10:11 0,007867 | 0:15:30 | 0,008199
0:04:52 0,000188 0:10:11 0,007868 | 0:15:31| 0,008199
0:04:53 0,000188 0:10:12 0,007868 | 0:15:31| 0,008202
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0:04:53 0,000188 0:10:12 0,007868 | 0:15:32 | 0,008202
0:04:54 0,000188 0:10:13 0,00787 0:15:32 | 0,008202
0:04:54 0,000192 0:10:14 0,00787 0:15:33 | 0,008203
0:04:55 0,000192 0:10:14 0,00787 0:15:33 | 0,008203
0:04:55 0,000192 0:10:01 0,007872 | 0:15:34 | 0,008203
0:04:56 0,000192 0:10:15 0,007872 | 0:15:34 | 0,008203
0:04:56 0,000192 0:10:16 0,007872 | 0:15:35| 0,008206
0:04:57 0,000192 0:10:16 0,007872 | 0:15:35| 0,008206
0:04:57 0,000192 0:10:17 0,007873 | 0:15:36 | 0,008206
0:04:58 0,000189 0:10:17 0,007873 | 0:15:37 | 0,008207
0:04:58 0,000189 0:10:18 0,007873 | 0:15:37 | 0,008207
0:04:05 0,000189 0:10:18 0,007871 | 0:15:38 | 0,008207
0:04:59 0,000188 0:10:19 0,007871 | 0:15:38 | 0,008206
0:05:00 0,000188 0:10:19 0,007871 | 0:15:39 | 0,008206
0:05:00 0,000188 0:10:20 0,007872 | 0:15:39 | 0,008206
0:05:01 0,000193 0:10:20 0,007872 | 0:15:40 | 0,008206
0:05:02 0,000193 0:10:21 0,007872 | 0:15:40 | 0,008208
0:05:02 0,000193 0:10:22 0,007866 | 0:15:41 | 0,008208
0:05:03 0,000193 0:10:22 0,007866 | 0:15:41| 0,008208
0:05:03 0,000194 0:10:23 0,007866 | 0:15:42 | 0,008209
0:05:04 0,000194 0:10:23 0,007866 | 0:15:42 | 0,008209
0:05:04 0,000194 0:10:24 0,007875 | 0:15:43 | 0,008209
0:05:05 0,000301 0:10:24 0,007875 | 0:15:43 | 0,008212
0:05:05 0,000301 0:10:25 0,007875 | 0:15:44 | 0,008212
0:05:06 0,000301 0:10:25 0,007896 | 0:15:45| 0,008212
0:05:06 0,00025 0:10:26 0,007896 | 0:15:45| 0,008213
0:05:07 0,00025 0:10:26 0,007896 | 0:15:46 | 0,008213
0:05:07 0,00025 0:10:27 0,007906 | 0:15:46 | 0,008213
0:05:08 0,00025 0:10:27 0,007906 | 0:15:47 | 0,008213
0:05:08 0,000244 0:10:28 0,007906 | 0:15:47 | 0,008214
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0:05:09 0,000244 0:10:28 0,007906 0:15:48 0,008214
0:05:10 | 0,000244 0:10:29 0,00792 0:15:48 | 0,008214
0:05:10 | 0,000336 0:10:29 0,00792 0:15:49 | 0,008214
0:05:11 0,000336 0:10:30 0,00792 0:15:49 0,008214
0:05:11 | 0,000336 0:10:31 0,007918 | 0:15:50 | 0,008214
0:05:12 | 0,000544 0:10:31 0,007918 | 0:15:50 | 0,008213
0:05:12 0,000544 0:10:32 0,007918 0:15:51 0,008213
0:05:13 | 0,000544 0:10:32 0,007904 | 0:15:51 | 0,008213
0:05:13 0 0:10:33 0,007904 | 0:15:52 | 0,008214
0:05:14 0 0:10:33 0,007904 0:15:52 0,008214
0:05:14 0 0:10:34 0,007884 | 0:15:53 | 0,008214
0:05:15 0 0:10:34 0,007884 | 0:15:54 | 0,008214
0:05:15 0 0:10:35 0,007884 0:15:54 0,008215
0:05:16 0 0:10:35 0,007884 | 0:15:55 | 0,008215
0:05:16 0 0:10:36 0,00789 0:15:55 | 0,008215
0:05:17 0 0:10:36 0,00789 0:15:56 0,008216
0:05:17 0 0:10:37 0,00789 0:15:56 | 0,008216
0:05:18 0 0:10:37 0,007908 | 0:15:57 | 0,008216
0:05:19 0 0:10:38 0,007908 0:15:57 0,008216
0:05:19 0,005751 0:10:39 0,007908 0:15:58 0,008216
Appendix I

There are experimental data of homogeneity measurements, namely conductivity
measurements in dependence of time. These data belong to water under

ultrasound use at 7,18 W of output power level.

) Conductivity, ) Conductivity, ) Conductivity,
Time, s Time, s Time, s
puS/cm puS/cm puS/cm

