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Abstract

Numerical simultations have been carried out ideorto characterize the
ultrasonic field propagation and to obtain the isadistribution of the mechanical
effect derived from it. The results have been camag with those obtained with
different classical physical methods (calorimetajuminium foil erosion, thermal
probes) and have given useful information abouinfieence of the presence of probes
and auxiliary tools in the ultrasonic field. AHdse information have been used for the
development of the Part Il of this work: analysiscbhemical effects, providing an
accurate picture of the reaction environment in $baoreactor used (20kHz, 100W

supplied by Undatim) for further uses in sonoelstdtemical studies.

1. Introduction

The ultrasound science and technology are becomigmpwing research field
[1] because of a wide range of emerging application chemical synthesis,
therapeutics, environmental protection, electrodbeg proceesing of food, processing
of solids and liquids [2]. However, it has beemssed in literature the difficulty of the

development of the scale-up strategies from laboyato industrial scale [3,4],
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particularly in the sonoreactor design. Severakea have been highlighted [5,6], such
as: (i) marked effects localized near the surfacthe sonicator (i) non-uniform and
non-optimized volumetric energy density (iii) emsiof the sonic horn surface at high
power intensities and (iv) a perfectible transdueehnology. At this stage, it is very
important to characterize the behaviour of sondogadan order to identify accurately
the actives zones, especially those related tac#v@ation events, as well as it might

also shed light on an accurate picture on the i@aenvironment in the sonoreactor.

On the other hand, attention is being paid on thelivision of the sonochemical
applications based on the "true" and "false" effeft]: Several differences are
established between the chemical effects (resuftimm the cavitation event) and the
effects caused by the mechanical actions (mainla aonsequence of the bubble
collapse) Regarding the above subdivision, weficahin the literature a large number
of methods, and also classifications of them [8y#jich characterize the sonoreactor
behaviour. These analyses have been devised teumeethe effects of ultrasound
[10,11], especially the ultrasonic power, but relgethere is a increasing number of

papers studying the mechanical effects [12-25Lisiclg modelling techniques [26-31].

Classical methods designed for mechanical effecties use hydrophones [5,6],
aluminium foil erosion [12-14] and thermistors ahe@rmoelectrical probes [15-19] for

local measurements and the calorimetric method2Bder global measurements.

In the present work the sonorea@®@orUndatim 20kHz/100W has been
chacarterizated with numerical simulation and tesults have been compared with

those obtained with several mostly used classiethats.



2. Experimental
2.1. Equipments

The sonoreactor was a jacketed Sonoread® kHz, 100 W maximum power,
68 mm diameter, 84 mm depth) supplied by Undatifinis apparatus can operate at
optimum frequency by means of an electronic desitg so ensure a maximum power
transmitted to the reactor. A sketch of the expental cell is shown in figure 1. The
sonicated volume (200 mL for each experiment) preeska cylindrical tall shape with
68 mm of diameter and 41 mm of height. Temperaivas measured and monitored
for the calorimetric experiments with a thermistBt100 Thermometer 638 Pt, Crison)
and with a thermocouple (JMTSS-020G-6, OMEGA) fae tthermal distribution
experiments. A titanium stepped horn (7.07 @mitter area) was used as ultrasound

source and was fitted at the bottom of the cell.

2.2 Classical physical methods

Several classical methods were used to obtainnargke characterization. In
order to determinate the dissipated power (gloltahsonic intensity) into the system
calorimetric method with water was used [20-25heRluminium foil analysis [12-14]
was used to detect the mechanical effects comong the cavitation events. Thermal
distribution analysis was obtained using the temphaipresented by Romdhane et al.

[18].

2.3 Numerical Simulations



Numerical simulations have been carried out in oitdestudy the ultrasonic
field propagation. To do that, linear wave progegeain an homogeneous media have

been assumed as so they can be described withetheeeguation
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where P is the acoustic pressysdas the density and c is the speed of the sound. Th

transducer system used in ultrasound works atineftequency so it is common to

consider one case when pressure P is time harmbnione harmonic case

P(r,t) = p(re™ @)
where the spatial variable r = r(x, y, z) aadis the angular frequency. The space

dependent part of the pressure is the solutioheoHelmholtz equation
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where K is the wavenumberk(= 2rf/c) and f is the frequency of the field. The
limitations of the Helmholtz model are it does ake into account nonlinear wave

propagation and the generation of transversalielasives (shear waves).

With suitable boundary conditions the Helmholtz &pn (3) can be solved using a
variety of numerical methods. The standard apprcaciedude low-order finite element

method [32-34] and finite difference method.

On the other hand, the quality of the numericautoh of the Helmholtz
equation depends significantly on the wavenumber,The solution at a high

wavenumber is highly oscillatory. Consequently, the discratian stepsize h of a



numerical method has to be sufficiently refinedsodve the oscillations. A typical rule

for such an adjustment is to force [33,35,36]

k-h = constant (4)

which implies the unchanged resolution, i.e. thmesarid points (or elements)
per wavelength used. However, it is known [33] that kh=constant, the errors of the
finite element solutions deteriorate rapidly as #evenumbek increases. This non-
robust behaviour with respect t is known as the pollution effect [36-42]. The
pollution effect may be reduced by increasing theep of the elements in the finite
element method or using a small enough mesh forgbalution. In this present work
the second choice has been chosen and a smalltemoegh for the resolution of the

system has been used.

