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Abstract

The intensity distribution of the ultrasonic enerigy after the frequency, the most
significant parameter to characterize ultrasongld8 in any sonochemical experiment.
Whereas in the case of low intensity ultrasound mheasurement of intensity and its
distribution is well solved, in the case of higteimsity (when cavitation takes place) the
measurement is much more complicated. That is wikypredicting the acoustic pressure
distribution within the cell is desirable.

A numerical solution of the wave equation gavedistribution of intensity within the
cell. The calculations together with experimentalification have shown that the whole
reactor behaves like a resonator and the energybdison depends strongly on its shape.

The agreement between computational simulations awmgeriments allowed

optimisation of the shape of the sonochemical ogadthe optimal geometry resulted in a



strong increase in intensity along a large parthefcell. The advantages of such optimised
geometry are (i) the ultrasonic power necessarplidaining cavitation is low, (ii) low power
delivered to the system results in only weak hgationsequently no cooling is necessary and
(i) the "active volume" is large, i.e. the framti of the reactor volume with high intensity is

large and is not limited to a vicinity close to tiarn tip.
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1. Introduction

The most significant sonochemical (including sdecieochemical) effects are
connected with cavitation. Sonolysis needs cawitatiollapse to generate high temperatures
and pressured. Ultrasonic activation of surfaces of reactanttalysts and/or electrodes is
connected with microjefs! formed by cavitation. Also acoustic streamingasmected with
cavitation which is evoked by radiation pressaed is a consequence of absorption of the
ultrasonic enerdy. This absorption is primarily a consequence ofitasion; there is no
significant sonochemical effect without cavitation.

For cavitation, a high intensity ultrasonic figkl necessary in order to generate an
acoustic pressure higher than that for the cawitatinreshold. Therefore, the intensity of the
ultrasonic power is, after the frequency the seamadt important parameter characterizing

the ultrasonic field in any sonochemical experim@ghe frequency - or the wavelength —



determinates the spreading of ultrasound and,ecuently, the distribution of its intensity;
moreover, the cavitation threshold is frequencyedelent).

The measurement of ultrasonic intensity (the desiynof ultrasound) has been
comprehensively described by Berlan and M&5oWhereas its determination is well
established for low intensity ultrasound used iagdostics, the problem is much more
complicated when high power ultrasound is used taedcavitation threshold is exceeded.
The many difficulties inherent in the determinatmfrthe intensity distribution are the reason
that ultrasound is often characterized only bypbwer delivered to the system, determined
for example,. by calorimetry or by a measurementsome secondary effects such as
sonoluminescence, surface erosion, increase oftr@téemical current or the rate of
sonochemical reactiofls

Knowledge about the ultrasonic energy transfetoetthe cell, however, is insufficient
for describing the situation within the sonoreactoecause it lacks information about the
intensity distribution. Only a detailed knowledgé tbe ultrasound spreading (including
reflections and superposition) within the cell dealprediction of the intensity distribution
(or equivalently, a local distribution of acousgicessure amplitude), which is crucial for the
prediction of possible sonochemical effects.

It has been shown that the sound field is stromgig-uniform. Kimura et al. have
showrt”! that almost all the ultrasonic energy is consumitiin a small volume near the
horn. Several papers describe the formation ofditgnwave® %, whose position depends
strongly on the liquid level in the sonicated cell.

In this paper, it will be shown how simulation adoustic energy distribution can be
used for the dimensional optimisation of sonochahand sonoelectrochemical reactors.

The most common experimental arrangement in aafskesv frequency ultrasound is

an ultrasonic horn with a tip diameter smaller tithe applied ultrasound wavelength.



Typically either "half-inch" or "one-inch" horns {il tips of ca. 13mm or 26mm diameter) or
smaller are used, which are smaller than the wagébe¢.=75mm for 20kHz ultrasound in
water). The horn is immersed usually centred whhmain axis of symmetry of the cell in a
cylindrical cell of different dimensions.

For such an arrangement, it is usually assumeddhkahighest local intensity value is
reached in the close vicinity of the horn. Thg(0) value is given by the powd?ys
transferred to the reactor through the tip of thesducer divided by the active surface area of

this tip A=nr:
= @

As the distance from the horn increases, the imieissassumed to decrease accordingly to an
increasing area into which it is spread.