0:00:00 0,000193 0:04:21 0,00019 0:08:43 0,008362

0:00:00 0,000193 0:04:22 0,00019 0:08:43 0,008362

0:00:01 0,00019 0:04:22 0,00019 0:08:44 0,008362

0:00:01 0,00019 0:04:23 0,00019 0:08:44 0,008362
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0:00:02 0,00019 0:04:23 0,00019 0:08:45 0,008362
0:00:02 0,00019 0:04:24 0,000189 0:08:45 0,008363
0:00:03 0,000193 0:04:24 0,000189 0:08:46 0,008363
0:00:04 0,000193 0:04:25 0,000189 0:08:46 0,008363
0:00:04 0,000193 0:04:25 0,000189 0:08:47 0,008366
0:00:05 0,000188 0:04:26 0,000189 0:08:47 0,008366
0:00:05 0,000188 0:04:26 0,000189 0:08:48 0,008366
0:00:06 0,000188 0:04:27 0,000189 0:08:48 0,008366
0:00:06 0,000193 0:04:28 0,000189 0:08:49 0,008366
0:00:07 0,000193 0:04:28 0,000189 0:08:49 0,008366
0:00:07 0,000193 0:04:29 0,000189 0:08:50 0,008366
0:00:08 0,000188 0:04:29 0,000189 0:08:51 0,008366
0:00:08 0,000188 0:04:30 0,000189 0:08:51 0,008366
0:00:09 0,000188 0:04:30 0,000189 0:08:52 0,008366
0:00:09 0,000188 0:04:31 0,000189 0:08:52 0,008367
0:00:10 0,00019 0:04:31 0,000189 0:08:53 0,008367
0:00:10 0,00019 0:04:32 0,000189 0:08:53 0,008367
0:00:11 0,00019 0:04:32 0,000189 0:08:54 0,008365
0:00:11 0,000192 0:04:33 0,000189 0:08:54 0,008365
0:00:12 0,000192 0:04:33 0,000189 0:08:55 0,008365
0:00:13 0,000192 0:04:34 0,000189 0:08:55 0,008367
0:00:13 0,000191 0:04:34 0,000189 0:08:56 0,008367
0:00:14 0,000191 0:04:35 0,000189 0:08:56 0,008367
0:00:14 0,000191 0:04:36 0,000189 0:08:57 0,008368
0:00:15 0,00019 0:04:36 0,000189 0:08:57 0,008368
0:00:15 0,00019 0:04:37 0,000189 0:08:58 0,008368
0:00:16 0,00019 0:04:37 0,000189 0:08:58 0,008368
0:00:16 0,00019 0:04:38 0,000189 0:08:59 0,008368
0:00:17 0,00019 0:04:38 0,000189 0:09:00 0,008368
0:00:17 0,00019 0:04:39 0,000189 0:09:00 0,008368
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0:00:18 0,00019 0:04:39 0,00019 0:09:01 0,00837
0:00:18 0,000191 0:04:40 0,00019 0:09:01 0,00837
0:00:19 0,000191 0:04:40 0,00019 0:09:02 0,00837
0:00:19 0,000191 0:04:41 0,00019 0:09:02 0,008369
0:00:20 0,00019 0:04:41 0,00019 0:09:03 0,008369
0:00:21 0,00019 0:04:42 0,00019 0:09:03 0,008369
0:00:21 0,00019 0:04:42 0,00019 0:09:04 0,008369
0:00:22 0,00019 0:04:43 0,00019 0:09:04 0,00837
0:00:22 0,000189 0:04:43 0,00019 0:09:05 0,00837
0:00:23 0,000189 0:04:44 0,00019 0:09:05 0,00837
0:00:23 0,000189 0:04:45 0,000191 0:09:06 0,008372
0:00:24 0,000188 0:04:45 0,000191 0:09:06 0,008372
0:00:24 0,000188 0:04:46 0,000191 0:09:07 0,008372
0:00:25 0,000188 0:04:46 0,000192 0:09:08 0,008374
0:00:25 0,000187 0:04:47 0,000192 0:09:08 0,008374
0:00:26 0,000187 0:04:47 0,000192 0:09:09 0,008374
0:00:26 0,000187 0:04:48 0,000192 0:09:09 0,008375
0:00:27 0,000187 0:04:48 0,000192 0:09:10 0,008375
0:00:27 0,000187 0:04:49 0,000192 0:09:10 0,008375
0:00:28 0,000187 0:04:49 0,000192 0:09:11 0,008375
0:00:28 0,000187 0:04:50 0,000191 0:09:11 0,008376
0:00:29 0,000187 0:04:50 0,000191 0:09:12 0,008376
0:00:30 0,000187 0:04:51 0,000191 0:09:12 0,008376
0:00:30 0,000187 0:04:51 0,000189 0:09:13 0,008375
0:00:31 0,000189 0:04:52 0,000189 0:09:13 0,008375
0:00:31 0,000189 0:04:53 0,000189 0:09:14 0,008375
0:00:32 0,000189 0:04:53 0,000188 0:09:14 0,008374
0:00:32 0,00019 0:04:54 0,000188 0:09:15 0,008374
0:00:33 0,00019 0:04:54 0,000188 0:09:15 0,008374
0:00:33 0,00019 0:04:55 0,000189 0:09:16 0,008372
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0:00:34 0,00019 0:04:55 0,000189 0:09:17 0,008372
0:00:34 0,00019 0:04:56 0,000189 0:09:17 0,008372
0:00:35 0,00019 0:04:56 0,000189 0:09:18 0,008372
0:00:35 0,00019 0:04:57 0,000192 0:09:18 0,008372
0:00:36 0,00019 0:04:57 0,000192 0:09:19 0,008372
0:00:36 0,00019 0:04:58 0,000192 0:09:19 0,008372
0:00:37 0,00019 0:04:58 0,000194 0:09:20 0,008372
0:00:38 0,000187 0:04:05 0,000194 0:09:20 0,008372
0:00:38 0,000187 0:04:59 0,000194 0:09:21 0,008372
0:00:39 0,000187 0:05:00 0,000191 0:09:21 0,008373
0:00:39 0,000187 0:05:00 0,000191 0:00:00 0,008373
0:00:40 0,000187 0:05:01 0,000191 0:09:22 0,008373
0:00:40 0,000187 0:05:02 0,000191 0:09:23 0,008373
0:00:41 0,000187 0:05:02 0,000188 0:09:23 0,008375
0:00:41 0,000187 0:05:03 0,000188 0:09:24 0,008375
0:00:42 0,000187 0:05:03 0,000188 0:09:25 0,008375
0:00:42 0,000187 0:05:04 0,000255 0:09:25 0,008376
0:00:43 0,00019 0:05:04 0,000255 0:09:26 0,008376
0:00:43 0,00019 0:05:05 0,000255 0:09:26 0,008376
0:00:44 0,00019 0:05:05 0,000538 0:09:27 0,008379
0:00:44 0,00019 0:05:06 0,000538 0:09:27 0,008379
0:00:45 0,00019 0:05:06 0,000538 0:09:28 0,008379
0:00:45 0,00019 0:05:07 0,000538 0:09:28 0,008378
0:00:46 0,000186 0:05:07 0,001079 0:09:29 0,008378
0:00:47 0,000186 0:05:08 0,001079 0:09:29 0,008378
0:00:47 0,000186 0:05:08 0,001079 0:09:30 0,008378
0:00:48 0,000186 0:05:09 0,001894 0:09:30 0,008379
0:00:48 0,000187 0:05:10 0,001894 0:09:31 0,008379
0:00:49 0,000187 0:05:10 0,001894 0:09:31 0,008379
0:00:49 0,000187 0:05:11 0,003225 0:09:32 0,008379
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0:00:50 0,000189 0:05:11 0,00298 0:09:32 0,008379
0:00:50 0,000189 0:05:12 0,00298 0:09:33 0,008379
0:00:51 0,000189 0:05:12 0,00298 0:09:34 0,008379
0:00:51 0,00019 0:05:13 0,006024 0:09:34 0,008379
0:00:52 0,00019 0:05:13 0,006024 0:09:03 0,008379
0:00:52 0,00019 0:05:14 0,006024 0:09:35 0,008381
0:00:53 0,000188 0:05:14 0,004365 0:09:36 0,008381
0:00:53 0,000188 0:05:15 0,004365 0:09:36 0,008381
0:00:54 0,000188 0:05:15 0,004365 0:09:37 0,008381
0:00:55 0,000188 0:05:16 0,004365 0:09:37 0,008381
0:00:55 0,000187 0:05:16 0,003911 0:09:38 0,008381
0:00:56 0,000187 0:05:17 0,003911 0:09:38 0,008381
0:00:56 0,000187 0:05:17 0,003911 0:09:39 0,00838
0:00:57 0,000186 0:05:18 0,00391 0:09:39 0,00838
0:00:57 0,000186 0:05:19 0,00391 0:09:40 0,00838
0:00:58 0,000186 0:05:19 0,00391 0:09:40 0,008381
0:00:58 0,000186 0:05:20 0,004056 0:09:41 0,008381
0:00:59 0,000186 0:05:20 0,004056 0:09:42 0,008381
0:00:59 0,000186 0:05:21 0,004056 0:09:42 0,008381
0:01:00 0,000186 0:05:21 0,004134 0:09:43 0,008382
0:01:00 0,000187 0:05:22 0,004134 0:09:43 0,008382
0:01:01 0,000187 0:05:22 0,004134 0:09:44 0,008382
0:01:01 0,000187 0:05:23 0,004134 0:09:44 0,008384
0:01:02 0,000188 0:05:23 0,005075 0:09:45 0,008384
0:01:02 0,000188 0:05:24 0,005075 0:09:45 0,008384
0:01:03 0,000188 0:05:24 0,005075 0:09:46 0,008386
0:01:04 0,000189 0:05:25 0,005148 0:09:46 0,008386
0:01:04 0,000189 0:05:25 0,005148 0:09:47 0,008386
0:01:05 0,000189 0:05:26 0,005148 0:09:47 0,008387
0:01:05 0,000191 0:05:27 0,005063 0:09:48 0,008387
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0:01:06 0,000191 0:05:27 0,005063 0:09:48 0,008387
0:01:06 0,000191 0:05:28 0,005063 0:09:49 0,008387
0:01:07 0,000191 0:05:28 0,005063 0:09:49 0,008388
0:01:07 0,000192 0:05:29 0,005402 0:09:50 0,008388
0:01:08 0,000192 0:05:29 0,005402 0:09:51 0,008388
0:01:08 0,000192 0:05:30 0,005402 0:09:51 0,008387
0:01:09 0,000192 0:05:30 0,0057 0:09:52 0,008387
0:01:09 0,000192 0:05:31 0,0057 0:09:52 0,008387
0:01:10 0,000192 0:05:31 0,0057 0:09:53 0,008389
0:01:10 0,000189 0:05:32 0,005635 0:09:53 0,008389
0:01:11 0,000189 0:05:32 0,005635 0:09:54 0,008389
0:01:12 0,000189 0:05:33 0,005635 0:09:54 0,00839
0:01:12 0,000189 0:05:33 0,005584 0:09:55 0,00839
0:01:13 0,000189 0:05:34 0,005584 0:09:55 0,00839
0:01:13 0,000189 0:05:34 0,005584 0:09:56 0,00839
0:01:14 0,000189 0:05:35 0,005584 0:09:56 0,008391
0:01:14 0,00019 0:05:36 0,005704 0:09:57 0,008391
0:01:01 0,00019 0:05:36 0,005704 0:09:57 0,008391
0:01:15 0,00019 0:05:37 0,005704 0:09:58 0,008392
0:01:16 0,000193 0:05:37 0,005955 0:09:59 0,008392
0:01:16 0,000193 0:05:38 0,005955 0:09:59 0,008392
0:01:17 0,000193 0:05:38 0,005955 0:10:00 0,008394
0:01:17 0,00019 0:05:39 0,005936 0:10:00 0,008394
0:01:18 0,00019 0:05:39 0,005936 0:10:01 0,008394
0:01:18 0,00019 0:05:40 0,005936 0:10:01 0,008394
0:01:19 0,00019 0:05:40 0,005965 0:10:02 0,008394
0:01:19 0,000188 0:05:41 0,005965 0:10:02 0,008394
0:01:20 0,000188 0:05:41 0,005965 0:10:03 0,008394
0:01:21 0,000188 0:05:42 0,005965 0:10:03 0,008394
0:01:21 0,00019 0:05:42 0,006159 0:10:04 0,008394
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0:01:22 0,00019 0:05:43 0,006159 0:10:05 0,008394
0:01:22 0,00019 0:05:44 0,006159 0:10:05 0,008396
0:01:23 0,000192 0:05:44 0,006327 0:10:06 0,008396
0:01:23 0,000192 0:05:45 0,006327 0:10:06 0,008396
0:01:24 0,000192 0:05:04 0,006327 0:10:07 0,008396
0:01:24 0,00019 0:05:46 0,006092 0:10:07 0,008396
0:01:25 0,00019 0:05:46 0,006092 0:10:08 0,008396
0:01:25 0,00019 0:05:47 0,006092 0:10:08 0,008398
0:01:26 0,00019 0:05:47 0,006092 0:10:09 0,008398
0:01:26 0,000187 0:05:48 0,006108 0:10:09 0,008398
0:01:27 0,000187 0:05:48 0,006108 0:10:10 0,008398
0:01:27 0,000187 0:05:49 0,006108 0:10:10 0,008398
0:01:28 0,000189 0:05:49 0,006401 0:10:11 0,008398
0:01:29 0,000189 0:05:50 0,006401 0:10:11 0,008398
0:01:29 0,000189 0:05:50 0,006401 0:10:12 0,008398
0:01:30 0,000191 0:05:51 0,006646 0:10:12 0,008398
0:01:30 0,000191 0:05:51 0,006646 0:10:13 0,008398
0:01:31 0,000191 0:05:52 0,006646 0:10:14 0,008398
0:01:31 0,000192 0:05:53 0,006732 0:10:14 0,008398
0:01:32 0,000192 0:05:53 0,006732 0:10:01 0,008398
0:01:32 0,000192 0:05:54 0,006732 0:10:15 0,008399
0:01:33 0,000192 0:05:54 0,006732 0:10:16 0,008399
0:01:33 0,00019 0:05:55 0,006835 0:10:16 0,008399
0:01:34 0,00019 0:05:55 0,006835 0:10:17 0,008399
0:01:34 0,00019 0:05:56 0,006835 0:10:17 0,008399
0:01:35 0,000188 0:05:56 0,006982 0:10:18 0,008399
0:01:35 0,000188 0:05:57 0,006982 0:10:18 0,008399
0:01:36 0,000188 0:05:57 0,006982 0:10:19 0,008401
0:01:36 0,000192 0:05:58 0,007058 0:10:19 0,008401
0:01:37 0,000192 0:05:58 0,007058 0:10:20 0,008401
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0:01:38 0,000192 0:05:59 0,007058 0:10:20 0,008403
0:01:38 0,000192 0:05:59 0,007068 0:10:21 0,008403
0:01:39 0,000192 0:06:00 0,007068 0:10:22 0,008403
0:01:39 0,000192 0:06:01 0,007068 0:10:22 0,008403
0:01:40 0,000192 0:06:01 0,007068 0:10:23 0,008403
0:01:40 0,000188 0:06:02 0,006977 0:10:23 0,008403
0:01:41 0,000188 0:06:02 0,006977 0:10:24 0,008403
0:01:41 0,000188 0:06:03 0,006977 0:10:24 0,008404
0:01:42 0,000191 0:06:03 0,007052 0:10:25 0,008404
0:01:42 0,000191 0:06:04 0,007052 0:10:25 0,008404
0:01:43 0,000191 0:06:04 0,007052 0:10:26 0,008404
0:01:43 0,000191 0:06:05 0,007176 0:10:26 0,008404
0:01:44 0,000191 0:06:05 0,007176 0:10:27 0,008404
0:01:44 0,000191 0:06:06 0,007176 0:10:27 0,008404
0:01:45 0,000191 0:06:06 0,007176 0:10:28 0,008404
0:01:46 0,000188 0:06:07 0,007235 0:10:28 0,008404
0:01:46 0,000188 0:06:07 0,007235 0:10:29 0,008404
0:01:47 0,000188 0:06:08 0,007235 0:10:29 0,008404
0:01:47 0,000188 0:06:08 0,007299 0:10:30 0,008404
0:01:48 0,000188 0:06:09 0,007299 0:10:31 0,008404
0:01:48 0,000188 0:06:10 0,007299 0:10:31 0,008405
0:01:49 0,000188 0:06:10 0,007318 0:10:32 0,008405
0:01:49 0,000188 0:06:11 0,007318 0:10:32 0,008405
0:01:50 0,000188 0:06:11 0,007318 0:10:33 0,008406
0:01:50 0,000189 0:06:12 0,007334 0:10:33 0,008406
0:01:51 0,000189 0:06:12 0,007334 0:10:34 0,008406
0:01:51 0,000189 0:06:13 0,007334 0:10:34 0,008407
0:01:52 0,000189 0:06:13 0,007334 0:10:35 0,008407
0:01:52 0,000189 0:06:14 0,0074 0:10:35 0,008407
0:01:53 0,000189 0:06:14 0,0074 0:10:36 0,008407
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0:01:53 0,000189 0:06:15 0,0074 0:10:36 0,008408
0:01:54 0,00019 0:06:15 0,007413 0:10:37 0,008408
0:01:55 0,00019 0:06:16 0,007413 0:10:37 0,008408
0:01:55 0,00019 0:06:16 0,007413 0:10:38 0,008408
0:01:56 0,000189 0:06:17 0,007454 0:10:39 0,008408
0:01:56 0,000189 0:06:18 0,007454 0:10:39 0,008408
0:01:57 0,000189 0:06:18 0,007454 0:10:40 0,008409
0:01:57 0,000189 0:06:19 0,007454 0:10:40 0,008409
0:01:58 0,000189 0:06:19 0,007548 0:10:41 0,008409
0:01:58 0,000189 0:06:20 0,007548 0:10:41 0,008409
0:01:59 0,000189 0:06:20 0,007548 0:10:42 0,00841
0:01:59 0,000189 0:06:21 0,007546 0:10:42 0,00841
0:02:00 0,000189 0:06:21 0,007546 0:10:43 0,00841
0:02:00 0,000189 0:06:22 0,007546 0:10:43 0,008411
0:02:01 0,000189 0:06:22 0,007546 0:10:44 0,008411
0:02:01 0,000189 0:06:23 0,007546 0:10:44 0,008411
0:02:02 0,000189 0:06:23 0,007546 0:10:45 0,008411
0:02:03 0,000189 0:06:24 0,007625 0:10:45 0,008411
0:02:03 0,000189 0:06:24 0,007625 0:10:46 0,008411
0:02:04 0,000189 0:06:25 0,007625 0:10:46 0,008413
0:02:04 0,000189 0:06:25 0,007625 0:10:47 0,008413
0:02:00 0,000192 0:06:26 0,007627 0:10:48 0,008413
0:02:05 0,000192 0:06:27 0,007627 0:10:48 0,008413
0:02:06 0,000192 0:06:27 0,007627 0:10:49 0,008413
0:02:06 0,000192 0:06:28 0,007559 0:10:49 0,008413
0:02:07 0,000192 0:06:28 0,007559 0:10:50 0,008413
0:02:07 0,000192 0:06:29 0,007559 0:10:50 0,008412
0:02:08 0,00019 0:06:29 0,007479 0:10:51 0,008412
0:02:08 0,00019 0:06:30 0,007479 0:10:51 0,008412
0:02:09 0,00019 0:06:30 0,007479 0:10:52 0,008416
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0:02:09 0,000189 0:06:31 0,007399 0:10:52 0,008416
0:02:10 0,000189 0:06:31 0,007399 0:10:53 0,008416
0:02:10 0,000189 0:06:32 0,007399 0:10:53 0,008413
0:02:11 0,000189 0:06:32 0,007399 0:10:54 0,008413
0:02:12 0,000189 0:06:33 0,00739 0:10:54 0,008413
0:02:12 0,000189 0:06:33 0,00739 0:10:55 0,008413
0:02:13 0,000189 0:06:34 0,00739 0:10:56 0,008415
0:02:13 0,000189 0:06:35 0,007397 0:10:56 0,008415
0:02:14 0,000189 0:06:35 0,007397 0:10:57 0,008415
0:02:14 0,000189 0:06:36 0,007397 0:10:57 0,008417
0:02:15 0,000192 0:06:36 0,007427 0:10:58 0,008417
0:02:15 0,000192 0:06:37 0,007427 0:10:58 0,008417
0:02:16 0,000192 0:06:37 0,007427 0:10:59 0,008415
0:02:16 0,000192 0:06:38 0,007427 0:10:59 0,008415
0:02:17 0,000192 0:06:38 0,007461 0:11:00 0,008415
0:02:17 0,000192 0:06:39 0,007461 0:11:00 0,008415
0:02:18 0,000192 0:06:39 0,007461 0:11:01 0,008417
0:02:18 0,000192 0:06:40 0,007489 0:11:01 0,008417
0:02:19 0,000192 0:06:40 0,007489 0:11:02 0,008417
0:02:20 0,000192 0:06:41 0,007489 0:11:02 0,008417
0:02:20 0,000188 0:06:41 0,007501 0:11:03 0,008417
0:02:21 0,000188 0:06:42 0,007501 0:11:03 0,008417
0:02:21 0,000188 0:06:42 0,007501 0:11:04 0,008418
0:02:22 0,000188 0:06:43 0,007518 0:11:05 0,008418
0:02:22 0,000188 0:06:44 0,007518 0:11:05 0,008418
0:02:23 0,000188 0:06:44 0,007518 0:11:06 0,00842
0:02:23 0,000188 0:06:45 0,007518 0:11:06 0,00842
0:02:24 0,000193 0:06:45 0,007531 0:11:07 0,00842
0:02:24 0,000193 0:06:46 0,007531 0:11:07 0,00842
0:02:25 0,000193 0:06:46 0,007531 0:11:08 0,008421
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0:02:25 0,000192 0:06:47 0,007559 0:11:08 0,008421
0:02:26 0,000192 0:06:47 0,007559 0:11:09 0,008421
0:02:26 0,000192 0:06:48 0,007559 0:11:09 0,008424
0:02:27 0,00019 0:06:48 0,0076 0:11:10 0,008424
0:02:27 0,00019 0:06:49 0,0076 0:11:10 0,008424
0:02:28 0,00019 0:06:49 0,0076 0:11:11 0,008426
0:02:29 0,000188 0:06:50 0,007686 0:11:11 0,008426
0:02:29 0,000188 0:06:50 0,007686 0:11:12 0,008426
0:02:30 0,000188 0:06:51 0,007686 0:11:13 0,008426
0:02:30 0,000188 0:06:52 0,007686 0:11:13 0,008426
0:02:31 0,00019 0:06:52 0,007705 0:11:14 0,008426
0:02:31 0,00019 0:06:53 0,007705 0:11:14 0,008426
0:02:32 0,00019 0:06:53 0,007705 0:11:15 0,008426
0:02:32 0,000192 0:06:54 0,007732 0:11:15 0,008426
0:02:33 0,000192 0:06:54 0,007732 0:11:16 0,008426
0:02:33 0,000192 0:06:55 0,007732 0:11:16 0,008425
0:02:34 0,000192 0:06:55 0,007748 0:11:17 0,008425
0:02:34 0,000192 0:06:56 0,007748 0:11:17 0,008425
0:02:35 0,000192 0:06:56 0,007748 0:11:18 0,008424
0:02:35 0,000192 0:06:57 0,007748 0:11:18 0,008424
0:02:36 0,000192 0:06:57 0,007747 0:11:19 0,008424
0:02:37 0,000192 0:06:58 0,007747 0:11:19 0,008424
0:02:37 0,000192 0:06:58 0,007747 0:11:20 0,008425
0:02:38 0,00019 0:06:59 0,007739 0:11:20 0,008425
0:02:38 0,00019 0:06:59 0,007739 0:11:21 0,008425
0:02:39 0,00019 0:07:00 0,007739 0:11:22 0,008426
0:02:39 0,00019 0:07:01 0,007742 0:11:22 0,008426
0:02:40 0,00019 0:07:01 0,007742 0:11:23 0,008426
0:02:40 0,00019 0:07:02 0,007742 0:11:23 0,008426
0:02:41 0,000188 0:07:02 0,007765 0:11:24 0,008426
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0:02:41 0,000188 0:07:03 0,007765 0:11:24 0,008426
0:02:42 0,000188 0:07:03 0,007765 0:11:25 0,008427
0:02:42 0,000188 0:07:04 0,007765 0:11:25 0,008427
0:02:43 0,000188 0:07:04 0,007789 0:11:26 0,008427
0:02:43 0,000188 0:07:05 0,007789 0:11:26 0,008427
0:02:44 0,000188 0:07:05 0,007789 0:11:27 0,008427
0:02:44 0,000189 0:07:06 0,007814 0:11:27 0,008427
0:02:45 0,000189 0:07:06 0,007814 0:11:28 0,008427
0:02:46 0,000189 0:07:07 0,007814 0:11:28 0,008428
0:02:46 0,000189 0:07:07 0,00789 0:11:29 0,008428
0:02:47 0,000189 0:07:08 0,00789 0:11:30 0,008428
0:02:47 0,000189 0:07:09 0,00789 0:11:30 0,00843
0:02:48 0,000189 0:07:09 0,007955 0:11:31 0,00843
0:02:48 0,000189 0:07:10 0,007955 0:11:31 0,00843
0:02:49 0,000189 0:07:10 0,007955 0:11:32 0,00843
0:02:49 0,000189 0:07:11 0,007955 0:11:32 0,00843
0:02:50 0,00019 0:07:11 0,007972 0:11:33 0,00843
0:02:50 0,00019 0:07:12 0,007972 0:11:33 0,00843
0:02:51 0,00019 0:07:12 0,007972 0:11:34 0,008431
0:02:51 0,00019 0:07:13 0,008014 0:11:34 0,008431
0:02:52 0,00019 0:07:13 0,008014 0:11:35 0,008431
0:02:52 0,00019 0:07:14 0,008014 0:11:35 0,008432
0:02:53 0,00019 0:07:14 0,008104 0:11:36 0,008432
0:02:54 0,00019 0:07:15 0,008104 0:11:36 0,008432
0:02:54 0,00019 0:07:15 0,008104 0:11:37 0,008432
0:02:55 0,00019 0:07:16 0,008104 0:11:37 0,008432
0:02:05 0,00019 0:07:16 0,008119 0:11:38 0,008432
0:02:56 0,00019 0:07:17 0,008119 0:11:39 0,008432
0:02:56 0,00019 0:07:18 0,008119 0:11:39 0,008433
0:02:57 0,000189 0:07:18 0,008143 0:11:40 0,008433




