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Abstract

High-power ulirasound for several decades has been an integral part of many industrial processes conducted in AQUeOUsS sofuiinny
Maximizing the transfer efficiency ol the acoustic energy between electromechanical transducers and witler al cavitation is cruciad when
designing industrial ultrasonic reactors with large active volumes. This can be achieved by matching the acoustic impedances of truns
ducers o water at cavitation using appropriately designed ultrasonic horns. In the present work, @ set of criteria characterizing the
malching capabilities of ultrasonic horns is developed. 1t is shown that none of the commonly used tapered-shupe horas can achice
the necessary conditions. An analytical method for designing five-clement acoustic horns with the desirable madichng propertics i« inkeo

duced, and five novel types of such horns, most suitable for practical applications, are proposed. An evaluation of (he horis™ o
mance is presented inoa set of experiments, demonstrating the validity ol the developed  theoretical methodoloey

Power trunstor

cliicieney increase by almost an order of magnitude is shown to be possible with the presented horn desigis, as compared io those tri

ditionally utilized.
2006 Elsevier BAVo AL rights reserved.

Aepwords: Ultrasonie rod horns; Electromechanical transducers; Acoustic impedance matching: Ultrasonie power Ganslerence: Acoustic enerey

Lrintes

ferences Acoustic horns: Industrial ultrasome reactors; Sonochemustry: Industrial processes in higquids; Cavitation

1. Introduction

High-power ultrasound for several decades has been an
integral part of many industrial processes conducted in
weak aqueous solutions, such as cleaning, extraction,
homogenizing, emulsification, sonochemistry. pollutant
destruction, ete. [1-3]. These ultrasound-aided (macroson-
ics) processes are based on the effect of acoustic cavitation
induced in water during intensive ultrasonic treatment.
The electromechanical transducers used to convert the high
Irequency electric power into the ultrasonic power cannot,
however, directly provide the necessary amplitudes of longi-
tudinal ultrasonie vibrations (o induce cavitation. Acoustic
rod horns connected (o the transducers are, therefore, used
to amplify the vibration amplitude. Commonly used acous-
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tic horns have tapered shapes, such as conical. exponeniinl.
catenoidal. stepped. or more complex, and converge in the
direction of the loads [3 5] Although widely used. thes
horns suffer from an important limitation: they are meapi-
ble of providing matching between the transducers and the
aqueous loads, leading to an ineflicient acoustic power
(ransmission. ‘

Itis well known that for an optimal operation of 4 ultr
sonic horn system, the maximum cross-sectional dimension
of any portion of the resonant horn or transducer cannot
exceed, approximately. a quarter-wavelength of the corie-
sponding longitudinal acoustic wave at the horn's resonance
frequency [6]. Consequently. a convergent horn witl 4 pax.
imal allowed base-width always ends np having a working
tip dimension that is smatler than this iinitation. The fmal
size of the tip depends on the gain factor of the o, aod
becomes reduced as the gain factor increases. This is prob-
lematic when the abovementioned processes are carricd
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out on an industrial scale, since a deposition of substantial
acoustic power is needed (o ereate acoustic cavitation in
large volumes of water. While using the converging horns
permits icreasing the specific acoustic power (or vibration
amplitude) radiated by the electromechanical transducer
into the foad quite effectively, it is impossible to achieve
the technologically necessary levels of total radiated acous-
tic power. since the cross-sectional area ol the horn tip in
contact with the load is small. Therefore, it is intuitive that
the use of the convergent horns does not permit translerring
ail available power of an acoustic transducer into a load.

In actual practice a technique that is [(requently
alttempted to circumvent this limitation is the use of a con-
vergent horn with an extension in the form of a small disk at
the end. This horn, however, usually works inadequately
because when a disk of arbitrary dimensions is connected
to a horn, the resonance frequency and the vibration ampli-
tude conditions change dramatically, in comparison with
the calculated values, and the horn’s behavior becomes dif-
ficult to predict. Complicated experimental fitting of the
parameters is then required for each horn. Additionally,
the fatigue strength of the disk joint is low. which dimin-
ishes the horn’s reliability and lifetime of operation. Rod
horns connected to planar resonant systems, such as large
dises or planes are also sometimes used [7]. Another solu-
tion attempted in the past was to develop an alternative
reactor design with an incorporated converging horn [3].