In this paper, the limitations of this approachl we shown. It will also be shown that
this behaviour can be changed significantly dumtdtiple reflections at the cell boundaries.
Hence, for specific cell dimensions, an intensitychn higher than /A can be reached in

some regions within the cell far from the horn tip.

2. Procedure and equipment

2.1. Simulations

For calculation of the intensity distribution, thigstribution of ultrasonic pressure

amplitudepo(r) is calculated first. The intensity is then obtairgy equation (2):

Ius(r):g;(? )



wherer is the spatial variabler € [X,y,z]), p is the density of medium ardis the sound
velocity in this medium (the presence of bubbles tlu cavitation can change these values
considerably and make them space-dependent).

The acoustic pressure can be obtained by solvimgaae equation. If linear wave
propagation is assumed and the shear stress iscted)l(which is correct for liquids and

gases), the wave equation has the form

2
D(lmpj—lza E):o (©)
P pc” ot

The pressur® is considered time harmonic, i.e.
P(r.t)= p(r)e” @
wherew is the angular frequency. The space-dependenppéne pressure is the solution of

the Helmholtz equation
1 «f
D(Dpj-z p=0 )
Y oy

With suitable boundary conditions the Helmholtz &ipn (5) can be solved using a variety of
numerical method¥ %, The accuracy of the numerical solution from therkholtz equation
depends significantly on the wavenumbe(k=w/c). The solution at a high wavenumleeis
highly oscillatory. Consequently, the discretisatgiepsize h of a numerical method has to be
sufficiently refined to resolve the oscillations. watural rule for such adjustment is to
force[ll'15’16]

k-h=constant (6)
which implies the unchanged resolution, i.e. thenesagrid points (or elements) per

wavelength used. However, it is kndWh that, for kh=constant, the errors of the finite

element solutions increase rapidly as the wavenumligcreases. This non-robust behaviour



with respect ta is known as the pollution effétt*®. The pollution effect may be reduced by
increasing the number of the elements in the fialEanent method or using a small enough
mesh for the resolution. In the present work, theoad option has been chosen and a small
enough mesh for the resolution of the system has beed.

A schematic drawing of the cell, and the meaniofyjgeometric variables used for
simulation, is depicted in figure 1la. This configlon corresponds either to a cylindrical cell
of radiusR with the ultrasonic horn immersed axially into swution from above (see Figure
1b) or (when the picture is turned upside downa teell where the horn is entering the cell

through its bottom (see Figure 1c). The radiusefhiorn ig.

The boundary conditions were:
(i) p = po at the horn tip andp/on = 0 at the side-walls of the horn, wheygis the amplitude
of the initial wave andh is a normal vector to the boundary surface. It meaat the entire
ultrasonic energy enters the cell through tip-fadegreas the side-walls are rigid.
(i) p = O at all the other walls, which correspenad a total reflection of ultrasound at these
liquid - air interfaces.

The commercial finite element software package EEBl 3.1 was used to solve the

Helmholtz equation.

2.2 Grid generation

The finite element technique requires decompasitibthe computational domain into

simple geometric elements, typically triangles &etdahedrons for two and three dimensions

respectively. This decomposition can be automdyicachieved using available mesh



generation tools. Unfortunately, meshes generatetlis way can contain poorly shaped or
distorted elements, which cause numerical diffiesltduring the solution process. For
example, when the angles of the tetrahedron becom#arge, the discretisation error in the
finite element solution increas®¥ and when they become too small, the condition rem
of the element matrix increa$ds Thus, the solution for meshes with highly distdrt
elements is both less accurate and more difficuttdmpute. In complex geometries triangles
get much distorted when they approach the shamec®ior curved boundaries, which results
in poor element quality at these zones.

Grid generation was carried out using the Delautr@ngulation algorithia®2%.,
Several meshes were tested in order to get accquabty of tetrahedrons. In order to
eliminate the effect of mesh quality and size om tbsults, different meshes were used with
different increasing densities until it was fourdtt a further increase in mesh density had
negligible effect on the solution values. A meskhwlil4,738 elements was chosen in order to
perform simulations, with small elements near theasonic horn and in regions with high
pressure gradients. Figures 2a, 2b and 2c showtbetsimulation geometry employed in this
study and a drawing of the mesh used to perfornfirite element analysis.

The computational domain was discretized into hetdaons using quadratic Lagrange

elements.