136

0:02:57 0,000189 0:07:19 0,008143 0:11:40 0,008433
0:02:58 0,000189 0:07:19 0,008143 0:11:41 0,008435
0:02:58 0,000189 0:07:20 0,008176 0:11:41 0,008435
0:02:59 0,000189 0:07:20 0,008176 0:11:42 0,008435
0:02:59 0,000189 0:07:21 0,008176 0:11:42 0,008436
0:03:00 0,000189 0:07:21 0,008219 0:11:43 0,008436
0:03:00 0,000189 0:07:22 0,008219 0:11:43 0,008436
0:03:01 0,000189 0:07:22 0,008219 0:11:44 0,008437
0:03:01 0,000189 0:07:23 0,008219 0:11:44 0,008437
0:03:02 0,00019 0:07:23 0,008239 0:11:45 0,008437
0:03:03 0,00019 0:07:24 0,008239 0:11:45 0,008437
0:03:03 0,00019 0:07:24 0,008239 0:11:46 0,008437
0:03:04 0,00019 0:07:25 0,008262 0:11:47 0,008437
0:03:04 0,00019 0:07:26 0,008262 0:11:47 0,008437
0:03:05 0,00019 0:07:26 0,008262 0:11:48 0,008438
0:03:05 0,00019 0:07:27 0,008278 0:11:48 0,008438
0:03:06 0,00019 0:07:27 0,008278 0:11:49 0,008438
0:03:06 0,00019 0:07:28 0,008278 0:11:49 0,008439
0:03:07 0,000192 0:07:28 0,008297 0:11:50 0,008439
0:03:07 0,000192 0:07:29 0,008297 0:11:50 0,008439
0:03:08 0,000192 0:07:29 0,008297 0:11:51 0,008439
0:03:08 0,000192 0:07:30 0,008297 0:11:51 0,008438
0:03:09 0,000192 0:07:30 0,008306 0:11:52 0,008438
0:03:09 0,000192 0:07:31 0,008306 0:11:52 0,008438
0:03:10 0,000192 0:07:31 0,008306 0:11:53 0,00844
0:03:11 0,000193 0:07:32 0,008308 0:11:53 0,00844
0:03:11 0,000193 0:07:32 0,008308 0:11:54 0,00844
0:03:12 0,000193 0:07:33 0,008308 0:11:54 0,008439
0:03:12 0,00019 0:07:33 0,008312 0:11:55 0,008439
0:03:13 0,00019 0:07:34 0,008312 0:11:56 0,008439
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0:03:13 0,00019 0:07:35 0,008312 0:11:56 0,008439
0:03:14 0,00019 0:07:35 0,008312 0:11:57 0,008439
0:03:14 0,000188 0:07:36 0,008317 0:11:57 0,008439
0:03:15 0,000188 0:07:36 0,008317 0:11:58 0,008439
0:03:15 0,000188 0:07:37 0,008317 0:11:58 0,008441
0:03:16 0,000192 0:07:37 0,008323 0:11:59 0,008441
0:03:16 0,000192 0:07:38 0,008323 0:11:59 0,008441
0:03:17 0,000192 0:07:38 0,008323 0:12:00 0,008441
0:03:17 0,000192 0:07:39 0,008329 0:12:00 0,008441
0:03:18 0,000192 0:07:39 0,008329 0:12:01 0,008441
0:03:18 0,000192 0:07:40 0,008329 0:12:01 0,008443
0:03:19 0,000189 0:07:40 0,008334 0:12:02 0,008443
0:03:20 0,000189 0:07:41 0,008334 0:12:02 0,008443
0:03:20 0,000189 0:07:41 0,008334 0:12:03 0,008444
0:03:21 0,000189 0:07:42 0,008334 0:12:04 0,008444
0:03:21 0,000192 0:07:43 0,008337 0:12:04 0,008444
0:03:22 0,000192 0:07:43 0,008337 0:12:05 0,008444
0:03:22 0,000192 0:07:44 0,008337 0:12:05 0,008444
0:03:23 0,000191 0:07:44 0,008341 0:12:06 0,008444
0:03:23 0,000191 0:07:45 0,008341 0:12:06 0,008444
0:03:24 0,000191 0:07:45 0,008341 0:12:07 0,008445
0:03:24 0,000188 0:07:46 0,008342 0:12:07 0,008445
0:03:25 0,000188 0:07:46 0,008342 0:12:08 0,008445
0:03:25 0,000188 0:07:47 0,008342 0:12:08 0,008446
0:03:26 0,000188 0:07:47 0,008344 0:12:09 0,008446
0:03:26 0,000188 0:07:48 0,008344 0:12:09 0,008446
0:03:27 0,000188 0:07:48 0,008344 0:12:10 0,008446
0:03:28 0,000188 0:07:49 0,008344 0:12:10 0,008447
0:03:28 0,00019 0:07:49 0,008347 0:12:11 0,008447
0:03:09 0,00019 0:07:50 0,008347 0:12:11 0,008447
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0:03:29 0,00019 0:07:50 0,008347 0:12:12 0,008447
0:03:30 0,000192 0:07:51 0,008347 0:12:13 0,008447
0:03:30 0,000192 0:07:52 0,008347 0:12:13 0,008447
0:03:31 0,000192 0:07:52 0,008347 0:12:14 0,008448
0:03:31 0,000194 0:07:53 0,008348 0:12:14 0,008448
0:03:32 0,000194 0:07:53 0,008348 0:12:01 0,008448
0:03:32 0,000194 0:07:54 0,008348 0:12:15 0,008449
0:03:33 0,000194 0:07:54 0,008348 0:12:16 0,008449
0:03:33 0,000194 0:07:55 0,008348 0:12:16 0,008449
0:03:34 0,000194 0:07:55 0,008348 0:12:17 0,008449
0:03:34 0,000194 0:07:56 0,008348 0:12:17 0,008449
0:03:35 0,000194 0:07:56 0,008349 0:12:18 0,008449
0:03:35 0,000194 0:07:57 0,008349 0:12:18 0,008449
0:03:36 0,000194 0:07:57 0,008349 0:12:19 0,00845
0:03:37 0,000193 0:07:58 0,008351 0:12:19 0,00845
0:03:37 0,000193 0:07:58 0,008351 0:12:20 0,00845
0:03:38 0,000193 0:07:59 0,008351 0:12:21 0,008452
0:03:38 0,00019 0:08:00 0,008352 0:12:21 0,008452
0:03:39 0,00019 0:08:00 0,008352 0:12:22 0,008452
0:03:39 0,00019 0:08:01 0,008352 0:12:22 0,008454
0:03:40 0,00019 0:08:01 0,008352 0:12:23 0,008454
0:03:40 0,000189 0:08:02 0,008354 0:12:23 0,008454
0:03:41 0,000189 0:08:02 0,008354 0:12:24 0,008454
0:03:41 0,000189 0:08:03 0,008354 0:12:24 0,008456
0:03:42 0,000189 0:08:03 0,008354 0:12:25 0,008456
0:03:42 0,000189 0:08:04 0,008354 0:12:02 0,008456
0:03:43 0,000189 0:08:04 0,008354 0:12:26 0,008458
0:03:43 0,000191 0:08:05 0,008354 0:12:26 0,008458
0:03:44 0,000191 0:08:05 0,008354 0:12:27 0,008458
0:03:45 0,000191 0:08:06 0,008354 0:12:27 0,008458
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0:03:04 0,000191 0:08:06 0,008355 0:12:28 0,008458
0:03:46 0,000193 0:08:07 0,008355 0:12:28 0,008458
0:03:46 0,000193 0:08:07 0,008355 0:12:29 0,008458
0:03:47 0,000193 0:08:08 0,008355 0:12:30 0,008456
0:03:47 0,00019 0:08:09 0,008355 0:12:30 0,008456
0:03:48 0,00019 0:08:09 0,008355 0:12:31 0,008456
0:03:48 0,00019 0:08:10 0,008355 0:12:31 0,008458
0:03:49 0,00019 0:08:10 0,008356 0:12:32 0,008458
0:03:49 0,00019 0:08:11 0,008356 0:12:32 0,008458
0:03:50 0,00019 0:08:11 0,008356 0:12:33 0,008459
0:03:50 0,000193 0:08:12 0,008355 0:12:33 0,008459
0:03:51 0,000193 0:08:12 0,008355 0:12:34 0,008459
0:03:51 0,000193 0:08:13 0,008355 0:12:34 0,00846
0:03:52 0,000193 0:08:13 0,008355 0:12:35 0,00846
0:03:52 0,00019 0:08:14 0,008354 0:12:35 0,00846
0:03:53 0,00019 0:08:14 0,008354 0:12:36 0,00846
0:03:54 0,00019 0:08:15 0,008354 0:12:36 0,008461
0:03:54 0,00019 0:08:15 0,008353 0:12:37 0,008461
0:03:55 0,00019 0:08:16 0,008353 0:12:38 0,008461
0:03:55 0,00019 0:08:17 0,008353 0:12:38 0,00846
0:03:56 0,000193 0:08:17 0,008353 0:12:39 0,00846
0:03:56 0,000193 0:08:18 0,008353 0:12:39 0,00846
0:03:57 0,000193 0:08:18 0,008353 0:12:40 0,008461
0:03:57 0,000189 0:08:19 0,008354 0:12:40 0,008461
0:03:58 0,000189 0:08:19 0,008354 0:12:41 0,008461
0:03:58 0,000189 0:08:20 0,008354 0:12:41 0,008462
0:03:59 0,000189 0:08:20 0,008354 0:12:42 0,008462
0:03:59 0,000191 0:08:21 0,008355 0:12:42 0,008462
0:04:00 0,000191 0:08:21 0,008355 0:12:43 0,008462
0:04:00 0,000191 0:08:22 0,008355 0:12:43 0,008462
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0:04:01 0,000191 0:08:22 0,008356 0:12:44 0,008462
0:04:02 0,000191 0:08:23 0,008356 0:12:44 0,008462
0:04:02 0,000191 0:08:23 0,008356 0:12:45 0,008462
0:04:03 0,000189 0:08:24 0,008357 0:12:45 0,008462
0:04:03 0,000189 0:08:24 0,008357 0:12:46 0,008462
0:04:04 0,000189 0:08:25 0,008357 0:12:47 0,008461
0:04:04 0,000189 0:08:26 0,008357 0:12:47 0,008461
0:04:05 0,000194 0:08:26 0,008357 0:12:48 0,008461
0:04:05 0,000194 0:08:27 0,008357 0:12:48 0,008461
0:04:06 0,000194 0:08:27 0,008357 0:12:49 0,008462
0:04:06 0,000188 0:08:28 0,008357 0:12:49 0,008462
0:04:07 0,000188 0:08:28 0,008357 0:12:50 0,008462
0:04:07 0,000188 0:08:29 0,008357 0:12:50 0,008462
0:04:08 0,000194 0:08:29 0,008358 0:12:51 0,008462
0:04:08 0,000194 0:08:30 0,008358 0:12:51 0,008462
0:04:09 0,000194 0:08:30 0,008358 0:12:52 0,008464
0:04:09 0,000188 0:08:31 0,008358 0:12:52 0,008464
0:04:10 0,000188 0:08:31 0,008358 0:12:53 0,008464
0:04:11 0,000188 0:08:32 0,008358 0:12:53 0,008465
0:04:11 0,000188 0:08:32 0,008358 0:12:54 0,008465
0:04:12 0,000192 0:08:33 0,00836 0:12:55 0,008465
0:04:12 0,000192 0:08:34 0,00836 0:12:05 0,008465
0:04:13 0,000192 0:08:34 0,00836 0:12:56 0,008466
0:04:13 0,000192 0:08:35 0,008361 0:12:56 0,008466
0:04:14 0,000192 0:08:35 0,008361 0:12:57 0,008466
0:04:14 0,000192 0:08:36 0,008361 0:12:57 0,008467
0:04:15 0,000188 0:08:36 0,008362 0:12:58 0,008467
0:04:15 0,000188 0:08:37 0,008362 0:12:58 0,008467
0:04:16 0,000188 0:08:37 0,008362 0:12:59 0,008467
0:04:16 0,000188 0:08:38 0,008362 0:12:59 0,008467
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0:04:17 0,000188 0:08:38 0,008362 0:13:00 0,008467

