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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MEASUREMENT OF CAVITATION NOISE IN ULTRASONIC BATHS
AND ULTRASONIC REACTORS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compiising

al|l national electrotechnical committees (IEC National Committees). The object of IEC is to pralmote

international co-operation on all questions concerning standardization in the electrical and electronic_field
this end and in addition to other activities, IEC publishes International Standards, Technical Specifica
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred™to as
Plublication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inter
the subject dealt with may participate in this preparatory work. International, governmental and
gpvernmental organizations liaising with the IEC also participate in this preparation. IE€ collaborates cl
ith the International Organization for Standardization (ISO) in accordance withcenditions determing
apreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly’as possible, an internat
cpnsensus of opinion on the relevant subjects since each technical committée has representation fro
interested IEC National Committees.

3)

isinterpretation by any end user.

4) In order to promote international uniformity, IEC National {Committees undertake to apply IEC Publicg
nsparently to the maximum extent possible in their hational and regional publications. Any diverg

tween any IEC Publication and the corresponding natignal or regional publication shall be clearly indicaf

5)
apsessment services and, in some areas, access.to |[EC marks of conformity. IEC is not responsible fo
services carried out by independent certification bodies.

6)
7)

All users should ensure that they have the latést edition of this publication.

o liability shall attach to IEC or its djrectors, employees, servants or agents including individual expertd
embers of its technical committees and IEC National Committees for any personal injury, property dama
ofher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
ekpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any othern
Plublications.

8) Altention is drawn to the‘'Normative references cited in this publication. Use of the referenced publicatiol

indispensable for the gerrect application of this publication.
9)

hich may _ be{réquired to implement this document. However, implementers are cautioned that this ma
r¢gpresents \the latest information, which may be obtained from the patent database availabl

1:2019. A vertical bar appears in the ma

made to the previous edition IEC TS 6300
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IEC TS 63001 has been prepared by IEC technical committee 87: Ultrasonics. It is a
Technical Specification.

This second edition cancels and replaces the first edition published in 2019. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) addition of a new method of measurement: the measurement of integrated broadband
cavitation energy bhetween twa frnnlllnnr‘y bounds

The|text of this Technical Specification is based on the following documents:

Draft Report on voting

87/804/DTS 87/822A/RVDTS

Fulllinformation on the voting for its approval can be found in the repartion voting indicatgd in
the gbove table.

Thellanguage used for the development of this Technical Specification is English.

Thig document was drafted in accordance with ISO/IEC Ditectives, Part 2, and developdd in
accgrdance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Supplenient,
avaijable at www.iec.ch/members_experts/refdocs¢yFhe main document types developed by
IEC|are described in greater detail at www.iec.chlpublications.

Terms in bold in the text are defined in Clausé 3.

The[committee has decided that the contents of this document will remain unchanged unti| the
stahbjlility date indicated on the IEC website under webstore.iec.ch in the data related to| the
speg¢ific document. At this date, thé_document will be
e feconfirmed,

e \ithdrawn,

o feplaced by a revised edition, or

e amended.

IMPORTANT — The 'colour inside' logo on the cover page of this publication indicates that it
contains’ colours which are considered to be useful for the correct understanding of| its

contentsUsers shoutd therefore print thisdocument using a colour printer:
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INTRODUCTION

Ultrasonically induced cavitation is used frequently for immersion cleaning in liquids. There
are two general classes of ultrasonically induced cavitation.-Fransient Inertial cavitation is
the rapid collapse of bubbles.-Stable Non-inertial cavitation refers to persistent pulsation of
bubbles as a result of stimulation by an ultrasonic field. Both-transient inertial cavitation
and-stable non-inertial cavitation-may can create significant localized streaming effects that
contribute to cleaning.—Fransient Inertial cavitation additionally causes a localized shock
wave that-may can contribute to cleaning and for damage of parts. Both types of cavitation
create acoustic signals (cavitation noise) which-may can be detected and measured with a
hyd i i i e of
cavifation in support of validation efforts for ultrasonic cleaning tanks, cleaning equipmient,
and|reactors, as used, for example, for the purposes of industrial process control of for
hospital sterilization.
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MEASUREMENT OF CAVITATION NOISE IN ULTRASONIC BATHS
AND ULTRASONIC REACTORS

Scope

This document, which is a Technical Specification, provides a technique of measurement and

eva

readtors. It specifies

luation of ultrasound in liquids for use in cleaning devices, equipment. and ultrasonic

ae 0 — a N H
g 0 O v

lhe cavitation measurement at frequencies between harmonicsCof the operating
requency fj,

Ihe cavitation measurement derived by integrating broadband gavitation noise energy

Ihe cavitation measurement by extraction of broadband spectral components.

Thig document covers the measurement and evaluation of\€avitation, but not its secongary

effe
of c

The

For

ISO
add

3.1
ave
t

Note

Note

av
length of time over which a signal is averaged to produce a measurement of cavitation

Cts (cleaning results, sonochemical effects, etc.). Further details regarding the genergtion
avitation noise in ultrasonic baths and ultrasonic regetors are provided in Annex A.