In this manuscript we introduce novel design principles
used for the development of a completely novel family of
acoustic horns, whose shapes permit achieving high gain
lactors and large output surfaces simultaneously. These
horns can be designed to accurately match an ultrasonic
source to a liquid (water) load at cavitation, maximizing
the transference of the available acoustic energy into the
load and creating a large cavitation volume. The devices
are casy to machine and have well-isolated axial resonances
and uniform output amplitudes, as shown in the experimen-
tal section.

2. Criteria for matching a magnetostrictive transducer to
water at cavitation

Under the most convenient approximation, which is,
nevertheless, quite suitable for the engineering calculations.
the highest specific acoustic power that a well (perfectly)
cooled resonant magnetostrictive transducer can transmit
into a foad is limited by two main factors — the magneto-
strictive stress saturation. t,, (the maximal mechanical
stress achievable due to the magnetostrictive effect for a
given transducer material), and the maximum allowed
oscillatory velocity. limited by the fatigue strength of the
transducer material, V.. such that [8]

y
T = Emls 9
"m — Gm‘/’_‘/f’c

where ¢, is the deformation amplitude associated with t,,,,
s Young's modulus. by and - are the coefficients that

(1)
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take into account the features of the transducer conatiue-
tion [4.8]. a,, is the stress amplitude of the materiad faticue
strength, p s the transducer material’s density. and ¢ is il
thin-wire speed of sound in the material. The highest ape-
cific power radiated under conditions ol pertect
between the transducer and the load is represented by the
quantity

”!m o 0~5[m I‘-m ( ?)

maiching

Let us now consider the eriteria. upon which an ultia-
sonic horn should be designed in order 1o achieve a maich-
ing condition between a transducer and a given load. As un
acoustic load ol the transducer. water at cavitation will he
further considered as the most common and experimentally
studied load encountered in technological applications of
ultrasound. It should be noted that the acoustic Joad unda
consideration, water at cavitation. has a purcly active char-
acter [9]. and, thercfore, is appropridtely described by the
term ““acoustic resistivity™, r... Practically. this means tha
virtually all of the acoustic encray deposited into water at
cavitation is converted into heat [10] Under the term
“matching”™ we will further mean supplving an clectrome-
chanical transducer with a multi-element ultrasonic horn

possessing a gain factor, G 3 1 (G s defined as a ratio of
o [ -

the output to input oscillatory velocities. V/17,). which
allows the transference of a maximum ol the avaitable
acoustic power ol the transducer. W, into the load
Specitic acoustic power, W'y, generated ina purely active
load by the longitudinal vibrations of an acoustic rod horn

with an output oscillatory velocity. 1. is represented by

Wy = 0.5r, 17 i3
Taking W, = W, as a matching condition, we oblain

T kg ,
- = GN- (<}
.“ ’

where N7 == Sout/Sin. Siy and Sy, are, respectively, the in-
put and the outpul cross-sections of the acoustic horn,
while Sj, is taken to be equal (0 the cutpul cross-section
ol the electromechanical transducer. S, (please see Fig., 1),
The left-hand side of Eq. (4) refiects the demiee of under-
loading of an acoustic transducer, and the right-hand side
describes matching capabilitics of an acousiic horn

For a resonant system matched 1o an acoustic load, the
traveling-wave factor can be presented as the ratio of the
maximum energy radiated into the load 1o the maximin

fransduse gt

Fig. 1. General schematic is shown, describing matching belae

clectromechamical transducer and o load achieved by istig an acoustu rod

horn of an arbitrary shape. S, und 8, are. respectively. the mpitand the

output cross-sections of the acoustic horn 5, is the outpul cross-section of’

the clectromechanical (ransduocer.



156

|57

159

160
iol
162
163
1644
165
166
167
168
169
170
171
172

174

175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

ULTSON 1163
28 July 2006 Disk Used

ARTICLE IN PRESS

S Peshhovshy, AS. Peshkovsky | Ultiasonics Sonochemistri xan

energy stored i the transducer in the form of a standing
acoustic wave

|

|

|

i
)

ky ==

For the common magnetostrictive matertals, 1, is much
smaller then a,,. and. therefore, k&, < 1. This means
that a standing-wave mode in the transducer maitched
to the load is always present. In addition, since the
considered acoustic load has an active character, the reso-
nance dimensions ol the transducer and the horn are
preserved.