0:04:17 0,000188 0:08:39 0,008362 0:13:00 0,008467

0:04:18 0,000188 0:08:39 0,008362 0:13:01 0,008467

0:04:19 0,000189 0:08:40 0,008361 0:13:01 0,008467

0:04:19 0,000189 0:08:40 0,008361 0:13:02 0,008467

0:04:20 0,000189 0:08:41 0,008361 0:13:02 0,008467

0:04:20 0,00019 0:08:41 0,008362 0:13:03 0,008467

0:04:21 0,00019 0:08:42 0,008362 0:13:04 0,008467

Appendix IV
There are experimental data of homogeneity measurements, namely conductivity
measurements in dependence of time. These data belong to CMC solution (0,5%

w.) under ultrasound use at 5,135 W of output power level.

) Conductivity, ) Conductivity, ) Conductivity,
Time, s Time, s Time, s
puS/cm puS/cm puS/cm

0:00:00 0,001172 0:03:14 0,001195 0:06:29 0,001212

0:00:00 0,001172 0:03:15 0,001195 0:06:29 0,001212

0:00:01 0,001172 0:03:15 0,001195 0:06:30 0,001212

0:00:01 0,001172 0:03:16 0,001195 0:06:30 0,001212

0:00:02 0,001172 0:03:16 0,001195 0:06:31 0,001212

0:00:02 0,001172 0:03:17 0,001195 0:06:31 0,001212

0:00:03 0,001172 0:03:17 0,001195 0:06:32 0,001212

0:00:04 0,001172 0:03:18 0,001196 0:06:32 0,001213

0:00:04 0,001172 0:03:18 0,001196 0:06:33 0,001213

0:00:05 0,001172 0:03:19 0,001196 0:06:33 0,001213

0:00:05 0,001172 0:03:20 0,001196 0:06:34 0,001213

0:00:06 0,001172 0:03:20 0,001196 0:06:35 0,001213

0:00:06 0,001172 0:03:21 0,001196 0:06:35 0,001213

0:00:07 0,001172 0:03:21 0,001196 0:06:36 0,001213

0:00:07 0,001172 0:03:22 0,001196 0:06:36 0,001213

0:00:08 0,001172 0:03:22 0,001196 0:06:37 0,001213
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0:00:08 0,001172 0:03:23 0,001196 0:06:37 0,001213
0:00:09 0,001172 0:03:23 0,001197 0:06:38 0,001214
0:00:09 0,001172 0:03:24 0,001197 0:06:38 0,001214
0:00:10 0,001173 0:03:24 0,001197 0:06:39 0,001214
0:00:10 0,001173 0:03:25 0,001197 0:06:39 0,001214
0:00:11 0,001173 0:03:25 0,001197 0:06:40 0,001214
0:00:11 0,001173 0:03:26 0,001197 0:06:40 0,001214
0:00:12 0,001173 0:03:26 0,001197 0:06:41 0,001214
0:00:13 0,001173 0:03:27 0,001197 0:06:41 0,001214
0:00:13 0,001173 0:03:28 0,001197 0:06:42 0,001214
0:00:14 0,001173 0:03:28 0,001197 0:06:42 0,001214
0:00:14 0,001173 0:03:09 0,001197 0:06:43 0,001214
0:00:15 0,001173 0:03:29 0,001197 0:06:44 0,001214
0:00:15 0,001173 0:03:30 0,001197 0:06:44 0,001214
0:00:16 0,001173 0:03:30 0,001197 0:06:45 0,001215
0:00:16 0,001173 0:03:31 0,001197 0:06:45 0,001215
0:00:17 0,001173 0:03:31 0,001197 0:06:46 0,001215
0:00:17 0,001173 0:03:32 0,001197 0:06:46 0,001215
0:00:18 0,001173 0:03:32 0,001197 0:06:47 0,001215
0:00:18 0,001173 0:03:33 0,001197 0:06:47 0,001215
0:00:19 0,001173 0:03:33 0,001197 0:06:48 0,001215
0:00:19 0,001173 0:03:34 0,001197 0:06:48 0,001215
0:00:20 0,001173 0:03:34 0,001197 0:06:49 0,001215
0:00:21 0,001174 0:03:35 0,001197 0:06:49 0,001215
0:00:21 0,001174 0:03:35 0,001197 0:06:50 0,001215
0:00:22 0,001174 0:03:36 0,001197 0:06:50 0,001215
0:00:22 0,001174 0:03:37 0,001197 0:06:51 0,001215
0:00:23 0,001174 0:03:37 0,001197 0:06:52 0,001216
0:00:23 0,001174 0:03:38 0,001197 0:06:52 0,001216
0:00:24 0,001174 0:03:38 0,001197 0:06:53 0,001216
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0:00:24 0,001174 0:03:39 0,001197 0:06:53 0,001216
0:00:25 0,001174 0:03:39 0,001197 0:06:54 0,001216
0:00:25 0,001174 0:03:40 0,001197 0:06:54 0,001216
0:00:26 0,001174 0:03:40 0,001198 0:06:55 0,001216
0:00:26 0,001174 0:03:41 0,001198 0:06:55 0,001216
0:00:27 0,001174 0:03:41 0,001198 0:06:56 0,001216
0:00:27 0,001175 0:03:42 0,001198 0:06:56 0,001216
0:00:28 0,001175 0:03:42 0,001198 0:06:57 0,001216
0:00:28 0,001175 0:03:43 0,001198 0:06:57 0,001216
0:00:29 0,001175 0:03:43 0,001198 0:06:58 0,001216
0:00:30 0,001175 0:03:44 0,001198 0:06:58 0,001217
0:00:30 0,001175 0:03:45 0,001198 0:06:59 0,001217
0:00:31 0,001175 0:03:04 0,001198 0:06:59 0,001217
0:00:31 0,001175 0:03:46 0,001198 0:07:00 0,001217
0:00:32 0,001175 0:03:46 0,001198 0:07:01 0,001217
0:00:32 0,001175 0:03:47 0,001198 0:07:01 0,001217
0:00:33 0,001175 0:03:47 0,001198 0:07:02 0,001217
0:00:33 0,001175 0:03:48 0,001198 0:07:02 0,001217
0:00:34 0,001175 0:03:48 0,001198 0:07:03 0,001217
0:00:34 0,001176 0:03:49 0,001198 0:07:03 0,001217
0:00:35 0,001176 0:03:49 0,001199 0:07:04 0,001217
0:00:35 0,001176 0:03:50 0,001199 0:07:04 0,001217
0:00:36 0,001176 0:03:50 0,001199 0:07:05 0,001217
0:00:36 0,001176 0:03:51 0,001199 0:07:05 0,001217
0:00:37 0,001176 0:03:51 0,001199 0:07:06 0,001218
0:00:38 0,001176 0:03:52 0,001199 0:07:06 0,001218
0:00:38 0,001176 0:03:52 0,001199 0:07:07 0,001218
0:00:39 0,001176 0:03:53 0,001199 0:07:07 0,001218
0:00:39 0,001176 0:03:54 0,001199 0:07:08 0,001218
0:00:40 0,001176 0:03:54 0,001199 0:07:09 0,001218
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0:00:40 0,001176 0:03:55 0,001199 0:07:09 0,001218
0:00:41 0,001176 0:03:55 0,001199 0:07:10 0,001218
0:00:41 0,001177 0:03:56 0,001199 0:07:10 0,001218
0:00:42 0,001177 0:03:56 0,0012 0:07:11 0,001218
0:00:42 0,001177 0:03:57 0,0012 0:07:11 0,001218
0:00:43 0,001177 0:03:57 0,0012 0:07:12 0,001218
0:00:43 0,001177 0:03:58 0,0012 0:07:12 0,001218
0:00:44 0,001177 0:03:58 0,0012 0:07:13 0,001218
0:00:44 0,001177 0:03:59 0,0012 0:07:13 0,001218
0:00:45 0,001177 0:03:59 0,0012 0:07:14 0,001218
0:00:45 0,001177 0:04:00 0,0012 0:07:14 0,001218
0:00:46 0,001177 0:04:00 0,0012 0:07:15 0,001218
0:00:47 0,001177 0:04:01 0,0012 0:07:15 0,001218
0:00:47 0,001177 0:04:02 0,0012 0:07:16 0,001218
0:00:48 0,001177 0:04:02 0,0012 0:07:16 0,001218
0:00:48 0,001178 0:04:03 0,0012 0:07:17 0,001218
0:00:49 0,001178 0:04:03 0,001201 0:07:18 0,001204
0:00:49 0,001178 0:04:04 0,001201 0:07:18 0,001204
0:00:50 0,001178 0:04:04 0,001201 0:07:19 0,001204
0:00:50 0,001178 0:04:05 0,001201 0:07:19 0,001204
0:00:51 0,001178 0:04:05 0,001201 0:07:20 0,001202
0:00:51 0,001178 0:04:06 0,001201 0:07:20 0,001202
0:00:52 0,001178 0:04:06 0,001201 0:07:21 0,001202
0:00:52 0,001178 0:04:07 0,001201 0:07:21 0,001197
0:00:53 0,001178 0:04:07 0,001201 0:07:22 0,001197
0:00:53 0,001178 0:04:08 0,001201 0:07:22 0,001197
0:00:54 0,001178 0:04:08 0,001201 0:07:23 0,001195
0:00:55 0,001178 0:04:09 0,001201 0:07:23 0,001195
0:00:55 0,001179 0:04:09 0,001201 0:07:24 0,001195
0:00:56 0,001179 0:04:10 0,001201 0:07:24 0,001195
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0:00:56 0,001179 0:04:11 0,001201 0:07:25 0,001197
0:00:57 0,001179 0:04:11 0,001201 0:07:26 0,001197
0:00:57 0,001179 0:04:12 0,001202 0:07:26 0,001197
0:00:58 0,001179 0:04:12 0,001202 0:07:27 0,0012

0:00:58 0,001179 0:04:13 0,001202 0:07:27 0,0012

0:00:59 0,001179 0:04:13 0,001202 0:07:28 0,0012

0:00:59 0,001179 0:04:14 0,001202 0:07:28 0,001201
0:01:00 0,001179 0:04:14 0,001202 0:07:29 0,001201
0:01:00 0,001179 0:04:15 0,001202 0:07:29 0,001201
0:01:01 0,001179 0:04:15 0,001202 0:07:30 0,001201
0:01:01 0,001179 0:04:16 0,001202 0:07:30 0,001201
0:01:02 0,00118 0:04:16 0,001202 0:07:31 0,001201
0:01:02 0,00118 0:04:17 0,001202 0:07:31 0,001201
0:01:03 0,00118 0:04:17 0,001202 0:07:32 0,001201
0:01:04 0,00118 0:04:18 0,001202 0:07:32 0,001201
0:01:04 0,00118 0:04:19 0,001202 0:07:33 0,001201
0:01:05 0,00118 0:04:19 0,001202 0:07:33 0,001201
0:01:05 0,00118 0:04:20 0,001202 0:07:34 0,001201
0:01:06 0,00118 0:04:20 0,001202 0:07:35 0,001201
0:01:06 0,00118 0:04:21 0,001202 0:07:35 0,001201
0:01:07 0,00118 0:04:21 0,001202 0:07:36 0,001201
0:01:07 0,00118 0:04:22 0,001202 0:07:36 0,001201
0:01:08 0,00118 0:04:22 0,001202 0:07:37 0,001201
0:01:08 0,00118 0:04:23 0,001202 0:07:37 0,001201
0:01:09 0,001181 0:04:23 0,001202 0:07:38 0,001201
0:01:09 0,001181 0:04:24 0,001202 0:07:38 0,001201
0:01:10 0,001181 0:04:24 0,001202 0:07:39 0,001201
0:01:10 0,001181 0:04:25 0,001202 0:07:39 0,001201
0:01:11 0,001181 0:04:25 0,001203 0:07:40 0,001201
0:01:12 0,001181 0:04:26 0,001203 0:07:40 0,001201
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0:01:12 0,001181 0:04:26 0,001203 0:07:41 0,001201
0:01:13 0,001181 0:04:27 0,001203 0:07:41 0,001201
0:01:13 0,001181 0:04:28 0,001203 0:07:42 0,001201
0:01:14 0,001181 0:04:28 0,001203 0:07:43 0,001201
0:01:14 0,001181 0:04:29 0,001203 0:07:43 0,001201
0:01:01 0,001181 0:04:29 0,001203 0:07:44 0,001201
0:01:15 0,001181 0:04:30 0,001203 0:07:44 0,001201
0:01:16 0,001181 0:04:30 0,001203 0:07:45 0,001201
0:01:16 0,001181 0:04:31 0,001203 0:07:45 0,001201
0:01:17 0,001181 0:04:31 0,001203 0:07:46 0,001201
0:01:17 0,001181 0:04:32 0,001203 0:07:46 0,001201
0:01:18 0,001182 0:04:32 0,001203 0:07:47 0,001201
0:01:18 0,001182 0:04:33 0,001203 0:07:47 0,001202
0:01:19 0,001182 0:04:33 0,001203 0:07:48 0,001202
0:01:19 0,001182 0:04:34 0,001203 0:07:48 0,001202
0:01:20 0,001182 0:04:34 0,001203 0:07:49 0,001202
0:01:21 0,001182 0:04:35 0,001203 0:07:49 0,001202
0:01:21 0,001182 0:04:36 0,001203 0:07:50 0,001202
0:01:22 0,001182 0:04:36 0,001203 0:07:50 0,001202
0:01:22 0,001182 0:04:37 0,001203 0:07:51 0,001202
0:01:23 0,001182 0:04:37 0,001203 0:07:52 0,001202
0:01:23 0,001182 0:04:38 0,001203 0:07:52 0,001202
0:01:24 0,001182 0:04:38 0,001203 0:07:53 0,0012