Normative references

e are no normative references in this décument.

Terms and definitions
the purposes of this document, the following terms and definitions apply.

and IEC maintain terminological databases for use in standardization at the folloying
esses:

IEC Electropedia/ available at http://www.electropedia.org/

ISO Onling browsing platform: available at http://www.iso.org/obp

raging time for cavitation measurement

1 to entry: Averaging time for cavitation is expressed in seconds (s).

2 to entry: As cavitation is a stochastic process, integrating over a sufficiently large ¢, can be necessary to

generate stability of the readings. An example is given in Annex B under Formula (B.4).

3.2
cav

itation

formation of vapour cavities in a liquid

3.3

cav
aco
liqu

itation noise
ustic signals as measured by a hydrophone, arising from the presence of cavitation in a
id, or the interaction of cavitation with the direct field acoustic pressure signal
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inertial cavitation
sudden collapse of a bubble in a liquid in response to an externally applied acoustic field,
such that an acoustic shock wave is created

3.5

stable non-inertial cavitation
oscillation in size or shape of a bubble in a liquid in response to an externally applied acoustic

field

that is sustained over multiple cycles of the driving frequency

3.6
end

M
M (
<of

outg
or ¢
spe
puls|

refe
freq

Note
mody

Note

[SO
has

ratid
seng

tof-cable loaded sensitivity
)
a hydrophone or hydrophone assembly>-meodulus quotient of the Fourier transfor
lut-voltage-L{#) hydrophone voltage-time signal F(u (7)) at the end oftany integral c

utput connector of a hydrophone or hydrophone assembly, when connected

e waveform F(p(¢)) in the undisturbed free field of a plane wayve in the position of]

fence centre of the hydrophone if the hydrophone were removed, at a spec
Liency

1 to entry: The Fourier transform is in general a complex-valued quantity but for this document only the
lus is considered, and is expressed in units of voltper pascal, V/Pa,

2 to entry: The term "response” is sometimes used instead of "sensitivity".

JRCE: IEC 62127-3:2022, 3.7, meodified — Only the modulus is considered, Note 1 to 4
been exchanged and Note 2 to-entry has been added.] [2]

rof-cable loaded sensitivity level

i

(/)

b hydrophoné.of hydrophone assembly> twenty times the logarithm to the base 10 of
of the modulus of the end-of-cable loaded sensitivity—4/ (+} |M|_| to a refere
itivity_of-M, o

ledl

med
able
o a

ific electric load impedance, to the Fourier transformed-acousticpressure—P(f) acolstic

the
fied

ntry

the
nce

AL
Tref

Note-2-to-entry—The-value-of reference-sensitivity M, _-is1-\/Pa-

LML

Note
Note

(f)=20logyg———dB

ref

M (/)
M

1to entry: A commonly used value of the reference sensitivity M is 1 V/pPa.

3 to entry: The end-of-cable loaded sensitivity level is expressed in decibels (dB).

[SOURCE: IEC 62127-1:2022, 3.26, modified — In the definition, a different symbol is used

and

"quotient" has been replaced with "ratio".
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hydrophone
transducer that produces electric signals in response to-waterborne-acoustic-signals pressure

fluct

uations in water

[SOURCE: IEC 60050-801:49942021, 801-32-26] [1]

3.9

hydrophone assembly

com

bination of hydrophone and hydrophone pre-amplifier

[SO

3.10
nun|
NaV
num

38

e
oy

3.1
ope

Jo

URCE: IEC 62127-3:20072022, 3.13] [2]

ber of averages

ber of waveforms captured and averaged in a cavitation measurement

o g re lome
 the lioui otion off .

rating frequency

driving frequency of ultrasound generator

Note

3.12

1 to entry: Operating frequency is expressed in hertz (Hz).

relative cavitation noise measurements

ning

the
e

measurements made for purposes” of comparison between two different clea
environments or different locations-within a cleaning environment, such that the end-of-cable
loaded sensitivity of the hydrophone-may can be assumed to be identical in both cases
Notell to aentryv- Care _should belisken to ensure that chanaes in hvdronhone sensitivitvy_do-not affec
..... |—to—entry:—Care—should—beHaken—to—ensure—thatchanges—in—hydrophone—sensitivity—do—not—affec
B

3.13

san|pling frequency

fS o « .

number of points per second captured by a digital waveform recorder

Note|1 to entry: Sampling frequency is expressed in hertz (Hz).

3.14

size of the capture buffer

Neap , . .

total number of points captured at a time by a digital waveform recorder

3.15

capture time

lcap . . .

length of time to capture Nggp PoOiNts at a sampling frequency of f

Note

1 to entry: Capture time is expressed in seconds (s).
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tation noise level

level calculated from the cavitation noise at—a—frequeney—of2;26—f, frequencies between
harmonics of £,

Note 1 to entry: Cavitation noise is expressed in decibels (dB).