From experimental studies [9] it is known that during
the radiation of ultrasound nto water at cavitation, the
relationship ry V' = V2P, where P, is the hydrostatic pres-
sure of water, remains, roughly. constant. Therefore. the
following can be written:

Tm  Cmb

=== ((})
\‘/2,‘11

o 4

1t is seen from Eq. (6) that the degree of the under-loading
of an acoustic transducer depends only on the characteris-

tics of the transducer itsell and the hydrostatic pressure of

water. For most common magnetostrictive malterials, the
calculated vaiues of 1,/ V are between 15 and 44. In this
caleulation. the values of P, = 10° N/m* and ¢y =045
were assumed.

Industrial acoustic transducers, generally, have their
nominal electrical power W . efliciency factor 5 and output
oscillatory velocity 1, specified. The practical degree of the
under-loading for such industrial magnetostrictive trans-
ducers can be, therefore, characterized by the relationship
2 iy VV,S having assumed that W, = nW./S,. The
practical values of the degree of under-loading obtained
from this expression are much lower than the correspond-
ing theoretical limits for the magnetostrictive materials
themselves. and (or most models fall in the range between
3 and 5.

It is important to point out that in the case of piezoelec-
tric transducers the highest achievable level of specific
acoustic power s practically restricted by the electrical
resilience of the entire apparatus, rather than by the prop-
erties ol the piezoelectric material itself. The limiting value
of maximal electric power is, generally, available from the
transducer supplier and can also be used in this expression
for the evaluation of the practical degree of under-loading
ol the industrial piezoelectric transducers.

It is less evident how to use the right-hand side of Eq.
(4). which reflects the maitching capabilities of a horn.
The point to emphasize s that in spite of a variety of types
and shapes of the acoustic horns known from the hterature
and used 1 practice, none exist, for which the relationship
GN* 1. when G - 1. would hold true. It is, therefore.
clear that in order to be able to match ultrasonic transduc-
ers (o water at cavitation. it is necessary to develop new
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types of acoustic horns that would meet the nmtchmy cri-
terion, GN- - 1.

3. Five-clement matching horns
3.1. Design principles

The theory ol acoustic horns is based on the probieoy of
longitudinal vibrations of multi-element vods that hive
cylindrical elements and clements of variable cross-sections
[1T]. We will consider only the horns of axiaily synu

shapes. Other types of horns (lor exampie. wedge-s
can be considered in the analogous way.
work we will restrict the discussion to the five-clement
horns, although no theoretical restriction for the number
of elements exists.

We assume that during the passage of the stress wives

In the current

through a horn, the wave front remains planar, while the
stresses are untformly distributed over the horn's crosy
section. This assumption limits us to the thin horns, whise
resonance lengths significantly exceed their diameters, For
all practical purposcs. 1t 15 sullicient to require that the
maximum cross-sectional dimension of any portion of o
resonant horn not exceed, approximately, o quarter-wive
length of the corresponding thin wire acoustic wave at the
horn’s tesonance frequency [6].

The schematic and the designation of parameters fo
general casc of a five-clement rod horn are given in o, 2
where two possible situations are presented: a horn
d\/dy > 1 is shown by the solid line: a horn with /ey 1
is shown by the dotted line. Under the assumed approxima-
tion. the problem is reduced to one-dimension. and it is lim-
ited to the consideration of elements with variable cross-
section of only conical shape. For @ steady-state made.
the equation of vibrations for displacements, . tikes the
following form:

]

with

1 s :
' =S ku =0 (7)
S
where A = w/c is the wave number, o = 2nf s the angu-
lar frequency of vibrations, and / is ihe frequency of
vibrations.

A
V4 e ';~
i
Gin = mmmmiomememims = o 4 Mo You
— dy dgy dg —p
bisswsssssa= -4 l N
Mo v
-4 Lo Ly Ly Ls

0 7

Fig. 2. Schematic defining the parameters of a five-element matching hor
15 shown. The horn having d,/d,
with oy /d;

the lengths of cach clement.