0:01:24 0,001182 0:04:39 0,001203 0:07:53 0,0012

0:01:25 0,001182 0:04:39 0,001203 0:07:54 0,0012

0:01:25 0,001182 0:04:40 0,001204 0:07:54 0,001196
0:01:26 0,001182 0:04:40 0,001204 0:07:55 0,001196
0:01:26 0,001183 0:04:41 0,001204 0:07:55 0,001196
0:01:27 0,001183 0:04:41 0,001204 0:07:56 0,001192
0:01:27 0,001183 0:04:42 0,001204 0:07:56 0,001192
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0:01:28 0,001183 0:04:42 0,001204 0:07:57 0,001192
0:01:29 0,001183 0:04:43 0,001204 0:07:57 0,001192
0:01:29 0,001183 0:04:43 0,001204 0:07:58 0,00119
0:01:30 0,001183 0:04:44 0,001204 0:07:58 0,00119
0:01:30 0,001183 0:04:45 0,001204 0:07:59 0,00119
0:01:31 0,001183 0:04:45 0,001204 0:08:00 0,001189
0:01:31 0,001183 0:04:46 0,001204 0:08:00 0,001189
0:01:32 0,001183 0:04:46 0,001204 0:08:01 0,001189
0:01:32 0,001183 0:04:47 0,001204 0:08:01 0,001188
0:01:33 0,001183 0:04:47 0,001204 0:08:02 0,001188
0:01:33 0,001183 0:04:48 0,001204 0:08:02 0,001188
0:01:34 0,001183 0:04:48 0,001204 0:08:03 0,001188
0:01:34 0,001183 0:04:49 0,001204 0:08:03 0,001186
0:01:35 0,001183 0:04:49 0,001204 0:08:04 0,001186
0:01:35 0,001184 0:04:50 0,001204 0:08:04 0,001186
0:01:36 0,001184 0:04:50 0,001204 0:08:05 0,001186
0:01:36 0,001184 0:04:51 0,001204 0:08:05 0,001186
0:01:37 0,001184 0:04:51 0,001204 0:08:06 0,001186
0:01:38 0,001184 0:04:52 0,001204 0:08:06 0,001185
0:01:38 0,001184 0:04:53 0,001204 0:08:07 0,001185
0:01:39 0,001184 0:04:53 0,001204 0:08:07 0,001185
0:01:39 0,001184 0:04:54 0,001204 0:08:08 0,001185
0:01:40 0,001184 0:04:54 0,001204 0:08:09 0,001185
0:01:40 0,001184 0:04:55 0,001204 0:08:09 0,001185
0:01:41 0,001184 0:04:55 0,001204 0:08:10 0,001185
0:01:41 0,001184 0:04:56 0,001204 0:08:10 0,001185
0:01:42 0,001184 0:04:56 0,001204 0:08:11 0,001185
0:01:42 0,001184 0:04:57 0,001204 0:08:11 0,001185
0:01:43 0,001184 0:04:57 0,001204 0:08:12 0,001182
0:01:43 0,001184 0:04:58 0,001204 0:08:12 0,001182
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0:01:44 0,001185 0:04:58 0,001204 0:08:13 0,001182
0:01:44 0,001185 0:04:05 0,001204 0:08:13 0,00118
0:01:45 0,001185 0:04:59 0,001204 0:08:14 0,00118
0:01:46 0,001185 0:05:00 0,001204 0:08:14 0,00118
0:01:46 0,001185 0:05:00 0,001205 0:08:15 0,00118
0:01:47 0,001185 0:05:01 0,001205 0:08:15 0,001196
0:01:47 0,001185 0:05:02 0,001205 0:08:16 0,001196
0:01:48 0,001185 0:05:02 0,001205 0:08:17 0,001196
0:01:48 0,001185 0:05:03 0,001205 0:08:17 0,00121
0:01:49 0,001185 0:05:03 0,001205 0:08:18 0,00121
0:01:49 0,001185 0:05:04 0,001205 0:08:18 0,00121
0:01:50 0,001185 0:05:04 0,001205 0:08:19 0,00121
0:01:50 0,001185 0:05:05 0,001205 0:08:19 0,00121
0:01:51 0,001185 0:05:05 0,001205 0:08:20 0,00121
0:01:51 0,001185 0:05:06 0,001205 0:08:20 0,001213
0:01:52 0,001185 0:05:06 0,001205 0:08:21 0,001213
0:01:52 0,001186 0:05:07 0,001205 0:08:21 0,001213
0:01:53 0,001186 0:05:07 0,001205 0:08:22 0,001213
0:01:53 0,001186 0:05:08 0,001205 0:08:22 0,001215
0:01:54 0,001186 0:05:08 0,001205 0:08:23 0,001215
0:01:55 0,001186 0:05:09 0,001206 0:08:23 0,001215
0:01:55 0,001186 0:05:10 0,001206 0:08:24 0,001216
0:01:56 0,001186 0:05:10 0,001206 0:08:24 0,001216
0:01:56 0,001186 0:05:11 0,001206 0:08:25 0,001216
0:01:57 0,001186 0:05:11 0,001206 0:08:26 0,001216
0:01:57 0,001186 0:05:12 0,001206 0:08:26 0,001216
0:01:58 0,001186 0:05:12 0,001206 0:08:27 0,001216
0:01:58 0,001186 0:05:13 0,001206 0:08:27 0,001217
0:01:59 0,001186 0:05:13 0,001206 0:08:28 0,001217
0:01:59 0,001186 0:05:14 0,001206 0:08:28 0,001217
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0:02:00 0,001186 0:05:14 0,001206 0:08:29 0,001217
0:02:00 0,001186 0:05:15 0,001206 0:08:29 0,001217
0:02:01 0,001186 0:05:15 0,001206 0:08:30 0,001217
0:02:01 0,001187 0:05:16 0,001207 0:08:30 0,001217
0:02:02 0,001187 0:05:16 0,001207 0:08:31 0,001217
0:02:03 0,001187 0:05:17 0,001207 0:08:31 0,001217
0:02:03 0,001187 0:05:17 0,001207 0:08:32 0,001217
0:02:04 0,001187 0:05:18 0,001207 0:08:32 0,001217
0:02:04 0,001187 0:05:19 0,001207 0:08:33 0,001217
0:02:00 0,001187 0:05:19 0,001207 0:08:34 0,001217
0:02:05 0,001187 0:05:20 0,001207 0:08:34 0,001217
0:02:06 0,001187 0:05:20 0,001207 0:08:35 0,001217
0:02:06 0,001187 0:05:21 0,001207 0:08:35 0,001217
0:02:07 0,001187 0:05:21 0,001207 0:08:36 0,001217
0:02:07 0,001187 0:05:22 0,001207 0:08:36 0,001218
0:02:08 0,001187 0:05:22 0,001207 0:08:37 0,001218
0:02:08 0,001188 0:05:23 0,001207 0:08:37 0,001218
0:02:09 0,001188 0:05:23 0,001207 0:08:38 0,001218
0:02:09 0,001188 0:05:24 0,001207 0:08:38 0,001218
0:02:10 0,001188 0:05:24 0,001207 0:08:39 0,001218
0:02:10 0,001188 0:05:25 0,001207 0:08:39 0,001218
0:02:11 0,001188 0:05:25 0,001207 0:08:40 0,001218
0:02:12 0,001188 0:05:26 0,001207 0:08:40 0,001218
0:02:12 0,001188 0:05:27 0,001207 0:08:41 0,001218
0:02:13 0,001188 0:05:27 0,001207 0:08:41 0,001218
0:02:13 0,001188 0:05:28 0,001207 0:08:42 0,001218
0:02:14 0,001188 0:05:28 0,001207 0:08:43 0,001218
0:02:14 0,001188 0:05:29 0,001207 0:08:43 0,001219
0:02:15 0,001188 0:05:29 0,001207 0:08:44 0,001219
0:02:15 0,001188 0:05:30 0,001207 0:08:44 0,001219
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0:02:16 0,001188 0:05:30 0,001207 0:08:45 0,001219
0:02:16 0,001188 0:05:31 0,001207 0:08:45 0,001219
0:02:17 0,001188 0:05:31 0,001207 0:08:46 0,001219
0:02:17 0,001188 0:05:32 0,001208 0:08:46 0,001219
0:02:18 0,001188 0:05:32 0,001208 0:08:47 0,001219
0:02:18 0,001189 0:05:33 0,001208 0:08:47 0,001219
0:02:19 0,001189 0:05:33 0,001208 0:08:48 0,001219
0:02:20 0,001189 0:05:34 0,001208 0:08:48 0,001219
0:02:20 0,001189 0:05:34 0,001208 0:08:49 0,001219
0:02:21 0,001189 0:05:35 0,001208 0:08:49 0,001219
0:02:21 0,001189 0:05:36 0,001208 0:08:50 0,001219
0:02:22 0,001189 0:05:36 0,001208 0:08:51 0,001219
0:02:22 0,001189 0:05:37 0,001208 0:08:51 0,001219
0:02:23 0,001189 0:05:37 0,001208 0:08:52 0,001219
0:02:23 0,001189 0:05:38 0,001208 0:08:52 0,001219
0:02:24 0,001189 0:05:38 0,001208 0:08:53 0,001219
0:02:24 0,001189 0:05:39 0,001208 0:08:53 0,001219
0:02:25 0,001189 0:05:39 0,001208 0:08:54 0,00122
0:02:25 0,00119 0:05:40 0,001208 0:08:54 0,00122
0:02:26 0,00119 0:05:40 0,001208 0:08:55 0,00122
0:02:26 0,00119 0:05:41 0,001208 0:08:55 0,00122
0:02:27 0,00119 0:05:41 0,001208 0:08:56 0,00122
0:02:27 0,00119 0:05:42 0,001208 0:08:56 0,00122
0:02:28 0,00119 0:05:42 0,001208 0:08:57 0,00122
0:02:29 0,00119 0:05:43 0,001208 0:08:57 0,00122
0:02:29 0,00119 0:05:44 0,001208 0:08:58 0,00122
0:02:30 0,00119 0:05:44 0,001208 0:08:58 0,00122
0:02:30 0,00119 0:05:45 0,001208 0:08:59 0,00122
0:02:31 0,00119 0:05:04 0,001208 0:09:00 0,00122
0:02:31 0,00119 0:05:46 0,001209 0:09:00 0,00122