3.17

integrated broadband cavitation noise energy

EigeN

cavifation noise energy integrated between two identified frequency bounds, f, and /|
Note|1 to entry: Commonly expressed in units of V2s™'.

3.18

refefrence sound pressure

Pref . )
soumnd pressure, conventionally chosen, equal to 20 yPa for gases and\to 1 yPa for liq
and|solids

Note|1 to entry: Reference sound pressure is expressed in pascals (Pa).

[SOURCE: IEC 60050-801:1994, 801-21-22] [1]

3.19

avelaged power spectrum

2

P(y)

powgr spectrum of the instantaneous acoustic-pressure averaged over N, measuremet
Note|1 to entry: Averaged power spectrum is expfessed in units of Pa2.

3.20

median of acoustic pressure

P

n

median value of amplitude values of spectral lines within B

Note

3.21
ban
By

ban

Note

1 to entry: Median of acoustic pressure is expressed in pascals (Pa).
d filter
| filter loCated at a centre frequency-ef2:25-+, which is between harmonics of f;

1 16,entry: Band filter is expressed in hertz (Hz).

uids

3.2

centre frequency

e

cent

Note

3.23
dire
Py

re frequency of the band filter B;

1 to entry: Centre frequency is expressed in hertz (Hz).

ct field acoustic pressure

portion of the RMS acoustic pressure signal arising directly from the ultrasonic driving
excitation, at the operating frequency of the device

Note

1 to entry: RMS direct field acoustic pressure is expressed in pascals (Pa).
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3.24

spectral acoustic pressure

P(f)

Fast discrete Fourier transform of the hydrophone voltage divided by the end-of-cable
loaded sensitivity

Note 1 to entry: Spectral acoustic pressure is expressed in pascals (Pa).

3.25

stable non-broadband cavitation component
’QS
Pnb

portlon of the RMS acoustic pressure signal arising from-stable non-inertial cavitation

Note|1 to entry: The-stable non-inertial cavitation component is expressed in pascals (Pa).

3.26
transient broadband cavitation component
Py
Py
portlon of the RMS acoustic pressure signal arising from-transient inertial cavitation

Note|1 to entry: The-transient inertial cavitation component is expressed in ‘pascals (Pa).

3.27
volthge

u(r)

instantaneous voltage measured by analyser

Note|1 to entry: Voltage is expressed in volts (V).

3.28
volthge spectrum

u(y)

Fast discrete Fourier transform of the voltage

Note|1 to entry: Voltage spectrumnisiexpressed in volts (V).

3.29
wingow function
w(n)
amplitude weighting-function used in the discrete Fourier transform

3.30
frequency:spacing

Af

distance of spectrum samples of a-East discrete Fourier transform

Note 1 to entry: Frequency spacing is expressed in hertz (Hz).

i
ﬁ Y o Eact Fourior Transform.i

4 List of symbols

f frequency
f— indexed-frequency
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fo operating frequency

A lower frequency limit used on the calculation of the integrated broadband
cavitation noise energy

Js sampling frequency

Ju upper frequency limit used on the calculation of the integrated broadband
cavitation noise energy

E\geN integrated broadband cavitation noise energy

M (f) end-of-cable loaded sensitivity

Nay AaRber-ef-averages

Ngag number of points captured in a waveform

fcap capture time

P(f) spectral acoustic pressure (a function of frequency)

Po(A) direct field acoustic pressure

PPl (f) stable non-broadband cavitation component
P.P(f) transient broadband cavitation component

u(t) voltage (a function of time)

u(y voltage spectrum (a function of frequency)
Len cavitation noise level

Dref reference sound pressure

Pz(f) averaged power spectrum

P, median of acoustic pressure

Bs band filter

Js centre frequency

Fav lay averaging time for cavitation measurement
Af frequency spacing

w(n) window function

5 [Measurement equipment

5.1 Hydrophone
5.1.1 General

It is| assumed throughout this document that a hydrophone is a device which produces an
outgutivoltage waveform in response to an acoustic wave. Specifically, for the case pf a
sinuso acoustic-wave-the-hydrophone-shall prody output-voltage proportions
acoustic pressure integrated over its electro-acoustically active surface area. Assuming that
spatial variations in the acoustic pressure field over this active surface area are negligible, the
hydrophone-may can then be assumed to be a point sensor and the acoustic field pressure
may can be described by Formula (1):

e he dronhone h nrod e n-o a ae-Hhrobo on the

P(f)=U(f) M (f) (1)

where P(f) is-the-amplitude—of the spectral acoustic-field pressure, U(f) is the amplitude of

the voltage, and M| (f) is the end-of-cable loaded sensitivity of the hydrophone (defined
also as an amplitude for purposes of this document). All parameters are expressed as a
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function of frequency and follow the convention of only designating the magnitude of
frequency-dependent quantities, disregarding their phase angle.