1 is shown by a solid e, and tie hora

1 is shown by a dotted tine. Parameters £, L, correspond 1o
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The solutions of Eq. (7) for each of the horn’s elements
can be written as
ty = Aycoskz + Bysinkz;
iy F(Ascoskz 4 Bysinkz): 0-<z< [,
z<la+ 1Ly
< Ly b Ly Ly
s = Ascoskz+ Bssinkz; L+ Iy bly<z<Ly+ly+ Ly +Ls

(R)

ty = Ascoskz+ Bysinkz, Ly <

1y = FAycoskz 4+ Bysinkz): L1 15 <

Then, using the boundary conditions for the horn’s ele-
ment. we obtain the system ol equations for displacements,
i. and strains, u'.

At z= =Li, wy = uw. ESit} = =Fp, Fiz=0
AycoskL, — BysinklL, = wu,;

,‘,‘/\Sl‘_.'h Siﬂ/\L] + By COSI\'[,]) = —

Atz =0, w = uy. uy

/‘:‘13 = /hl

o= lc/] (/,;)/’[,31{12

A 3/(/|I

F' = Fo

Atz = Loooun = 1w uy =1

Avcoskls + Bysimkl, = F(Ascoskl, + Bysinklo):
ks skl -+ ABycoskls
= (F'By — FlAdy)stnhls 4 (F'Ay + FkBy) coskLa;
o= (dy ~ dx)/Ld\:
IF=2/dx;
B = < Ff{Ls = 1/2) )
Atz = Lot Ly oy = us, u) =
FlAscosk(La 4 Ly) + Bysink(Ls + Ly)]
= Avcoshk(Ly+ L) + Bysink(Ly + 13);
(F'By — FkAy)sink(Ly + L3) + (F'Ay 4 FkBy) cosk(Ly | Ly)
= —kAySA(Ly 4 Ly) + kBicosk(Ly + Ly);
o« =(ds ~ds)/Lidx: F=2/dy; F' =Fu
Atz = Lyt Ly Ly, us = uy, 1y =1
Ascoshk(Ly+ Ly + Ly) + Bssink(La + Ly + Ly)
Pl cosh(Ly 4 Lo+ Ly) + Bysink(Ly 4 Ly + Ly)|;
kAssIVk(Ly 4- Ly + Ly) +kBscosk(Ly + Lz + Lyg)
= (F'By — FkAy)sink(Ly + Ly + Ly)
b (F' Ay + FkBy) COSK(Ls ++ Lay + Ly);

oL = (({} = (/5)/’/4,;(/;1 F = 2/([&; /'1, = —-f:/(L‘; == l/”)f)
Al o= L: - Ly -+ L_; + /\ Us = Uy s Il,i =10

As COSI\'(L_\ Flyt Ly+ Ls) + Bs Sil]k([,g +Li+Ly+Ls)= Hougs
Assik(Ly +La Ly Ls) 4 Bscosk(Ls +Ly 4 Ly + Ls) =0

The gain factor of the horn can be expressed as

. oo
=
AsCOSK(La + Lyt Ly + Ly +Basinh (Lo b Lo+ 0,4+ 1)

- Aycoskl; - i;:in?\;’.|

(MRS

where F==2/d,. d, is the diamcter ol the correspending
cylindrical element of the horn, o, and £, are the constant
coellicients for the corresponding clements of the hom, 7,
is the length of the corresponding element of ihe horn. 1 s
the order number of the horn clement, « is the cone tndex
ol the horn element with variable cross-section, uy, and i,
are the amplitudes of displacements at the horn input and
output, respectively. The boundary conditions for the {orce
acting on the horn’s input, £, — 0, and for the strain af the
horn output, «% == 0, in this system of equations mdicate
that the horn has a total resonance fengih and docs not
have an acoustic load.