151

0:02:32 0,00119 0:05:46 0,001209 0:09:01 0,00122
0:02:32 0,00119 0:05:47 0,001209 0:09:01 0,00122
0:02:33 0,00119 0:05:47 0,001209 0:09:02 0,00122
0:02:33 0,00119 0:05:48 0,001209 0:09:02 0,00122
0:02:34 0,00119 0:05:48 0,001209 0:09:03 0,00122
0:02:34 0,001191 0:05:49 0,001209 0:09:03 0,00122
0:02:35 0,001191 0:05:49 0,001209 0:09:04 0,00122
0:02:35 0,001191 0:05:50 0,001209 0:09:04 0,00122
0:02:36 0,001191 0:05:50 0,001209 0:09:05 0,00122
0:02:37 0,001191 0:05:51 0,001209 0:09:05 0,001221
0:02:37 0,001191 0:05:51 0,001209 0:09:06 0,001221
0:02:38 0,001191 0:05:52 0,001209 0:09:06 0,001221
0:02:38 0,001191 0:05:53 0,001209 0:09:07 0,001221
0:02:39 0,001191 0:05:53 0,001209 0:09:08 0,001221
0:02:39 0,001191 0:05:54 0,001209 0:09:08 0,001221
0:02:40 0,001191 0:05:54 0,001209 0:09:09 0,001221
0:02:40 0,001191 0:05:55 0,001209 0:09:09 0,001221
0:02:41 0,001191 0:05:55 0,001209 0:09:10 0,001221
0:02:41 0,001191 0:05:56 0,001209 0:09:10 0,001221
0:02:42 0,001191 0:05:56 0,001209 0:09:11 0,001223
0:02:42 0,001191 0:05:57 0,001209 0:09:11 0,001223
0:02:43 0,001191 0:05:57 0,001209 0:09:12 0,001223
0:02:43 0,001191 0:05:58 0,001209 0:09:12 0,001223
0:02:44 0,001191 0:05:58 0,001209 0:09:13 0,001226
0:02:44 0,001191 0:05:59 0,001209 0:09:13 0,001226
0:02:45 0,001192 0:05:59 0,001209 0:09:14 0,001226
0:02:46 0,001192 0:06:00 0,001209 0:09:14 0,001229
0:02:46 0,001192 0:06:01 0,001209 0:09:15 0,001229
0:02:47 0,001192 0:06:01 0,001209 0:09:15 0,001229
0:02:47 0,001192 0:06:02 0,001209 0:09:16 0,001231
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0:02:48 0,001192 0:06:02 0,001209 0:09:17 0,001231
0:02:48 0,001192 0:06:03 0,001209 0:09:17 0,001231
0:02:49 0,001192 0:06:03 0,00121 0:09:18 0,001233
0:02:49 0,001192 0:06:04 0,00121 0:09:18 0,001233
0:02:50 0,001192 0:06:04 0,00121 0:09:19 0,001233
0:02:50 0,001192 0:06:05 0,00121 0:09:19 0,001233
0:02:51 0,001192 0:06:05 0,00121 0:09:20 0,001234
0:02:51 0,001192 0:06:06 0,00121 0:09:20 0,001234
0:02:52 0,001192 0:06:06 0,00121 0:09:21 0,001234
0:02:52 0,001192 0:06:07 0,00121 0:09:21 0,001236
0:02:53 0,001192 0:06:07 0,00121 0:00:00 0,001236
0:02:54 0,001193 0:06:08 0,00121 0:09:22 0,001236
0:02:54 0,001193 0:06:08 0,00121 0:09:23 0,001238
0:02:55 0,001193 0:06:09 0,00121 0:09:23 0,001238
0:02:05 0,001193 0:06:10 0,00121 0:09:24 0,001238
0:02:56 0,001193 0:06:10 0,00121 0:09:25 0,001239
0:02:56 0,001193 0:06:11 0,00121 0:09:25 0,001239
0:02:57 0,001193 0:06:11 0,00121 0:09:26 0,001239
0:02:57 0,001193 0:06:12 0,00121 0:09:26 0,001239
0:02:58 0,001193 0:06:12 0,00121 0:09:27 0,001241
0:02:58 0,001193 0:06:13 0,00121 0:09:27 0,001241
0:02:59 0,001193 0:06:13 0,00121 0:09:28 0,001241
0:02:59 0,001193 0:06:14 0,00121 0:09:28 0,001242
0:03:00 0,001193 0:06:14 0,00121 0:09:29 0,001242
0:03:00 0,001193 0:06:15 0,00121 0:09:29 0,001242
0:03:01 0,001193 0:06:15 0,001211 0:09:30 0,001243
0:03:01 0,001193 0:06:16 0,001211 0:09:30 0,001243
0:03:02 0,001194 0:06:16 0,001211 0:09:31 0,001243
0:03:03 0,001194 0:06:17 0,001211 0:09:31 0,001243
0:03:03 0,001194 0:06:18 0,001211 0:09:32 0,001244
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0:03:04 0,001194 0:06:18 0,001211 0:09:32 0,001244

0:03:04 0,001194 0:06:19 0,001211 0:09:33 0,001244

0:03:05 0,001194 0:06:19 0,001211 0:09:34 0,001245

0:03:05 0,001194 0:06:20 0,001211 0:09:34 0,001245

0:03:06 0,001194 0:06:20 0,001211 0:09:03 0,001245

0:03:06 0,001194 0:06:21 0,001211 0:09:35 0,001246

0:03:07 0,001194 0:06:21 0,001211 0:09:36 0,001246

0:03:07 0,001194 0:06:22 0,001211 0:09:36 0,001246

0:03:08 0,001194 0:06:22 0,001211 0:09:37 0,001247

0:03:08 0,001194 0:06:23 0,001211 0:09:37 0,001247

0:03:09 0,001195 0:06:23 0,001211 0:09:38 0,001247

0:03:09 0,001195 0:06:24 0,001211 0:09:38 0,001247

0:03:10 0,001195 0:06:24 0,001211 0:09:39 0,001248

0:03:11 0,001195 0:06:25 0,001211 0:09:39 0,001248

0:03:11 0,001195 0:06:25 0,001212 0:09:40 0,001248

0:03:12 0,001195 0:06:26 0,001212 0:09:40 0,001248

0:03:12 0,001195 0:06:27 0,001212 0:09:41 0,001248

0:03:13 0,001195 0:06:27 0,001212 0:09:42 0,001248

0:03:13 0,001195 0:06:28 0,001212 0:09:42 0,001249

0:03:14 0,001195 0:06:28 0,001212

Appendix V
There are experimental data of homogeneity measurements, namely conductivity
measurements in dependence of time. These data belong to CMC solution (0,5%

w.) under ultrasound use at 7,18 W of output power level.

) Conductivity, ) Conductivity, ) Conductivity,
Time, s Time, s Time, s
puS/cm puS/cm puS/cm

0:00:00 0,001079 0:03:38 0,001092 0:07:15 0,001104

0:00:00 0,001079 0:03:38 0,001092 0:07:16 0,001104

0:00:01 0,001079 0:03:39 0,001092 0:07:16 0,001104

0:00:01 0,001079 0:03:39 0,001092 0:07:17 0,001104
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0:00:02 0,001079 0:03:40 0,001092 0:07:18 0,001104
0:00:02 0,001079 0:03:40 0,001092 0:07:18 0,001104
0:00:03 0,001079 0:03:41 0,001092 0:07:19 0,001104
0:00:04 0,001079 0:03:41 0,001092 0:07:19 0,001104
0:00:04 0,001079 0:03:42 0,001092 0:07:20 0,001104
0:00:05 0,001079 0:03:42 0,001092 0:07:20 0,001104
0:00:05 0,001079 0:03:43 0,001092 0:07:21 0,001104
0:00:06 0,001079 0:03:43 0,001092 0:07:21 0,001104
0:00:06 0,001079 0:03:44 0,001092 0:07:22 0,001104
0:00:07 0,001079 0:03:45 0,001092 0:07:22 0,001104
0:00:07 0,001079 0:03:04 0,001092 0:07:23 0,001104
0:00:08 0,001079 0:03:46 0,001092 0:07:23 0,001104
0:00:08 0,001079 0:03:46 0,001092 0:07:24 0,001104
0:00:09 0,001079 0:03:47 0,001093 0:07:24 0,001104
0:00:09 0,001079 0:03:47 0,001093 0:07:25 0,001104
0:00:10 0,001079 0:03:48 0,001093 0:07:26 0,001104
0:00:10 0,001079 0:03:48 0,001093 0:07:26 0,001104
0:00:11 0,001079 0:03:49 0,001093 0:07:27 0,001104
0:00:11 0,001079 0:03:49 0,001093 0:07:27 0,001104
0:00:12 0,001079 0:03:50 0,001093 0:07:28 0,001104
0:00:13 0,001079 0:03:50 0,001093 0:07:28 0,001104
0:00:13 0,001079 0:03:51 0,001093 0:07:29 0,001104
0:00:14 0,00108 0:03:51 0,001093 0:07:29 0,001104
0:00:14 0,00108 0:03:52 0,001093 0:07:30 0,001104
0:00:15 0,00108 0:03:52 0,001093 0:07:30 0,001104
0:00:15 0,00108 0:03:53 0,001093 0:07:31 0,001104
0:00:16 0,00108 0:03:54 0,001093 0:07:31 0,001104
0:00:16 0,00108 0:03:54 0,001093 0:07:32 0,001104
0:00:17 0,00108 0:03:55 0,001093 0:07:32 0,001104
0:00:17 0,00108 0:03:55 0,001093 0:07:33 0,001105




155

0:00:18 0,00108 0:03:56 0,001093 0:07:33 0,001105
0:00:18 0,00108 0:03:56 0,001093 0:07:34 0,001105
0:00:19 0,00108 0:03:57 0,001093 0:07:35 0,001105
0:00:19 0,00108 0:03:57 0,001093 0:07:35 0,001105
0:00:20 0,00108 0:03:58 0,001093 0:07:36 0,001105
0:00:21 0,00108 0:03:58 0,001093 0:07:36 0,001105
0:00:21 0,00108 0:03:59 0,001093 0:07:37 0,001105
0:00:22 0,00108 0:03:59 0,001093 0:07:37 0,001105
0:00:22 0,00108 0:04:00 0,001093 0:07:38 0,001105
0:00:23 0,00108 0:04:00 0,001093 0:07:38 0,001105
0:00:23 0,00108 0:04:01 0,001093 0:07:39 0,001105
0:00:24 0,00108 0:04:02 0,001093 0:07:39 0,001105
0:00:24 0,00108 0:04:02 0,001093 0:07:40 0,001105
0:00:25 0,00108 0:04:03 0,001094 0:07:40 0,001105
0:00:25 0,00108 0:04:03 0,001094 0:07:41 0,001105
0:00:26 0,001081 0:04:04 0,001094 0:07:41 0,001105
0:00:26 0,001081 0:04:04 0,001094 0:07:42 0,001105
0:00:27 0,001081 0:04:05 0,001094 0:07:43 0,001105
0:00:27 0,001081 0:04:05 0,001094 0:07:43 0,001105
0:00:28 0,001081 0:04:06 0,001094 0:07:44 0,001105
0:00:28 0,001081 0:04:06 0,001094 0:07:44 0,001105
0:00:29 0,001081 0:04:07 0,001094 0:07:45 0,001105
0:00:30 0,001081 0:04:07 0,001094 0:07:45 0,001105
0:00:30 0,001081 0:04:08 0,001094 0:07:46 0,001105
0:00:31 0,001081 0:04:08 0,001094 0:07:46 0,001105
0:00:31 0,001081 0:04:09 0,001094 0:07:47 0,001106
0:00:32 0,001081 0:04:09 0,001094 0:07:47 0,001106
0:00:32 0,001081 0:04:10 0,001094 0:07:48 0,001106
0:00:33 0,001081 0:04:11 0,001094 0:07:48 0,001106
0:00:33 0,001081 0:04:11 0,001094 0:07:49 0,001106
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0:00:34 0,001081 0:04:12 0,001094 0:07:49 0,001106
0:00:34 0,001082 0:04:12 0,001094 0:07:50 0,001106
0:00:35 0,001082 0:04:13 0,001094 0:07:50 0,001106
0:00:35 0,001082 0:04:13 0,001094 0:07:51 0,001106
0:00:36 0,001082 0:04:14 0,001094 0:07:52 0,001106
0:00:36 0,001082 0:04:14 0,001094 0:07:52 0,001106
0:00:37 0,001082 0:04:15 0,001094 0:07:53 0,001106
0:00:38 0,001082 0:04:15 0,001094 0:07:53 0,001106
0:00:38 0,001082 0:04:16 0,001094 0:07:54 0,001106
0:00:39 0,001082 0:04:16 0,001094 0:07:54 0,001106
0:00:39 0,001082 0:04:17 0,001094 0:07:55 0,001106
0:00:40 0,001082 0:04:17 0,001094 0:07:55 0,001106
0:00:40 0,001082 0:04:18 0,001094 0:07:56 0,001106
0:00:41 0,001082 0:04:19 0,001094 0:07:56 0,001106
0:00:41 0,001082 0:04:19 0,001094 0:07:57 0,001106
0:00:42 0,001082 0:04:20 0,001094 0:07:57 0,001106
0:00:42 0,001082 0:04:20 0,001094 0:07:58 0,001106
0:00:43 0,001082 0:04:21 0,001094 0:07:58 0,001106
0:00:43 0,001082 0:04:21 0,001094 0:07:59 0,001106
0:00:44 0,001082 0:04:22 0,001095 0:08:00 0,001106
0:00:44 0,001082 0:04:22 0,001095 0:08:00 0,001106
0:00:45 0,001082 0:04:23 0,001095 0:08:01 0,001106
0:00:45 0,001082 0:04:23 0,001095 0:08:01 0,001106
0:00:46 0,001082 0:04:24 0,001095 0:08:02 0,001106
0:00:47 0,001082 0:04:24 0,001095 0:08:02 0,001106
0:00:47 0,001082 0:04:25 0,001095 0:08:03 0,001106
0:00:48 0,001082 0:04:25 0,001095 0:08:03 0,001106
0:00:48 0,001082 0:04:26 0,001095 0:08:04 0,001106
0:00:49 0,001082 0:04:26 0,001095 0:08:04 0,001106
0:00:49 0,001082 0:04:27 0,001095 0:08:05 0,001106
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0:00:50 0,001082 0:04:28 0,001095 0:08:05 0,001106
0:00:50 0,001082 0:04:28 0,001095 0:08:06 0,001106
0:00:51 0,001082 0:04:29 0,001095 0:08:06 0,001106
0:00:51 0,001082 0:04:29 0,001095 0:08:07 0,001106
0:00:52 0,001082 0:04:30 0,001095 0:08:07 0,001107
0:00:52 0,001082 0:04:30 0,001095 0:08:08 0,001107
0:00:53 0,001082 0:04:31 0,001095 0:08:09 0,001107
0:00:53 0,001082 0:04:31 0,001095 0:08:09 0,001107
0:00:54 0,001082 0:04:32 0,001095 0:08:10 0,001107
0:00:55 0,001082 0:04:32 0,001095 0:08:10 0,001107
0:00:55 0,001082 0:04:33 0,001095 0:08:11 0,001107
0:00:56 0,001082 0:04:33 0,001095 0:08:11 0,001107
0:00:56 0,001082 0:04:34 0,001095 0:08:12 0,001107
0:00:57 0,001083 0:04:34 0,001095 0:08:12 0,001107
0:00:57 0,001083 0:04:35 0,001095 0:08:13 0,001107
0:00:58 0,001083 0:04:36 0,001095 0:08:13 0,001107
0:00:58 0,001083 0:04:36 0,001095 0:08:14 0,001107
0:00:59 0,001083 0:04:37 0,001095 0:08:14 0,001107
0:00:59 0,001083 0:04:37 0,001095 0:08:15 0,001107
0:01:00 0,001083 0:04:38 0,001095 0:08:15 0,001107
0:01:00 0,001083 0:04:38 0,001095 0:08:16 0,001107
0:01:01 0,001083 0:04:39 0,001096 0:08:17 0,001107
0:01:01 0,001083 0:04:39 0,001096 0:08:17 0,001107
0:01:02 0,001083 0:04:40 0,001096 0:08:18 0,001107
0:01:02 0,001083 0:04:40 0,001096 0:08:18 0,001107
0:01:03 0,001083 0:04:41 0,001096 0:08:19 0,001107
0:01:04 0,001083 0:04:41 0,001096 0:08:19 0,001107
0:01:04 0,001083 0:04:42 0,001096 0:08:20 0,001107
0:01:05 0,001083 0:04:42 0,001096 0:08:20 0,001107
0:01:05 0,001083 0:04:43 0,001096 0:08:21 0,001107