NOTE The traditional concept of the hydrophone is of a nominally point-like measurement device which responds
both to the direct field and the signals generated from cavitation bubbles. However, alternative devices have been
used and will possibly be developed in future where the details of the construction of the device have been
designed to specifically measure the cavitation signal. An example of this device is covered in Annex D, where an
implementation for measurement of the integrated broadband cavitation noise energy is described. For such
devices, it is possible that concepts of hydrophone sensitivity and directional response are not directly
transferrable.

5.1.2 Calibration of hydrophone sensitivity

The|hydrophone shall be calibrated such that M| (f), the end-of-cable loaded sensitiviiy of
the hydrophone, is known for any frequency or frequency component for which amacolstic
pregsure value is reported.

NOTE In some cases cavitation measurements can be made in relative terms, in which éase a calibratipn to
detefmine M| (f) is not necessary. See 5.2.1.4.

5.1.8 Hydrophone properties
5.1.3.1 Acoustic pressure range

The[hydrophone and any associated electronics shall be suitable for the maximum pressure
of the environment, and shall be at minimum suitable forsan” RMS acoustic pressure up to
600 |kPa.

5.1.8.2 Bandwidth of the hydrophone

The|bandwidth of the hydrophone should be in.accordance with 5.1.2, such that variations in
M| (), the end-of-cable loaded sensitivity of.the hydrophone,-may can be compensated for
by the cavitation measurement scheme, such-as in 5.2.1.4.

5.1.8.3 Directional response

Thelhydrophone shall have an approximately spherical directivity. In order to achieve [his,
for pn operating frequencybelow 100 kHz the hydrophone should have an effegtive
diameter less than a quarter® wavelength. This guideline may be relaxed above 100 [kHz
because of the potential difficulty in achieving such a small effective diameter in a pacKage
that|can withstand the.cleaning environment; however, there is the corresponding increage in
megsurement uncertainty and the user should attempt to account for it.

5.1.8.4 Cable‘length

A copnnecting’cable of a length and characteristic impedance which ensure that electfical
resdnancein the connecting cable does not affect the defined bandwidth of the hydrophjone
or h|ydrophone assembly shall be chosen. The cable shall also be terminated appropriatgly.

To minimize the effect of resonance in the connecting cable located between the
hydrophone’s sensitive element and a preamplifier or waveform digitizer input, the numerical
value of the length of that cable in metres shall be much less than 50/(fy+-B¥#,y W5) where f;
is the operating frequency in megahertz and-B#,, W, is the —20 dB bandwidth of the
hydrophone signal in megahertz. Attention should be paid to the appropriateness of the
output impedance of the hydrophone/ and amplifier in relation to the input impedance of the
connected measuring device.

5.1.3.5 Measurement system linearity

The user shall ensure that the voltage output of any preamplifier or amplifier is linear over the
range used. This shall be done by obtaining the maximum voltage output within which the
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response is linear within 10 %, and providing necessary adjustments to gain, such as-may can
be available from gain control settings on the preamplifier or amplifier.

5.1.4 Hydrophone compatibility with environment

Environmental conditions such as temperature or the chemistry of the environment shall be
within the hydrophone manufacturer’s stated range of operating conditions.

Differences between the calibration conditions for the hydrophone and the measurement
conditions shall be considered to the extent that they-may can affect the measurements. For
exa i itati i with
hydifophones of identical construction, it-may-net can be-necessary unnecessary to determine
how| the sensitivity of the hydrophone changes between the calibration and measurement
itions. However, for absolute measurements the change in hydrophone sensitivity with
temperature shall be known, and corrected for in accordance with IEC 62127-3:20072022.

5.2 | Analyser
5.2.1 General considerations
5.2.1.1 General

Thelanalyser is an instrument that converts u(z), the time-domain voltage waveform prov|ded
by the hydrophone, to a measurement of cavitation ‘activity. 5.2.1 describes seVeral
congiderations that are independent of the measuringy*method. Following that, se\eral
indgpendent methods are described in 5.2.2 to 5.2.4.

5.2.1.2 General considerations: sampling rate

If te analyser utilizes digital recording ofCu(r), let u[t,] designate this sampling with ¢,
designating the discrete points in time captured, with m =1, ..., N.,, where N, is the size of
the |capture buffer. The interval in time between successive samples shall be uniform, (and
the |[sampling frequency f, shall bé@t least a factor of two (2) higher than the highest
freqguency component of interest.in the signal. Consideration should be taken of |any
shog¢gkwave components of the_sighal in assessing the sampling frequency. An anti-aliaging
filter with a cutoff frequency .of at most half of the sampling frequency shall be used to filter

out higher frequency compgnents.

The|size of the capture buffer (Ncap) shall also be known (the duration of waveform capture
in upits of secondsis-then N, /fs).

5.2.1.3 General considerations: averaging time

L,y |14y, tRe>period of time over which the analyser averages results to report cavitation
actiyity, \shall be known either from a user-defined setting on the analyser or obtained from

the manufacturer. For an analyser utilizing digital recording of a waveform Lg—=—>r—xAlmm/ £

lay = Ny X Negp | /s - See Annex B for examples.