From the system of equation (V). one can obtain all nec-
essary characteristics of a five-cloment horn: lenaths and
diameters of the elements. zain factor, distribution ol
vibration amplitudes. and distribution strains along the
horn. From this system of equations. it is also casy (o
obtain solutions for any horns with conical elements (for
example, with a number elemerits smalicr than fivey. Horns
with other shapes of the variable cross-section elements
(for example, with exponential or catenoidal clemenis
can be considered in an analogous way. takine into account
the variation of sound velocity in such clements

3.2, Analvsis of five-clement horns

To solve the system of Eq. (9) and to present results in o
convenient graphical form, a computer program hus heen
written that allows all the indicated above characteristics
of five-clement horns to be obtained in real time for subse.
quent analysis. The input parameters are: operating {re-
quency of the horn. acoustic propertics and  fatigue
strength of the horn material, and the diameter-to-lenpth
ratios of the horn elements.

Out of all variety of possible types of five-clenient horns,
let us consider the five horns that are most suitable for prc

tical applications. For the convenience of a comparison of

horn parameters, we further assume N - di/ds 1. Fig 3
shows a conical-cylindrical matching horn and its desion
parameters. This is the simplest degenerate horn with
L = 0. Such a horn has low matching capabilities. the max-
imum value being GN* ~ 3.

Fig. 4 shows a step matching born and its desion parai-
eters. The maximum value of the matching capability of
this horn is GN* = 4. Both horns considercd above can
be used to match industrial acoustic transducers of low
power for exciling relatively low amplitudes of ultrasonie
vibrations in the load. Their small resonance dimensions
convenient for construction should be particularly noted

276
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K

Pig. 3. Conical cylindncal horn is shown with d, — ds difds — 3.0;
KLy 00 kly- 020 k1, 030 along with (a) the distribution of the
oscillatory velocity. 1. and strain. ¢, along the horn: (b) drawing of the
horm: i¢) plot of the distribution of the horn’s parameters.

A barrel-shaped matching horn and its design parame-
ters are shown in Fig. 5. This horn is quite promising for
the matching of acoustic transducers of small cross dimen-
sions or for the use as a booster. The maximum value of its
malching capabilities at the given parameters is GN” ~ §. It
should be borne m mind that the diameter of the horn’s
heavy section. . under the considered approximation
must not exceed about a quarter of the length of acoustic
wave.

Fig. 6 shows a spool-shaped matching horn and its
design parameters. This horn is atypical because its main
radiating surface is lateral, and it mainly radiates a cylin-
drical wave into the load. as opposed to a plane wave radi-

ated by other matching horns, Given a symmetric form of
the horn, the gain factor is always equal to 1. the node of

displacements is located in the middie, and lateral surfaces
move in anti-phase. When using lateral radiation, the
horn’s matching capabilities are quite high since there are
no limitations on the overall length. Such horn connected

into a sequential string can radiate a cylindrical wave of

high total power into the load and produce a well-devel-
oped cavitation region of a large volume.

Above, we have considered the horns whose lengths
were less than or close to half the length of the acoustic

o
. — ~::]

r/;,"‘:/:

0.3, along with (a) the distntbution uf the oseillaion

Fig. 4. Stepped horn as shown with o, /. A Ay 05
kla =02, kly
velocity. Foand strain, e, along the hor (b drawing of tie orns (0 plog

of the distribution of the hom’s purameters,

wave in the rod. the so-catled hall-wave horns, The syatem
of Eq. (9} also allows one to obtain solutions for |

Wy rsie
WU

horns. One of such homs intended for the radiation of o
plane acoustic wave of a very high power into waler 10 a
barbell-shaped horn shown in Fig. 7. 115 desien parameters,
as a function ol d\/ds, are presented in g, el The
malching capabilities of the barbeil-shaped horn can reach
the values of GN-
ing for the matching of high-power acoustic transducers
that have large cross dimensions, For example. the hic
design power radiated into the water at cavitation by
horn, made of titanium alloy, taking o account the fati
gue strength fimitations and limitations on output diunetes
under normal hydrostatic pressure. is about 5 kW it i {re-
quency of 20 kHz. This valuc of the power of the acoustic
radiation is close to the theorctically attuinable masimum
under the given conditions for any metallic rod horn. An
expression for the theoretically attainable maximom pover
of acoustic radiation deposited into water under cavitaiion
at a given frequency and clectrostatic pressure, I