158

0:01:06 0,001083 0:04:43 0,001096 0:08:21 0,001107
0:01:06 0,001083 0:04:44 0,001096 0:08:22 0,001107
0:01:07 0,001083 0:04:45 0,001096 0:08:22 0,001107
0:01:07 0,001083 0:04:45 0,001096 0:08:23 0,001107
0:01:08 0,001083 0:04:46 0,001096 0:08:23 0,001108
0:01:08 0,001083 0:04:46 0,001096 0:08:24 0,001108
0:01:09 0,001083 0:04:47 0,001096 0:08:24 0,001108
0:01:09 0,001083 0:04:47 0,001096 0:08:25 0,001108
0:01:10 0,001083 0:04:48 0,001096 0:08:26 0,001108
0:01:10 0,001083 0:04:48 0,001096 0:08:26 0,001108
0:01:11 0,001083 0:04:49 0,001096 0:08:27 0,001108
0:01:12 0,001083 0:04:49 0,001096 0:08:27 0,001108
0:01:12 0,001083 0:04:50 0,001096 0:08:28 0,001108
0:01:13 0,001083 0:04:50 0,001096 0:08:28 0,001108
0:01:13 0,001083 0:04:51 0,001096 0:08:29 0,001108
0:01:14 0,001083 0:04:51 0,001096 0:08:29 0,001108
0:01:14 0,001083 0:04:52 0,001096 0:08:30 0,001108
0:01:01 0,001083 0:04:53 0,001096 0:08:30 0,001108
0:01:15 0,001083 0:04:53 0,001096 0:08:31 0,001108
0:01:16 0,001083 0:04:54 0,001096 0:08:31 0,001108
0:01:16 0,001084 0:04:54 0,001096 0:08:32 0,001108
0:01:17 0,001084 0:04:55 0,001096 0:08:32 0,001108
0:01:17 0,001084 0:04:55 0,001096 0:08:33 0,001108
0:01:18 0,001084 0:04:56 0,001096 0:08:34 0,001108
0:01:18 0,001084 0:04:56 0,001096 0:08:34 0,001108
0:01:19 0,001084 0:04:57 0,001096 0:08:35 0,001108
0:01:19 0,001084 0:04:57 0,001096 0:08:35 0,001108
0:01:20 0,001084 0:04:58 0,001097 0:08:36 0,001108
0:01:21 0,001084 0:04:58 0,001097 0:08:36 0,001108
0:01:21 0,001084 0:04:05 0,001097 0:08:37 0,001108




159

0:01:22 0,001084 0:04:59 0,001097 0:08:37 0,001109
0:01:22 0,001084 0:05:00 0,001097 0:08:38 0,001109
0:01:23 0,001084 0:05:00 0,001097 0:08:38 0,001109
0:01:23 0,001084 0:05:01 0,001097 0:08:39 0,001109
0:01:24 0,001084 0:05:02 0,001097 0:08:39 0,001109
0:01:24 0,001084 0:05:02 0,001097 0:08:40 0,001109
0:01:25 0,001084 0:05:03 0,001097 0:08:40 0,001109
0:01:25 0,001084 0:05:03 0,001097 0:08:41 0,001109
0:01:26 0,001084 0:05:04 0,001097 0:08:41 0,001109
0:01:26 0,001084 0:05:04 0,001097 0:08:42 0,001109
0:01:27 0,001084 0:05:05 0,001097 0:08:43 0,001109
0:01:27 0,001084 0:05:05 0,001097 0:08:43 0,001109
0:01:28 0,001084 0:05:06 0,001097 0:08:44 0,001109
0:01:29 0,001084 0:05:06 0,001097 0:08:44 0,001109
0:01:29 0,001084 0:05:07 0,001097 0:08:45 0,001109
0:01:30 0,001084 0:05:07 0,001097 0:08:45 0,001109
0:01:30 0,001084 0:05:08 0,001097 0:08:46 0,001109
0:01:31 0,001084 0:05:08 0,001097 0:08:46 0,001109
0:01:31 0,001084 0:05:09 0,001097 0:08:47 0,001109
0:01:32 0,001084 0:05:10 0,001097 0:08:47 0,001109
0:01:32 0,001084 0:05:10 0,001097 0:08:48 0,001109
0:01:33 0,001084 0:05:11 0,001097 0:08:48 0,001109
0:01:33 0,001084 0:05:11 0,001097 0:08:49 0,001109
0:01:34 0,001084 0:05:12 0,001097 0:08:49 0,001109
0:01:34 0,001084 0:05:12 0,001097 0:08:50 0,001109
0:01:35 0,001084 0:05:13 0,001097 0:08:51 0,001109
0:01:35 0,001084 0:05:13 0,001097 0:08:51 0,001109
0:01:36 0,001084 0:05:14 0,001097 0:08:52 0,001109
0:01:36 0,001084 0:05:14 0,001097 0:08:52 0,001109
0:01:37 0,001085 0:05:15 0,001097 0:08:53 0,00111




160

0:01:38 0,001085 0:05:15 0,001097 0:08:53 0,00111
0:01:38 0,001085 0:05:16 0,001097 0:08:54 0,00111
0:01:39 0,001085 0:05:16 0,001097 0:08:54 0,00111
0:01:39 0,001085 0:05:17 0,001097 0:08:55 0,00111
0:01:40 0,001085 0:05:17 0,001097 0:08:55 0,00111
0:01:40 0,001085 0:05:18 0,001097 0:08:56 0,00111
0:01:41 0,001085 0:05:19 0,001097 0:08:56 0,00111
0:01:41 0,001085 0:05:19 0,001097 0:08:57 0,00111
0:01:42 0,001085 0:05:20 0,001097 0:08:57 0,00111
0:01:42 0,001085 0:05:20 0,001097 0:08:58 0,00111
0:01:43 0,001085 0:05:21 0,001097 0:08:58 0,00111
0:01:43 0,001085 0:05:21 0,001097 0:08:59 0,00111
0:01:44 0,001085 0:05:22 0,001097 0:09:00 0,00111
0:01:44 0,001085 0:05:22 0,001097 0:09:00 0,00111
0:01:45 0,001085 0:05:23 0,001097 0:09:01 0,00111
0:01:46 0,001085 0:05:23 0,001097 0:09:01 0,00111
0:01:46 0,001085 0:05:24 0,001097 0:09:02 0,00111
0:01:47 0,001085 0:05:24 0,001097 0:09:02 0,00111
0:01:47 0,001085 0:05:25 0,001097 0:09:03 0,00111
0:01:48 0,001085 0:05:25 0,001097 0:09:03 0,00111
0:01:48 0,001085 0:05:26 0,001098 0:09:04 0,00111
0:01:49 0,001085 0:05:27 0,001098 0:09:04 0,00111
0:01:49 0,001085 0:05:27 0,001098 0:09:05 0,00111
0:01:50 0,001085 0:05:28 0,001097 0:09:05 0,00111
0:01:50 0,001085 0:05:28 0,001097 0:09:06 0,00111
0:01:51 0,001085 0:05:29 0,001097 0:09:06 0,00111
0:01:51 0,001085 0:05:29 0,001098 0:09:07 0,00111
0:01:52 0,001085 0:05:30 0,001098 0:09:08 0,00111
0:01:52 0,001085 0:05:30 0,001098 0:09:08 0,00111
0:01:53 0,001085 0:05:31 0,001098 0:09:09 0,00111




161

0:01:53 0,001085 0:05:31 0,001098 0:09:09 0,00111
0:01:54 0,001085 0:05:32 0,001098 0:09:10 0,00111
0:01:55 0,001085 0:05:32 0,001098 0:09:10 0,00111
0:01:55 0,001085 0:05:33 0,001098 0:09:11 0,00111
0:01:56 0,001085 0:05:33 0,001098 0:09:11 0,00111
0:01:56 0,001086 0:05:34 0,001098 0:09:12 0,001111
0:01:57 0,001086 0:05:34 0,001098 0:09:12 0,001111
0:01:57 0,001086 0:05:35 0,001098 0:09:13 0,001111
0:01:58 0,001086 0:05:36 0,001098 0:09:13 0,001111
0:01:58 0,001086 0:05:36 0,001098 0:09:14 0,001111
0:01:59 0,001086 0:05:37 0,001098 0:09:14 0,001111
0:01:59 0,001086 0:05:37 0,001098 0:09:15 0,001111
0:02:00 0,001086 0:05:38 0,001098 0:09:15 0,001111
0:02:00 0,001086 0:05:38 0,001098 0:09:16 0,001111
0:02:01 0,001086 0:05:39 0,001098 0:09:17 0,001111
0:02:01 0,001086 0:05:39 0,001098 0:09:17 0,001111
0:02:02 0,001086 0:05:40 0,001098 0:09:18 0,001111
0:02:03 0,001086 0:05:40 0,001098 0:09:18 0,001111
0:02:03 0,001086 0:05:41 0,001098 0:09:19 0,001111
0:02:04 0,001086 0:05:41 0,001099 0:09:19 0,001111
0:02:04 0,001086 0:05:42 0,001099 0:09:20 0,001111
0:02:00 0,001086 0:05:42 0,001099 0:09:20 0,001111
0:02:05 0,001086 0:05:43 0,001099 0:09:21 0,001111
0:02:06 0,001086 0:05:44 0,001099 0:09:21 0,001111
0:02:06 0,001086 0:05:44 0,001099 0:00:00 0,001111
0:02:07 0,001086 0:05:45 0,001099 0:09:22 0,001112
0:02:07 0,001086 0:05:04 0,001099 0:09:23 0,001112
0:02:08 0,001086 0:05:46 0,001099 0:09:23 0,001112
0:02:08 0,001086 0:05:46 0,001099 0:09:24 0,001112
0:02:09 0,001086 0:05:47 0,001099 0:09:25 0,001112




162

0:02:09 0,001086 0:05:47 0,001099 0:09:25 0,001112
0:02:10 0,001087 0:05:48 0,001099 0:09:26 0,001112
0:02:10 0,001087 0:05:48 0,001099 0:09:26 0,001112
0:02:11 0,001087 0:05:49 0,001099 0:09:27 0,001112
0:02:12 0,001087 0:05:49 0,001099 0:09:27 0,001112
0:02:12 0,001087 0:05:50 0,001099 0:09:28 0,001112
0:02:13 0,001087 0:05:50 0,001099 0:09:28 0,001112
0:02:13 0,001087 0:05:51 0,001099 0:09:29 0,001112
0:02:14 0,001087 0:05:51 0,001099 0:09:29 0,001112
0:02:14 0,001087 0:05:52 0,001099 0:09:30 0,001112
0:02:15 0,001087 0:05:53 0,001099 0:09:30 0,001112
0:02:15 0,001087 0:05:53 0,001099 0:09:31 0,001112
0:02:16 0,001087 0:05:54 0,001099 0:09:31 0,001112
0:02:16 0,001087 0:05:54 0,001099 0:09:32 0,001112
0:02:17 0,001087 0:05:55 0,001099 0:09:32 0,001112
0:02:17 0,001087 0:05:55 0,001099 0:09:33 0,001112
0:02:18 0,001087 0:05:56 0,001099 0:09:34 0,001112
0:02:18 0,001087 0:05:56 0,001099 0:09:34 0,001112
0:02:19 0,001087 0:05:57 0,001099 0:09:03 0,001112
0:02:20 0,001087 0:05:57 0,001099 0:09:35 0,001112
0:02:20 0,001087 0:05:58 0,001099 0:09:36 0,001112
0:02:21 0,001087 0:05:58 0,001099 0:09:36 0,001112
0:02:21 0,001087 0:05:59 0,001099 0:09:37 0,001112
0:02:22 0,001087 0:05:59 0,001099 0:09:37 0,001112
0:02:22 0,001087 0:06:00 0,001099 0:09:38 0,001112
0:02:23 0,001087 0:06:01 0,001099 0:09:38 0,001112
0:02:23 0,001088 0:06:01 0,001099 0:09:39 0,001112
0:02:24 0,001088 0:06:02 0,001099 0:09:39 0,001112
0:02:24 0,001088 0:06:02 0,001099 0:09:40 0,001113
0:02:25 0,001088 0:06:03 0,0011 0:09:40 0,001113




163

0:02:25 0,001088 0:06:03 0,0011 0:09:41 0,001113
0:02:26 0,001088 0:06:04 0,0011 0:09:42 0,001113
0:02:26 0,001088 0:06:04 0,0011 0:09:42 0,001113
0:02:27 0,001088 0:06:05 0,0011 0:09:43 0,001113
0:02:27 0,001088 0:06:05 0,0011 0:09:43 0,001113
0:02:28 0,001088 0:06:06 0,0011 0:09:44 0,001113
0:02:29 0,001088 0:06:06 0,0011 0:09:44 0,001113
0:02:29 0,001088 0:06:07 0,0011 0:09:45 0,001113
0:02:30 0,001088 0:06:07 0,0011 0:09:45 0,001113
0:02:30 0,001088 0:06:08 0,0011 0:09:46 0,001113
0:02:31 0,001088 0:06:08 0,0011 0:09:46 0,001113
0:02:31 0,001088 0:06:09 0,0011 0:09:47 0,001113
0:02:32 0,001088 0:06:10 0,0011 0:09:47 0,001113
0:02:32 0,001088 0:06:10 0,0011 0:09:48 0,001113
0:02:33 0,001088 0:06:11 0,0011 0:09:48 0,001113
0:02:33 0,001088 0:06:11 0,0011 0:09:49 0,001113
0:02:34 0,001088 0:06:12 0,0011 0:09:49 0,001113
0:02:34 0,001088 0:06:12 0,0011 0:09:50 0,001113
0:02:35 0,001088 0:06:13 0,0011 0:09:51 0,001113
0:02:35 0,001088 0:06:13 0,0011 0:09:51 0,001113
0:02:36 0,001088 0:06:14 0,0011 0:09:52 0,001113
0:02:37 0,001088 0:06:14 0,0011 0:09:52 0,001113
0:02:37 0,001088 0:06:15 0,0011 0:09:53 0,001113
0:02:38 0,001088 0:06:15 0,0011 0:09:53 0,001113
0:02:38 0,001088 0:06:16 0,0011 0:09:54 0,001113
0:02:39 0,001088 0:06:16 0,0011 0:09:54 0,001113
0:02:39 0,001088 0:06:17 0,0011 0:09:55 0,001113
0:02:40 0,001088 0:06:18 0,0011 0:09:55 0,001113
0:02:40 0,001088 0:06:18 0,0011 0:09:56 0,001113
0:02:41 0,001089 0:06:19 0,0011 0:09:56 0,001113