5.21.4 General considerations: calibration

For relative cavitation noise measurements performed with the same or identical
hydrophones, the measurements may be in terms of voltage only. For all other cases, the
measurement shall take account of-44_ M(f), the end-of-cable loaded sensitivity of the
hydrophone, in one of two ways.

1) If variation in M| (f) is expected to be negligible throughout the frequency range of interest,
results shall be scaled by a factor of M, (f;), where f; is the operating frequency of the
ultrasound. In this case, the user shall assess the uncertainty in the measurement due to
residual deviations in M| (f) from M| (fy) across the frequency range of the measurement.
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2) u(t,) shall be digitally recorded if-# 4g(/} LML (f) varies by more than 2 dB over the
reported bandwidth of the cavitation signal. U(f,,), the voltage spectrum as computed

from its-Fast-Fouriertransform{FFT) discrete Fourier transform (DFT), shall be computed

N,
and digitally stored for m<% (only the single-sided spectrum is saved). Formula (2)

shall then be used to calculate the spectral acoustic pressure P(f):

P(fn) = U(f) I ML(S) (2)

3

NOTE For purposes of this document only the magnitude of the-Fast discrete Fourier transform is use@y

™

5.2.p Specific measurement me%@d: inertial cavitation spectrum measurement at
frequencies between har61 nics of f;
x

In tmis method, the DFT of u(f)is computed as in 5.2.1.4. The operating frequency f; is
scafpned in the spectrum. noise in a frequency band between the harmonics of| the
opefating frequency f; is analysed and a cavitation noise level L is calculated. The ceptre

frequency 1, of the f, ency band is defined as f. = fj x(%+0,25), where n is an integef.

.

The|cavitati oise level Ly is an indication of inertial cavitation activity. Further dejails
are provid Annex B.

5.2. 3

In this method, the DFT of u(z) is computed, and the energy between two specific frequency
limits, f; and f,, is integrated and, following subtraction of noise, used to derive a value of the
integrated broadband cavitation noise energy (E|gcn)- Through appropriate choice of the
upper and lower frequency limits of the spectral integration, this quantity is primarily related to
the degree of inertial cavitation activity. Further details of this measurement can be found in
Annex D.

ecific measurement method: Measurement of integrated broadband

NOTE With knowledge of the variation in the sensitivity of the device between f and f,, the integrated
broadband cavitation noise energy can be converted to Pa? s™".
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5.2.4 Specific measurement method: cavitation noise measurement by extraction of
broadband spectral components

In this method the DFT of u(¢) is computed, noise is subtracted, and a broadband calibration
of the hydrophone provides a broadband determination of P(f) using Formula (2). A computer
algorithm then determines the relative RMS contributions of the direct field acoustic
pressure, broadband cavitation component, and non-broadband cavitation component
to the acoustic pressure spectrum, and reports these as Py, Py, and P,,,, respectively. Further
details are provided in Annex F.

5.3 __Requirements for equipment being characterized

5.3.1 Temperature and chemistry compatibility with the hydrophone

The|cleaning environment shall be checked to make sure that its expected temperature rgnge
and|chemistry are compatible with the hydrophone specifications.

5.3.2 Electrical interference

The| user shall perform reasonable checks that electrical interferenee is not significantly
affegcting the measurements. These checks should include comparing the signal when| the
hydiophone is outside of the cleaning solution to when it is inside the solution. If the signal
outslide in air is significant compared to the signal with the hydrophone in the tank, thefe is
signfficant electrical interference.

NOTE It-may is also-be possible to check for electrical interferefice by shielding the hydrophone from acqustic
signdls with an acoustically absorbing shell while leaving a watef path for electrical conduction in a tank.

6 [Measurement procedure

6.1 Reference measurements
6.1.1 Control of environmental conditions for reference measurements

Ref¢rence measurements are pefrformed under controlled conditions in order to monitor| the

stahbjility of an ultrasonic system=Significant-care—must-be-taken-to-document-and-reproduce

Critical environmental conditions shall be documented and reproduced, including:

o gettings of the equipment under test;

e \ater quality —eavitation activity is known to depend on the level of impurities |and
dissolved gases:;

lemperatufe;
positionsand angular orientation of the hydrophone;

ater-height and position of any objects within the cleaning tank;

d I'd Of c Ng 1 , .e.
to be at least five minutes);

e the type and quantity of any additives added to promote wetting of the surfaces of the
ultrasonic system and hydrophone in order to aid degassing.

In general, the user shall determine tolerances for each of these conditions when establishing
a baseline for future reference measurements. This shall be done by observing the variation
of cavitation measurements with variation in these parameters, and specifying the tolerances
based on the required repeatability of reference measurements. In the case of hydrophone
position and water height, it is expected that reproducibility within a quarter wavelength at the
operating frequency will be sufficient.-See-Annex—A- Although ideally position repeatability
within 1/10 of a wavelength should be achieved, in many cases practical considerations such
as oscillations of the water surface justify a relaxation of this recommendation
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NOTE Higher tolerances-may can occur when objects are inside of a cleaning vessel.