PuVSi. can be obtained based on cxpressions 2 apd 3

20 or more. Such horn s very promis-

1his
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e\ R — )18
Vi i
b b _
i
C
. G
Gy _f,,»/”’”—'m‘“\ c
kL, ///" ~ KL, 10
.~/
]
6 08
N
0.6
4
\
0.4 - \
.
24 kL‘J 4 ‘\\.‘
e e st e i 024 Tl o
T T T T «
2.5 10 1.5 T
II(LJ 1
) ‘ ) ) 00 . —
Fig. 5. Barrel horn s shown with o, ds: difdy - 3.00 kL, 0.1: 2 :l', il g
Kl dely 05 along with (a) the distribution of the oscillatory velocity, N iy :;

Ioand stram. o along the horn: (b) drawing of the horn: (¢) plot of the
distribution of the horn's parameters.

taking into account that rob” = V2P, Here. S, is the

maximum possible area of the circular output surface of

the acoustic horn, whose diameter is restricted by the
quarter-wavelength condition mentioned above. The max-
imum achievable oscillation velocity, V. for best titanium
alloys used as horn materials reaches, approximately, 10
1S m/s.

Due to the significant potential of the barbell-shaped
horn for the industrial applications ol ultrasound. we pro-
vide its exact parameters in Table 1. These parameters are
convenient for the use during practical calculations.

3.3 Frequency characteristics of five-clement horns

The knowledge of the (requency characteristics of an
acoustic horn is very important when choosing the type
ol a matching horn for specific conditions of its excitation
(tvpe of an ultrasonic generator) and operation (properties
ol an acoustic load). These characteristics, according to (§),
can be obtained by caleulation in the form of a frequency
dependence of the horn’s input resistance. If losses are
ignored. the expression for the input resistance of a five-ele-
ment horn can be derived from the system of equation (9),
assuming = — F, [joow,. Taking =y = EkS,./o. one can write

Fig. 6. Symmetrical spool-shaped Lovn s shown with o, o k7
kls O Kl KLy Q.5
oscillatory velocity, b

along with ) the distnbution of (e
and strain. . along the erns (h) drawime of ih

horn: (¢) plot of the distribution of the korms nuramelers

Ay SInkLy 1 Bycoskly) i

By skl

|t

/

s A coskl

(¥

The values ol |z/zy] for the five-clement horns considered
above were calculated at a small change in the current {re-
quency /; as compared with the horn natural frequency /..
so that (f; -~ NH/f, = 0.02. Table 2 gives the values of /-]
obtained at the frequency, /. for the horns shown in |ies
3-7 with similar gain factors, G = 3 (with the excepiion
of the horn in Frg. 6). For compurison. the table alwo gives
the values of |z/z| for two resonant cvlindrical rods tha
have characteristic lengths A2 = 1 and A/
dent that the presented values of |=/zy characterize the rate
ol change in the horn’s input resistance with a change in
the frequency of excitation or the parameters of the acous-
tic load.

From Table 2 1t is seen that the horn shown in Fig. 6 has
the lowest frequency dependence of the input resistance. b
is most suitable for the use in a sequentially connected
string of such horns for the radiation of a cviindrical wave
into the load. In this case. the low dependence of the horn

2. bEs evi-
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Pigs 70 Barbell-shaped  homis shown with o, ds: kL, kil
Fls KLy 0.5 along with {a) the distribution of the oscillatory velocity.

Foand strame ecalong the horn: (b) drawing of the horm: (¢) plot of the
distribution of the horn's parameters.

Table 1

N (63 K,y kil Kis
1.5 2,176 F.383 0.405 2.853
2.0, 3.527 1.290 0.693 2.725
25 4918 1.245 0.916 2.640
3.0 6.285 1.224 1.099 2.574
1.5 7.597 1.216 1.253 2,519
4.0 K834 L2T5 1.380 2.470
4.5 9.987 1217 1.504 2.426
5.0 11.049 1.222 1.609 2,384
Table 2