164

0:02:41 0,001089 0:06:19 0,0011 0:09:57 0,001113
0:02:42 0,001089 0:06:20 0,001101 0:09:57 0,001113
0:02:42 0,001089 0:06:20 0,001101 0:09:58 0,001113
0:02:43 0,001089 0:06:21 0,001101 0:09:59 0,001113
0:02:43 0,001089 0:06:21 0,001101 0:09:59 0,001114
0:02:44 0,001089 0:06:22 0,001101 0:10:00 0,001114
0:02:44 0,001089 0:06:22 0,001101 0:10:00 0,001114
0:02:45 0,001089 0:06:23 0,001101 0:10:01 0,001114
0:02:46 0,001089 0:06:23 0,001101 0:10:01 0,001114
0:02:46 0,001089 0:06:24 0,001101 0:10:02 0,001114
0:02:47 0,001089 0:06:24 0,001101 0:10:02 0,001114
0:02:47 0,001089 0:06:25 0,001101 0:10:03 0,001114
0:02:48 0,001089 0:06:25 0,001101 0:10:03 0,001114
0:02:48 0,001089 0:06:26 0,001101 0:10:04 0,001114
0:02:49 0,001089 0:06:27 0,001101 0:10:05 0,001114
0:02:49 0,001089 0:06:27 0,001101 0:10:05 0,001114
0:02:50 0,001089 0:06:28 0,001101 0:10:06 0,001114
0:02:50 0,001089 0:06:28 0,001101 0:10:06 0,001114
0:02:51 0,001089 0:06:29 0,001101 0:10:07 0,001114
0:02:51 0,001089 0:06:29 0,001101 0:10:07 0,001114
0:02:52 0,001089 0:06:30 0,001101 0:10:08 0,001114
0:02:52 0,001089 0:06:30 0,001101 0:10:08 0,001114
0:02:53 0,001089 0:06:31 0,001101 0:10:09 0,001114
0:02:54 0,001089 0:06:31 0,001101 0:10:09 0,001114
0:02:54 0,001089 0:06:32 0,001101 0:10:10 0,001114
0:02:55 0,001089 0:06:32 0,001101 0:10:10 0,001114
0:02:05 0,001089 0:06:33 0,001101 0:10:11 0,001114
0:02:56 0,001089 0:06:33 0,001101 0:10:11 0,001114
0:02:56 0,001089 0:06:34 0,001101 0:10:12 0,001114
0:02:57 0,001089 0:06:35 0,001101 0:10:12 0,001114




165

0:02:57 0,001089 0:06:35 0,001101 0:10:13 0,001114
0:02:58 0,001089 0:06:36 0,001101 0:10:14 0,001114
0:02:58 0,00109 0:06:36 0,001101 0:10:14 0,001114
0:02:59 0,00109 0:06:37 0,001101 0:10:01 0,001114
0:02:59 0,00109 0:06:37 0,001102 0:10:15 0,001114
0:03:00 0,00109 0:06:38 0,001102 0:10:16 0,001114
0:03:00 0,00109 0:06:38 0,001102 0:10:16 0,001115
0:03:01 0,00109 0:06:39 0,001102 0:10:17 0,001115
0:03:01 0,00109 0:06:39 0,001102 0:10:17 0,001115
0:03:02 0,00109 0:06:40 0,001102 0:10:18 0,001115
0:03:03 0,00109 0:06:40 0,001102 0:10:18 0,001115
0:03:03 0,00109 0:06:41 0,001102 0:10:19 0,001115
0:03:04 0,00109 0:06:41 0,001102 0:10:19 0,001115
0:03:04 0,00109 0:06:42 0,001102 0:10:20 0,001115
0:03:05 0,00109 0:06:42 0,001102 0:10:20 0,001115
0:03:05 0,00109 0:06:43 0,001102 0:10:21 0,001115
0:03:06 0,00109 0:06:44 0,001102 0:10:22 0,001115
0:03:06 0,00109 0:06:44 0,001102 0:10:22 0,001115
0:03:07 0,00109 0:06:45 0,001102 0:10:23 0,001115
0:03:07 0,00109 0:06:45 0,001102 0:10:23 0,001115
0:03:08 0,00109 0:06:46 0,001102 0:10:24 0,001115
0:03:08 0,00109 0:06:46 0,001102 0:10:24 0,001115
0:03:09 0,00109 0:06:47 0,001102 0:10:25 0,001115
0:03:09 0,00109 0:06:47 0,001102 0:10:25 0,001115
0:03:10 0,00109 0:06:48 0,001102 0:10:26 0,001115
0:03:11 0,00109 0:06:48 0,001102 0:10:26 0,001115
0:03:11 0,00109 0:06:49 0,001102 0:10:27 0,001115
0:03:12 0,00109 0:06:49 0,001102 0:10:27 0,001115
0:03:12 0,001091 0:06:50 0,001102 0:10:28 0,001115
0:03:13 0,001091 0:06:50 0,001102 0:10:28 0,001115




166

0:03:13 0,001091 0:06:51 0,001102 0:10:29 0,001115
0:03:14 0,001091 0:06:52 0,001102 0:10:29 0,001115
0:03:14 0,001091 0:06:52 0,001102 0:10:30 0,001115
0:03:15 0,001091 0:06:53 0,001102 0:10:31 0,001115
0:03:15 0,001091 0:06:53 0,001102 0:10:31 0,001115
0:03:16 0,001091 0:06:54 0,001102 0:10:32 0,001115
0:03:16 0,001091 0:06:54 0,001102 0:10:32 0,001115
0:03:17 0,001091 0:06:55 0,001102 0:10:33 0,001115
0:03:17 0,001091 0:06:55 0,001102 0:10:33 0,001115
0:03:18 0,001091 0:06:56 0,001102 0:10:34 0,001115
0:03:18 0,001091 0:06:56 0,001103 0:10:34 0,001115
0:03:19 0,001091 0:06:57 0,001103 0:10:35 0,001115
0:03:20 0,001091 0:06:57 0,001103 0:10:35 0,001115
0:03:20 0,001091 0:06:58 0,001103 0:10:36 0,001115
0:03:21 0,001091 0:06:58 0,001103 0:10:36 0,001115
0:03:21 0,001091 0:06:59 0,001103 0:10:37 0,001115
0:03:22 0,001091 0:06:59 0,001103 0:10:37 0,001115
0:03:22 0,001091 0:07:00 0,001103 0:10:38 0,001115
0:03:23 0,001091 0:07:01 0,001103 0:10:39 0,001115
0:03:23 0,001091 0:07:01 0,001103 0:10:39 0,001115
0:03:24 0,001091 0:07:02 0,001103 0:10:40 0,001115
0:03:24 0,001091 0:07:02 0,001103 0:10:40 0,001115
0:03:25 0,001091 0:07:03 0,001103 0:10:41 0,001115
0:03:25 0,001091 0:07:03 0,001103 0:10:41 0,001115
0:03:26 0,001091 0:07:04 0,001103 0:10:42 0,001115
0:03:26 0,001091 0:07:04 0,001103 0:10:42 0,001115
0:03:27 0,001091 0:07:05 0,001103 0:10:43 0,001115
0:03:28 0,001091 0:07:05 0,001103 0:10:43 0,000024
0:03:28 0,001091 0:07:06 0,001103 0:10:44 0,000024
0:03:09 0,001091 0:07:06 0,001103 0:10:44 0,000024
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0:03:29 0,001091 0:07:07 0,001103 0:10:45 0,000024

0:03:30 0,001091 0:07:07 0,001103 0:10:45 0,000024

0:03:30 0,001091 0:07:08 0,001103 0:10:46 0,000024

0:03:31 0,001091 0:07:09 0,001103 0:10:46 0,000024

0:03:31 0,001091 0:07:09 0,001103 0:10:47 0,000024

0:03:32 0,001091 0:07:10 0,001103 0:10:48 0,000024

0:03:32 0,001091 0:07:10 0,001103 0:10:48 0,000024

0:03:33 0,001092 0:07:11 0,001103 0:10:49 0,000024

0:03:33 0,001092 0:07:11 0,001103 0:10:49 0,000023

0:03:34 0,001092 0:07:12 0,001103 0:10:50 0,000023

0:03:34 0,001092 0:07:12 0,001103 0:10:50 0,000023

0:03:35 0,001092 0:07:13 0,001103 0:10:51 0,000023

0:03:35 0,001092 0:07:13 0,001103 0:10:51 0,000023

0:03:36 0,001092 0:07:14 0,001104 0:10:52 0,000023

0:03:37 0,001092 0:07:14 0,001104 0:10:52 0,000023

0:03:37 0,001092 0:07:15 0,001104 0:10:53 0,000023

Appendix VI
Experimental data of PIV measurements in case of water under 3,145 w of

ultrasound output power.

_ ) Right after sono Above the sono
Middle of jet
horn horn
0,003837 0,010442 0,012018
0,002056 0,011269 0,015318
0,002057 0,01221 0,020548
Radial velocity
0,003491 0,011418 0,022441
component X, m/s
0,005297 0,01014 0,022504
0,00661 0,009468 0,022187
0,00627 0,009782 0,021994
0,000674 0,011339 0,022283
-0,01306 0,014616 0,023284
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-0,03035 0,020807 0,024997
-0,04062 0,031714 0,026087
-0,03898 0,040805 0,02381
0,050285 0,064862 0,048856
0,021086 0,057008 0,04799
0,006484 0,042296 0,044634
0,00173 0,026978 0,033816
-0,00087 0,014912 0,022239
Axial velocity -0,00427 0,005721 0,012295
component Y, m/s -0,01318 -0,0015 0,004367
-0,03864 -0,00751 -0,00167
-0,08886 -0,01272 -0,00635
-0,14569 -0,01782 -0,01023
-0,16362 -0,02486 -0,01426
-0,12618 -0,03621 -0,01797

Appendix VII
Experimental data of PIV measurements in case of water under low power mode

and high power level knob.

Middle of jet Right after sono Above the sono
horn horn

0,004778 0,021649 0,018415
-0,00124 0,023447 0,025597
-0,00697 0,025863 0,037455
Radial velocity -0,01078 0,024352 0,043871
component X, m/s -0,01221 0,021823 0,046034
-0,01186 0,020051 0,046024

-0,00956 0,02005 0,0453
-0,0053 0,022373 0,045053
-0,00154 0,02782 0,046059
-0,00533 0,037599 0,048019
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-0,01643 0,055639 0,049048

-0,02901 0,074558 0,045481

0,073106 0,085572 0,05026

0,025738 0,074691 0,050941

-0,00315 0,052934 0,048822

-0,01519 0,027729 0,035902

-0,02075 0,005473 0,020048

Axial velocity -0,02489 -0,01198 0,005963
component Y, m/s -0,03035 -0,02439 -0,00481
-0,0421 -0,03201 -0,01204

-0,07348 -0,03595 -0,01695

-0,1438 -0,03814 -0,02084

-0,24503 -0,04243 -0,02513

-0,307 -0,05296 -0,02881

Appendix VIII

Experimental data of PIV measurements in case of CMC solution under

ultrasound power output of 5,135 W.

Radial velocity

component X, m/s

Middle of jet

Right after sono

Above the sono

horn horn
-0,00014 2,60E-05 0,00024
-0,00026 -1,17E-05 0,000449
-0,00049 -0,00012 0,000937
-0,0008 -0,00035 0,001626
-0,00114 -0,00076 0,002549
-0,00148 -0,00149 0,00371
-0,00176 -0,0027 0,005061
-0,00191 -0,00462 0,006558
-0,00188 -0,00766 0,008371
-0,00167 -0,01201 0,010462
-0,00127 -0,01654 0,011722
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-0,00072 -0,0133 0,010383

0,000307 0,002417 0,001605

0,000521 0,003379 0,002341

0,000707 0,00502 0,00362

0,000788 0,006073 0,004527

0,00071 0,006407 0,004917

Axial velocity 0,000436 0,00605 0,00481
component Y, m/s -2,78E-05 0,004907 0,004118
-0,00066 0,002722 0,002569

-0,00139 -0,00122 -0,00069

-0,00214 -0,00866 -0,00715

-0,00283 -0,02175 -0,01694

-0,00338 -0,03351 -0,02644

Appendix IX

Experimental data of PIV measurements in case of CMC solution under 7,18 W

of ultrasound output power.

Radial velocity

component X, m/s

Right after sono

Above the sono

Middle of jet
horn horn

-7,25E-05 -5,30E-05 0,000125
-0,00013 -0,00015 0,000222
-0,00025 -0,00038 0,000427

-0,0004 -0,00077 0,000681
-0,00058 -0,00139 0,000976
-0,00075 -0,00241 0,001335
-0,00089 -0,00402 0,001768
-0,00096 -0,00645 0,002268
-0,00095 -0,01036 0,002947
-0,00086 -0,01636 0,004169

-0,0007 -0,02331 0,005679
-0,00046 -0,01901 0,007181
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Axial velocity

component Y, m/s

0,000137 0,001648 0,001324
0,000242 0,002295 0,001906
0,00034 0,003392 0,002916
0,000391 0,004049 0,003642
0,000364 0,004153 0,004006
0,000247 0,003708 0,004046
4,48E-05 0,002679 0,003723
-0,00023 0,000821 0,002911
-0,00055 -0,00227 0,001087
-0,00087 -0,00725 -0,0033

-0,00117 -0,01483 -0,01158
-0,00142 -0,02233 -0,02305