6.1.2 Measurement procedure for reference measurements

1) The hydrophone shall be positioned at the documented user-defined locations and
angular orientations for the reference measurement.

2) Analyser settings for the reference measurement shall be reproduced based on
documented settings.

3) Cavitation activity shall be measured in accordance with one of the methods of 5.2.2 to
5.2.4 and recorded.

6.2

In-s{tu monitoring measurements are performed to monitor cavitation while a cleaningtank is
in use for cleaning. Uses-may can include research, process development, or documentatipn.

Thellevel of control is not expected to be as high as in reference measurements. Neverthe|less
the following general procedure should be applied.

1) Pocument cleaning system settings, analyser settings, and ultrasoenic settling time.
2) Pocument position and angular orientation of the hydrophone.

3) Measure cavitation activity in accordance with one of theemethods of 5.2.2 to 5.2.4|and
ecord results.
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Annex A
(informative)

Background

Cavitation in ultrasonic cleaning

Acoustic cavitation is one of the main components of the ultrasonic cleaning action and is
used, for example, for the cleaning of hard surfaces in ultrasonic baths with a setup such as

shoWwn in Figure A.T or in ulfrasonic reactors [3]. A

Q
™
N4

Tank,(l,
Sound field Q'\ :
Qeating
O
Cabinet
Transducers
Generator
IEC
%
Figure A.1 — Typical se@of an ultrasonic cleaning device
.\Q,
A tank is equipped with ultrasoni Eﬁnsducers, which are driven by an electrical genenator
with| an operating frequency ted to the resonance frequency of the transducers. [The
tank is filled with a liquid cleaning medium. The temperature of the medium can be influerjced

by heating elements. Due t(}}e vibration of the transducers, a sound field develops insidg
tank.

the
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Figure A.2 — Spatial distribution of the acoustic pressure level in water
in front of a-25 35 kHz transducer with reflections on all sides
of the water bath (0,12 m x 0,3 m x 0,25 m)

The linear sound field of a small ultrasonic transducer element corresponds approximately to
the field of a piston radiator. The radiated waves are totally reflected on the water surface and
the tank walls. This results in a three-dimensional standing wave field (Figure A.2) [4]. At the
places where the modulus of the rarefactional acoustic pressure exceeds the threshold for
transient inertial cavitation, cavities—may can collapse violently. In this case the maximum
bubble radius is three times the initial radius at least and the velocity of the bubble wall is
higher than the speed of sound. At lower acoustic pressure bubbles oscillate nonlinearly and
gas can diffuse into the bubbles. In both cases, harmonic and subharmonic frequencies of the
operating frequency and a broad-band noise are produced. The level of these frequency
components is shown in Figure A.3. The maximum level is found at the operating frequency
— in this example at 35 kHz. At low frequencies the acoustic pressure level is limited by the
size of the tank [3]. Above the cavitation threshold [5], [6], [7] broadband noise occurs. This
noise level can be corrected by the hydrophone frequency response and eventually
decreases at high frequencies.
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Figure A.3 — Typical Fourier'spectrum for sinusoidal ultrasound excitation
above the cavitation.threshold at an operating frequency of 35 kHz

re A.3 illustrates the jiaformation contained in the spectral signals, emphasizing
ively small size of those’ components associated with cavitation (harmonics, broadb
ive to the direct field ‘at f;. A study evaluating the performance of various comme

are effectively yhydrophones responding to the direct field [8]. The measurer]
edures desgcribed in Annex B, Annex D and Annex F all utilize spectral information.

acoustic-pressure level of the ultrasonic signal is limited by the nonlinear oscillatio|
bubbles. The surface tension and the temperature of the fluid have an effect on
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must be taken into account during the measurement. The structure formation is also
influenced by the bubble size distribution in the liquid. Therefore, the medium in the ultrasonic

tank

s was degassed [9] before use.
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RCE: M. Koechel et al. [22]. Reproduced with the permission of M. Koechel,

Figure A.4 —Sketch Photograph of cavitation structure_under the water surface
at an operating frequency of 25 kHz

Practical considerations for measurements

e are only a few ultrasonic cleaning devices,which work with sinusoidal signals. In 1

ern ultrasonic cleaners, a generator with low output impedance — a voltage sourq

echanical power with high efficiency.at its resonance frequency. The mechanical pows
ransducer is radiated into the coupled fluid. Normally, the nominal value of the ad

nost
e p—
wer
br of
tive
in a

clospd loop control system. Inxmany cases the amplitude of the signal is additionpally

mo
(Fig

Tay

ulated. The envelope of jthe signal often corresponds to the rectified mains vol
ire A.5). This modulationishould be taken into account in determining the averaging
av Of the measurement.
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Figure A.5 — Typical rectangular ultrasound signal with a frequency of 25 kHz
and 50 Hz double half wave modulation
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The power control is also influenced by the resonance frequency of the system, which is
dependent on the level of the medium, the temperature, the—amount-of-geods number and
properties of the objects in the tank and other factors. Therefore the operating frequency of
the generator changes during operation and should be-recerded measured and recorded
digitally, with time referenced to the time of cavitation measurements.