2.3. Experimental

A 20 kHz sonoreactor supplied by El-Medica (Cz&dpublic) was used, with a

titanium horn tip of diameter 13 mm. The power levas found to be in the range 10-100 W.



Ultrasonic energy transferred into the cell wassueed calorimetrically according to

the procedure of Mason et'&.

3. Reaults

3.1. Test of simulation

The quality of simulation was tested on the "ffie¢d" case, i.e. on the spreading of
ultrasound to the space without boundaries. In taise, the intensity distribution can be
calculated by integration of contributions from rekntal parts dS of the surface of the
radiating sourcé’.

In the "free-field" case, the boundary restrainéydhe part of the space where the
simulation is carried out. Therefore, the boundapnditions corresponding merely to

continuation of the domain ("radiation boundary ditions") have been used:
nOp +i4p :(ix—i(E-HD poe™ ") (7)

where p is the pressure amplitude at the horn &ghe wave vector, whose modulus is the
wavenumbek and n is the normal vector perpendicular to the surface.

A good agreement between the intensity distributi@lculated by the FEMLAB
program and by integratiBi® has been found even in the case of lowratio (which
corresponds to a high frequency ultrasound andiael source size), i.e. in the case when

there is a complicated space-dependence.



3.2. Results of simulations

For simulation a wavelength &f = 75 mm was chosen, which corresponds to the
propagation of 20 kHz ultrasound in water. The hgrymadius was r = 6.5 mm.

Figures 3a and 3b present the simulated intedgstyibution for R = D = H = 50 mm.
It can be seen that, in agreement with literataee (e.¢"), higher intensity is found only in
the close vicinity of the horn. Nowhere where tisahce from the tip is larger than the horn
diameter (13 mm) the intensity is larger than 3%®fnitial value. This behaviour is similar

to the "free-field" case where the intensity alding axis decreases according to the equation
Py zsin;(«/xzﬂz —x) ®)

which gives a 95% decrease in the distance x €@nsequently, only small part of the cell
volume can be taken as an active volume for angdwmmical effect.

The ultrasonic intensity distribution has beendated for different horn positions,
liquid levels and cell radii. Some results of siatidns are shown in Figures 4 and 5. Figure
4a presents the ultrasonic intensity dependencgydle axes of the cell at different D values.
The radius of the cell R and the depth of immersioremains 50 mm, whereas the radius of
the horn is r = 6.5 mm. Figure 4b presents theadcsds at which ultrasonic intensity
decreases to 50%, 10%, 3% and 1% respectively afittal value at the horn tip.

On the other hand, Figure 5 presents a picturdtiasonic intensity of the cell for D =
37.5 mm. The simulations show that small changethenhorn position and/or liquid level
should vary the ultrasound distribution to a grestient. A careful choice of geometry can
reduce the rapid decrease of intensity with disganem the horn surface and, consequently,

the sonochemically active part of the cell voluraa be increased.



3.3. Optimisation of the cell shape

An optimal cell geometry providing high intensajong the largest region of the cell
has been investigated. It has been found (seedsdyr7, and 8) that for D = 77 mm, R =45
mm and H = 25 mm geometry, a high intensity is hedcin two areas. Firstly, a torodial-
shaped area around the horn tip and secondly,lipsadtl-shaped area with the centre at ca.
55 mm towards the horn tip. The simulation prediktg the highest intensity in these areas is

more than three orders of magnitude higher thermnikial intensity at the horn tip.

3.4. Experimental verification

A cylindrical cell was built with geometry similao the above calculated optimum.
The external radius was R = 45 mm with a glass Watkness of 2 mm. The formation of
cavitating bubbles can be easy followed with thkeedaeye, as a typical radius of cavitation
bubble at 20 kHz is several tenths of millimetre.

When the geometry (the liquid level D+H and therhposition) was close to the
calculated optimum (D = 77 mm and H = 25 mm) aense cavitation (bubble formation)
was observed (see Figure 9). The position of thesatation areas fitted closely to the
simulated positions at high intensity. A changedhd liquid level D+H by more than 2 mm
resulted in disappearance of clouds of cavitatinighies at the positions of maxima predicted

by simulation.