Horn o Cybinder  Cylinder Tig. 3 Fig. 4 Fig 5 lig. 6 Fig 7
type AL - n Kkl 2n

[2/=0]  0.063 0126 0.09 0.14 0.345  0.024  0.67

Imput resistance on frequency is a positive property because
when several horns are connected in series, the analogous
total dependence for the string will be also low. For horns
with a gain factor greater than unity. the lowest depen-
dence of the mput resistance on frequency is displayed by

the horn shown in Fig. 3. The barbell-shaped fuil-wave
horn is characterized by an abrupt dependence of input
resistance on frequency. In this case. the positive feature
is that a small error in dimensions during manufacturing
of the horn has little influence on its resonance freguzney
The horn can also reliably operate regardiess of chanses m
its characteristic length. for example, if the reactive compo-
nent of the acoustic impedance of the foad changes. How.
ever, it should be noted that a barbell-shaped horn, due (o
the large diameter of its output surface. produces a plane
wave in water at cavitation, during the radiation of which
the reactive component of radiation impedance is virtially
absent.

4. Experimental

For the experimental verification of the deserihed hoin
design principles we have chosen the burbell-shaped horn
shown in Fig. 7. Dirccl calorimetric measurement of aeous
tic energy transmitted by this horn into water af cavitation
was selected as a method of this horn's performance cvalu-
ation. The measurements of the acoustic energy absorbed in
the cavitation region were conducted with the apparatus
shown in Fig. & Settled tap water at a temperature of
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200°C was used. The apparatus was based on an acoustic
radiator consisting of a titanium horn connected to a mag-
netostrictive transducer, which operated at the resonance
frequency of 17.8 kliz. The working power of the ultrasonic
generator coupled to the magnetostrictive transducer was
S5 KW. The oscillation amplitude of the magnetostriclive
transducer was kept constant in all experiments at 1.67 m/s
{rms). 10 was measured by placing a magnetic ring with an
inductive coil on the transducer next to its output surface.
Voltage was created in the coil as the transducer oscillated.
Theamplitude of this voltage corresponded to the oscillation
amplitude and was measured by an oscilloscope. Prior cali-
bration of this device was perlormed. in which the vibration
amphtude was measured directly by a microscope.

A set ol replaceable barbell-shaped horns was con-
structed to provide the. necessary stepped change in the
amplitude of the oscillatory velocity of the output end in
contact with water. The set consisted of nine such horns
with different gain factors {greater or smaller than unity),

all of which had equal input and output diameters of

60 mm. Maximum oscillation velocity of some of these
horns reached very large values, close to maximum theoret-
ically  possible for the best titanium alloys. Greatest
achieved oscillation velocity was 12 m/s (rms). Therefore,
maximum gain factor for the set was 7.2.

Static pressure in the calorimeter was produced with
compressed nitrogen. The measurements of the resulting
temperature of water were performed using a set of ther-
mocouples. A change in the temperature of water during
ultrasonic treatment was not more than 2-5 °C.

Fig. 9 shows an experimentally obtained plot of the spe-
cific acoustic power absorbed in the cavitation area, as a
function of the oscillatory velocity of the horns’ output
radiating surfaces, at a static pressure of | bar. For the pur-
pose of the measurement precision evaluation, data from
Ref. [9] s also provided in the figure for the acoustic radi-
ation frequency of 19 kHz and the static pressure of | bar.
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Fie. 9. Dependence of the intensity of the acoustic energy absorbed in the
cavitation area s presented as a function of the oscillation velocity of the
homs output surfaces for a set of nine horns with different gain factors (-
are the data points from this work for the load pressure of 1 bar, O are the
data points from this work Tor the load pressure of 2 bars, L are the data
pomts from Ret. [91)

The figure shows that the experimental data obtained in
this work in the small oscillation velocity range corre-
sponds very well to the data from Ref. (Y] Unfortunately,
[or large vibration velocities, no literature data was found.
Performance verification of the horns with different guin
lactors conducted during the experiments showed that all
of them possessed resonance and gam churacteristics well
corresponding to the theorctically predicted ~alues. By o
case was it necessary Lo make any adjusiments (o the horns
after they were originally machined

Fig. 9 additionally shows a curve corresponding to the
Eq. (3), W, =050, 1"° "\\",‘,.,.. Pyl e The Tact that
the experimental data follows the curve very well shows
that the relationship, ryf" = V2P, suggested in Ref, [}
and verilied there for the small oscillation velocitics, i«
maintained also for the significantly farger oscitlation
velocities. Thus, it has been experimentally proven that
the matching between our barbeli-shaped acoustic horns

and water at cavilation truly takes place, 1 accordance
with the theory presented above, for all possible oscillation
velocitics of the horns” output surfaces

To demonstrate the cffect of the clevated static pressure,
Fig. 9 also shows the experimental duta corresponding to
the static pressure of 2 bars. It is clearly seen that mcreas-
ing the pressure augments the absorbed acoustic energy in
the cavitation arca.