Finally, the boundary conditions used were presgure0 at the upper boundary
edge where water is in contact with atmosphereyevpas the pressurép/on=0 at the
walls, where n is a normal vector to the boundarffage, and p=pat the emitter

surface, whereqis the amplitude of the wave.

Commercial finite element software package FEMLAB Bas been used to

solve the Helmholtz equation.

3. Results

3.1 Classical physical methods



Figure 2 shows the aluminium foil analysis (effetthe distance and ultrasonic
intensity) and figure 3 shows the profiles for thermal intensity at different global
ultrasonic intensities. From the results obtaifredh the classical physical methods, a
general picture of the ultrasonic field can be draas follows: the mechanical effects
are located close to the emitter centre, insidecumference of 40 mm diameter. The
most important information is located around thealxirection, with a modular
distribution of the active zones, supported by thermal distribution analysis from
figure 3. This distribution changes from a spinithe shape at lower global ultrasonic
intensities (3.39 W cif) to a thin-cylinder like shape at higher globatragonic
intensities (7.64 W cif). All these results are in agreement with ottegrorted in

literature [43].

3.2 Numerical Simulations results

Several features have been analysed using thisochetRigures 4 show the calculated
spatial variations in the acoustic pressure angifun water, as a function of the
distance from the emitter (circular plane pistom)tlie axial (coordinate Y) and the
radial (coordinate X) directions for (a) 1.84 ar) .64 W crif. Similarly, Figure 5
shows the variation of pressure in the centre efttansducer along the axial direction
for the ultrasonic intensities range studied. Ehessults agree with those obtained
from the classical methods without variations detgéclose to cell walls and a gradual

variation in the pressure, with negative pressass®ciated to the cavitation events.

Keeping in mind the final use of this sonoreactor sonoelectrochemical
studies, the pressure mapping has been analyzeBl.08t W cn¥ for different

configurations. Thus, Figure 6a shows the grefiaence of the implementation of the



glass cooling coil (see experimental section), ryaalj the ultrasonic field. Similar
results have been obtained for the other globahsdhic intensities and so, figure 6b
shows the variation of the pressure with the distainom the emitter surface for them
only in the axial direction at X=0. It is very imgant to emphasis the modification of
the node position and the higher values for theatieg pressures at distances higher
than 2.5 cm from the emitter surface thereby, &sgishe cavitation events.

On the other hand, the incorporation of a rod stiapebe does not vary
notoriously the field as shown in Figure 7 for agtgbal ultrasonic intensity or distance.
This result is very interesting in order to carmyt sonoelectrochemical experiments
because the immersed working electrode will not ilgdte ultrasonic field during the

measurement.

4. Conclusions
The main objective of the present work accompbdihe validation of numerical
simulations as an analysis technique to charaetdéhe ultrasound field propagation.
Similar pictures are obtained with both approacussd in this work (classical and
numerical methods) and consequently, from thesaltsgsthe use of this kind of
numerical simulation is a promising tool for prada of the behaviour of new
configurations.
On the other hand, general picture of the reaamnronment in the sonoreactor
has been determined with the information obtainedifierent methods:
e Aluminium and numerical methods present a mainlwaczone just along
the axial direction, located at the emitter cemik(<20 mm) at X=0. Outer
volume X> 20 mm does not present erosion action in the alwm test or

high values of pressure amplitude.



* A gradual decrease in the ultrasonic field actiwiiyh the distance from the
emitter is obtained by thermal and numerical sitiotta This situation is
roughly confirmed by aluminium test. A local maxim is located at 2.5
cm.

* The implementation of additional tools in the saamtor changes the
configuration of the ultrasonic field. This infoation is very important in

order to achieve reproducibility in further expeeints.

Further work is planning for the implementationaofnore complex numerical
methods which consider the cavitation events asal tle systematic characterization of

higher frequency sonoreactors (300 kHz).
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Figure captions

Figure 1.- Diagram of the experimental set-up:ulthasonic probe, (2) transductor, (3)
gas passing, (4) water, (5) cooling jacket, (6)dreadapter, (7) O-ring joints.
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Figure 2.- Effect of the ultrasound intensity dre terosion of an aluminium foil
(exposure time 40 s) placed parallel to the em#teface at different global ultrasonic
intensities (1.84, 3.39, 5.09, 6.36 and 7.64 W’cand foil-emitter surface distances (1,
1.5,2,25,3,35and 4 cm).
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Figure 3.- (Local) Ultrasonic intensity profilerfdifferent global ultrasonic intensities
(+) 1.84, @) 3.39, @) 5.09, (#) 6.36, @) 7.64 W cn¥.
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