An experimental arrangement which benefits from shmulated optimised geometry

is shown in Figure 10. The ultrasonic horn entées ¢ell from the bottom through a glass

10



tube sealed by an “O” -ring sealing in the nodehef horn oscillations (the placement of the
sealing in another position results in its heating tuneless of the whole system). The face of
the horn tip is 25 mm above the bottom of the cell.

The lowest possible power setting of the ultrasesource (10 W) was used. This
corresponds to an intensity of 7.5 Wémwhich is higher than the cavitation threshold;
consequently, a weak cavitation was observed ircliee vicinity of the horn without water
level dependence. When the level of water (D+H) @as95 — 105 mm, a strong cavitation
took place about 20 — 25 mm beneath the water urféihis is in agreement with the
simulated values.

A smaller cylindrical cell (internal diameter 1208m) was axially immersed 55 mm
down the water level. A small and thin-wall cellswased in order to minimise the influence
of the presence of material (glass) with acoustipedance different from the acoustic
impedance of water (the acoustic impedance of glessa. 10-times larger than that of
wateP"?®). The cell was filled with water, so that the levie this immersed cell
corresponded to the level of surrounding water.idtense cavitation was observed in this
cell. The ultrasonic energy absorbed in the imnteisdl (determined by calorimetry - see
Figure 11) was ca. 5 W. This means that about 50f%he initial ultrasonic energy is
effectively concentrated into the immersed cell ahhis only about 1 % of the whole

sonicated volume.

4. Discussion

The calculated ultrasonic intensity distributi@nim good agreement with experiment

from the viewpoint of maximum position. Neverthalethe calculated peak intensity, almost

11



3,000-times higher than that at the horn tip, i$aiely not correct. The approximations used

should be therefore discussed.

Boundary conditions
A total reflection is considered at the walls, tlee reflection coefficien® is assumed

to be® = 1. An exact reflection coefficient at the inBé of two materials is

o)

®)

where Z is the acoustic impedance corresponding to thedymtoof density and the sound
velocity in that material, iZ= pici. For water Z = 1.48.18 Nsm?, for air z = 429 Nsnt 27,
Substitution of these values in (8) gives R = 0Q9%. the approximation R = 1 can be
accepted.

Walls are considered to be water|air interfaces,the presence of the glass walls is
neglected. This assumption is valid only if thesglavall thickness is negligible compared to
the wavelength. In our case the thickness was 2whioh is small compared o= 75 mm.
Nevertheless, for circa 3,000-times amplificatiof initial intensity a high number of
reflections should be assumed. The "non-perfectitiph@ reflections from such boundaries
can in fact decrease the resulting peak-intensitye:

The side-walls of the horn are supposed to bd (igiard-horn™). The change from the

"hard-horn" to "soft-horn" conditions did not altdre results significantly. The non-perfect

reflections evidently do not influence the energgtribution.

Evidently, the most important and controversiapragimation is the omission of
absorption of ultrasound. In the literature, thesaption of low-frequency ultrasound is
supposed to be very low. It is common to point thet fact that "a progressive 10-kHz wave

in seawater is attenuated to 1% of the initial gpet a distance of 38 kfi®. However, this

12



is true only for low-intensity ultrasound. Cavitatitaking place at high intensity is a highly
energy-consuming process and, consequently, ther@tlms coefficient at high intensity can
be higher by several orders of magnitude. Unforteigathe wave equation (3) obviates the
absorption contribution. The incorporation of alpgimn into equation (3) is complicated, as
the absorption coefficient depends on intensityatTls the reason why only a rough
estimation can be made. It can be assumed thapdover and, accordingly, the low intensity
at the horn results in a small absorption of utinrds energy near the horn. The majority of
acoustic energy is thus transferred into the céléne its intensity is amplified by multiple
reflections. Cavitation in these points resultemergy absorption, which is a reason why the
peak intensity is lower than that predicted by dation, although it is considerably higher

than the cavitation threshold.

5. Conclusions

Both the simulation and experimental verificatibrave shown that when an
appropriate cell geometry is used (cell dimensidiggjid volume and ultrasonic horn
position), the fast decrease in intensity whendasing distance from the horn tip can be
reversed to an increase due to multiple reflectidrisus, the whole reactor behaves as a
resonator. Agreement between simulation and exgerildata confirms this effect and allows
further optimisation of the geometry of sonochermi@actors. The optimal geometry can
result in a strong increase in intensity in spegarts of the cell.