Because of the stochastic behaviour of the cavitation activities;—some kind—of-averaging
should-be-applied, averaging is usually applied, and the temporal sampling interval over which
averaging is performed is defined.

The
actiyi

A.3] Measurement procedure in the ultrasonic bath

Usel should define water conditions such as filtration, deionization, gas leontent, additives,
temperature, etc., such that measurements are reproducible. Depending~en the requiremgnts
of t!I]e user, the water temperature should be, for example, between” 30 °C and 50 °C [and
sholild be degassed until a-stable steady cavitation noise level is reached. Depending or] the
reqyirements, a) an average or b) a point-determined noise levekshould be measured for the
tank.

1) During the measurement, the hydrophone should be“moved slowly in a meandqdring
manner through the sonicated volume. During the méandering movement, the noise level
Ehould be measured and the mean value should b€ calculated therefrom. The movement
bf the hydrophone should not destroy the cayitation structures by agitation and shpuld
not exceed 10 mm/s.

2) At fixed locations in the sonicated volume,\the mean value of the noise level should be
measured.

The| acoustic centre of the hydrophone should always be immersed at least a quarter
wavglength. In general, a distance of at least half a wavelength from the walls-shall-He is
resgected. For example, at a frequency of 25 kHz, the hydrophone should be at least 15|mm
deep and 30 mm distant from the wall and the bottom of the tank. At 45 kHz, this correspgnds
to a|depth of 8 mm and a distance of 16 mm.

A.4| Characterization methods that do not utilize the acoustic spectrum

Thig document describes a method to measure the ultrasonic cavitation with a hydrophlone
and[an analysis of the resulting noise spectrum described in general in Clauses 5 and 6.

The|resultiof a measurement of the acoustic pressure without spectral evaluation is dften
ambigdous and therefore not suitable to verify an ultrasound device and are not within| the
scopeof this document

The measurement of the acoustic pressure results in an instantaneous value, but there are
other effects whose measurement gives instantaneous values, which are temporally and
causally related to the acoustic cavitation induced by the acoustic pressure:

e sonoluminescence or cavitation luminescence [10], whose time-resolved light intensity is
directly related to the events of-transient inertial cavitation, i.e. the flashes of light
originate from the collapsing bubbles within less than nanoseconds;

e sonochemiluminescence [11], requiring additionally chemical compounds dissolved in the
liquid, which show sonochemically triggered reactions in the solution leading to
electronically excited product molecules, returning to their ground state by irradiating the
luminescence.
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EXAMPLE The oxidation of luminol in alkaline aqueous solutions, triggered by sonochemically produced OH-
radicals, which gives blue light delayed up to microseconds after bubble collapses.

These measurements of an instantaneous value are not in the scope of this document.

Besides that, there are other methods for measuring the sum of time-accumulated cavitation,
i.e. the dose of some more or less defined effects of ultrasonics:

— erosion of aluminium foils of about 25 ym thickness and not wrinkled (measured by its
mass loss or by photometric interpretation) [12], [13], [14], [15], [16], [17];

— erosive mass loss of other samples, in principle similar to the standard ASTM G32 [18] but
ith materials adapted to the cavitation erosion in ultrasonic baths [19];

— optical surface changes by the erosion of specially prepared surfaces, e.g. a steelrod jwith
lectroplated multilayers including a final layer of copper, with a thickness in the 1| um
ange adapted to the strength of the cavitation [20];

— ¢hemical changes in solutions caused by sonochemical reactions, which, for'example,|can
e made visible by corresponding colour changes [11];

NOTE One of the most popular examples is the glassy SonoCheck! test tube/ but for a critical rgview
dee [21].

— o¢ther methods not mentioned here.

Thegse measurements of time-accumulated cavitation aré{not within the scope of [this
docyiment.

1 SonoCheck is the trade name of a product supplied by Pereg GmbH. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of this product.
Equivalent products may be used if they can be shown to lead to the same results.
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Annex B
(normative)

Cavitation noise measurement between harmonics of f,

B.1 General

Annex B describes a method to characterize the cavitation noise in applications where the
cavitation noise is measured between harmonics of the operating frequency. The inertial
cavitation generafes the main confribufion of the cleaning effect. Typical applicafions aie in
theJ:Ieaning of, for example, industrial parts, in the laboratory, healthcare, pharm% tjcal,
medicine, optics, jewelry, and parts of watches.