The region of the specific power with the values above
10° W/m? is very little studied, especially from the techno-
logical standpoint. The reason for this. from our perspec-
live, is that the traditional cone-shuped horns. widely used
in ultrasonic technology. are incapable of providing a farae
total radiation power, since their oscillation amplitudes are
inversely proportional to the arcas of their output surfaces
At large gain factors. the output surface urea becomes vory
small, which complicates the developmient of sonochemical
reactors capable of processing significant volumes of lig-
uids. Thus. for example. a traditional stepped horn having
an input diameter of 60 mm and a gain factor of 7.2 has
the output diameter of, approximately. 20 mm. Therefore,
at the maximum experimentally achicved specific power of
10° W/m?, this stepped horn is capable of depositing not
more than 300 W into its liquid load. Qur barhell-shaped
horn, used in the experiments presented in this section. on
the other hand, delivers, approximately. 2.7 kW of total
power, providing a power transier eliiciency nerease by
almost an order of magnitude.

A well-known method, described in detail in Ref. [12],
was used for the experimental verification of the chemical
activity in the cavitation arca. The chemical activity level

was determined by monitoring the oxidation reaction of

KI in aqueous solution, resulting in the tormation of {ree
iodine. The obtained data is presented in Fieo 10, 1t can
be clearly seen that the specific (divided by the horn's onl
put surface area) rate of the concentration of the Iree
iodine formation in the cavitalion volime increases
the augmented intensity of the acoustic radition. Toful
increase of the concentration of the veduced iodine at max-

with
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Iz 100 Dependence of the specitic (divided by the horn's output surface
area) rate of the concentration of the free 1odine formation in the
cavitation volume is shown as a function of the intensity of the absorbed
acoustic radiation

imum intensity of acoustic radiation of 10” W/m” reaches
1.5% 10" kg/m s.

5. Conclusions
Matching an ultrasonic transducer to a load is a matter

ol choosing the matching hiorn that ensures the expression
(4) at a given gain factor G, and ol subsequent calculation

ol its resonance dimensions with the use of the system of

Eq. (9). As stated above, when matching to an active acous-
tic load with &, < 1, the standing acoustic wave in'the trans-
ducer and n the horn is not disturbed. and their resonance
dimensions do not change. The most powerful horn, from
the designs described above, 1s the barbell-shaped horn,
which was chosen for the experimental investigations. Dur-
ing the experiments, performance evaluation of a set of such
horns with different gain factors showed that all of them
had the resonance and the gain factor characteristics that
corresponded very well to those predicted theoretically. It
was also experimentally verified that matching of the acous-
tic horns with water at cavitation, according to the theory
described above. is truly established for all possible values
of the output oscillation velocities of the horns.

It should be noted that matching an acoustic transducer 259
to a load using an acoustic hovn 15 not the only possible 550
method of matching. Another powerful matchmg factor
which resuits from the specilic propertics ol water at cisi-
tation, is hydrostatic pressure 7, according to the expres
sion (6) and the experimental resulis presented here. Howas
also previously theoretically demonstrated that an mercase
in the load’s hydrostatic pressure leads (o an augmentation 56
of the intensity of acoustic radiation [13]. further resultine 563
in an increase in (he technological effectiveness of cavitn- 364

tion. Tt is evident that the best results are obhiained when 563
these two matching techniques are used jointly.

In conclusion, we would like to point out that our har-
bell-shaped horns also perform well in low-viscosity non-
aqueous liquids and solutions, and permit building very 560
effective sonochemical reactors for conducting experiments -
with these systems. This makes the described techrology
very attractive for the studics mvolving the effect of ihe sec-
ond-order cavitation [14.15], which has been receiving o ot
ol attention recently.
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