The advantages of such optimised geometry are:
-the ultrasonic power necessary for obtaining isitees higher than cavitation

threshold is low; consequently, the erosion oftthasducer face is minimised;

13



-low ultrasonic power leads to only weak heatingdpolk solution, so often no cooling
IS hecessary;,

-the fraction of reactor volume with high intensisyconsiderably enhanced.

For sonoelectrochemistry two main advantages ddeet

-it is not necessary to place the electrodes indmall area near the horn surface but
anywhere in the cell where the intensity is high;

-an electrochemical cell can be simply immersed itlie ultrasonic bath. The
electrode system is electrically isolated from ltoen by the glass walls of the cell.
Consequently, the metallic horn cannot work likeedectrode and a four-electrode
potentiostat (which is necessary in the case ofisolated immersed horn) is not

required.
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NOMENCLATURE

IUS

Po

PU S

area, M

sound velocity, ms

distance from cell bottom to horn surface, mm
depth of the horn immersed, mm
ultrasonic intensity, W cih
unitary normal vector

horn pressure amplitude, Pa
ultrasonic power, W

horn radius, m

cell radius, m

time, s

Wavelength, m

Density, kg rit

Wavenumber,K = wYc)

Angular frequency, rad’s
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Figure captions

Fig. 1. Geometry and configurations of the sonoabehtell.

Fig. 2: (a) Scheme of the half cell; (b) schemé&éefmesh used for simulations and (c) detail
of the mesh inside the cell

Figure 3: Example of a simulation where R = H = B0=mm, r = 6.5 mm and= 75 mm. (a)
sectional view of the cell; (b) detail of the ultamic horn tip. All figures have been
normalised with respect to the ultrasonic intenattyhe horn tip surface, i.e4{D) = 1.

Figure 4. Dependence of (a) the acoustic intersiityng the axis of the cylindrical cell at
different D values, and (b) the distance after Wwhire intensity decreases up to 50%,
10%, 3% and 1% of its initial value at the horn fipne separated marks at the right are
the corresponding values for "opened space" (H=iiinity). Cell geometry: H =R =
50 mm, r = 6.5 mm; and= 75 mm.

Figure 5: Result of a simulation where D = 37.5 nitvs H = 50 mm, r = 6.5 mm arid= 75
mm.

Figure 6: Simulated ultrasonic intensity in theioypged cell (R =45 mm, D =77 mm, H = 25
mm) - a vertical cross-section.

Figure 7: Simulated ultrasonic intensity in theiopsed cell - the horizontal cross-section at
the height where maximum intensity is reached.

Figure 8: Plot of intensity,d = f(x) along the axes for the optimised cell

Fig.9: Photograph of cavitating bubbles in the mpted cell (water, 20 kHz, 2 = 10 W) and
simulated intensity distribution for the same getrsne

Fig. 10: "Horn-up" optimised cell. The dashed lnenmersed small measuring cell.

Fig. 11: Calorimetric measurements for the deteatndm of power input absorbed by a small

immersed cell (water, V =5 mlgyB= 10 W).
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Figure 2(b)
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Mormalised Ultrasonic Intensity
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Normalised Ultrasound Intensity

Figure 8

3000

N

a1

o

o
|

N

o

o

o
|

[EEN

a1

o

o
|

'—\

o

o

o
|

500 H

0.00

T
0.01

T
0.02

T T T T T T T T
0.03 0.04 0.05 0.06

Distance from emitter / m

T
0.07

T
0.08

30



Fig.9

31



Fig. 10




]

t/s

100

50

Fig. 11

33



Mormalised Ultrasonic Intensity

3(a)

Mz 1.0

0.4

0.8

0.3
0.z

0.1

i
lin: 0

Fig.

34



Normalised Ultrasonic Intensity Mz 1.0

]
tin: 0

Fig.

3(b)

35



Mormalised Ultrasonic Intensity

= 1.0
1

0.8

R}

0.3
0.2

0.1

a
fin: 0

Fig.5

36



Mormalised Ultrasound Intensity Max; 2755

2400

F 42000

F 41400

F 41000

500

a
fin: 0

Fig.6

37



Mormalised Ultrasound Intensity

/ﬁ‘\-\

Max: 2755

2400

F 42000

F 41400

F 41000

500

a
fin: 0

Fig.7

38



Jtat |) o
. m: ﬁf'll::i._p:.; L el

Fig.9