™
N4
B.2| Measurement method ('1,

N -
A calibrated broadband hydrophone satisfying 5.1 shall be used t @Qasure the acoustic
prei]sure in the fluid of an ultrasound device. It shall be moved slo and in a meanddring
fashion through the bath. In the process it generates an output v @e u(t). Figure B.1 shlows
the [following steps of the digital signal processing. Figure C2\shows a diagram witj an
example of the spectral acoustic pressure of an ultrasoni G,ath with an operating centre
frequency of 103,5 kHz indicated by the light blue marking\\&/

If the hydrophone is not band-limited, a low-pass fiI{g(shall be used as an anti-aliasing filter
in the signal path. The analogue signal is then dQ‘, ed by means of an analogue-to-digital
(A/Q0) converter. The A/D converter should have& ampling frequency f; of at least 1 MHz
with| a resolution of at least 12 bit. This results\\m an upper limit frequency of 500 kHz apd a
dynamic range of 72 dB. The number of values Neap is captured and stored to a dipital

menpory for further processing. Q

To 4cquire the single power spectra Q’@) the following generalized discrete Fourier transform
is uged:

xO
O
C)\ Neap—1 . 2
TP =] X p)w(ne (80
n=0

Thig also ¢ e acquired by a chosen discrete Fourier transform (DFT) or similar calculgtion
methods é ong as those represent Formula (B.1) consistently.

In otder’to measure the cavitation noise in the spectrum between the spectral lines correftly,
a window function with high dynamics shall be used. A time-constant weighting is achieved by
using the Von-Hann function (raised cosine). To avoid possible weighting errors to the
broadband noise, the following correction factor [23] for the window function w(n) shall be
used:

1 Ncap_1 )
Ghoise :N Z w (n) (B.2)
cap  n=0

The following DFT should have a frequency spacing Af of
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Af < fy 1100 (B.3)

to achieve enough accuracy. In a practical example with N,;, = 8 192 and f; = 1 MHz, the

ap
capture time is
N,
teap =% = 8192 us (B.4)
and
Af = L ~122 Hz (B.5)
tcap

NOTE The typical application has a cavitation noise level far above the glectronic noise of the equipment.
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(B.7)
Band filter Mediat Len
= B — P 2 »| See Formula
f . (B.10)
IEC

Figure B.1 — Block diagram of the\mtéasuring method of the cavitation noise level Ly

Sinde the spectral amplitudes«ef the noise fluctuate strongly and the signal u(¢) can ofcur
modulated, it shall be averaged over several spectra. Therefore, the DFT is performed
N, fimes. Due to an efficient use of the captured data, the maximal overlap ability of| the
Hanh window function @f 50 % is implemented. Therefore, the base of the sampled vaJues

Nggd is shifted by N gl2or each following DFT. The complete time for the measurement ¢

caq hv

fay = (Nay +1) X icqp/2 B.6)

I T ! - el et . i il : £ 400 Ol
tav STTalr g€ CIUST (U d ITTUTtrpre Ur e Pperiou Ut i 1mialltis 1TTeyuceTiLy, ©. 4. TUU TS dl YU T1Z. In

this case N,, = 24. In order to consider the noise power, the squares of the spectral

amplitudes P(f) shall be averaged and related to the number of samples Ng,,. This
corresponds to an averaged power spectrum Pz(f).
— N,
2 1 &2 1
PN =g 2B Ve B.7
Nav i=1 l 2GnoiseNcap ( )

Close to the nominal frequency declared by the manufacturer, the highest amplitude occurs
mostly. This operating frequency f; is now scanned in the spectrum. The spectrum also
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contains the harmonics of f;, and because of the nonlinear oscillation of the cavitation
bubbles also subharmonic frequencies and their harmonics (ultraharmonics). All of these
harmonics shall be scanned in the spectrum and measured. Since the harmonic waves are
usually located at a frequency multiple of f;/2, the noise between two adjacent harmonics is
determined. This corresponds to a band filter with the bandwidth B¢

and

whe

Bf =0,2><f (

B.8)

a centre frequency f, Q

fo = fo x [g + 0,25) Qq/b‘ (
S

e n is an integer. With n = 4 and f, = f; x2,25, a frequenc ('@r?ge is selected w|

B.9)

hich

proyed to be optimal for the measurement of the most uItrasonio{Q hs, but also other vajues

are
the

amplitudes can be located in this frequency range and i
weighted disproportionately high, the median value ;10 e amplitudes within B; shal

sele
nois|
cav

The
meg

bpplicable. Within this frequency range a number of measured values of the amplitudg
averaged power spectrum shall be analysed. Since}( gle spectral lines with
der to prevent them from b

cted. The result is the square of the median o oustic pressure P, of the cavitg
le. If this value is related to the square of the rQe ence sound pressure ps =1pPa

tation noise level L is obtained as [22] \\
QO

centre frequency f, @\éd for the calculation of Lsy shall be documented. With

megsured. This ¢ ion noise level Loy is the measure for the mechanical effect of

cavi

&

%)
N
L 10Iog{% J (8.
A‘\ Pref
xO
N

s of
high
eing

be
tion
the

10)

this

suring method, the operating frequency and spectrum of the amplitude of the acodstic
pregqsure, the amplit@ the subharmonic frequency and the cavitation noise level Loy

are
the
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Annex C
(informative)

Example of cavitation noise measurement between harmonics of f,

As an example, Figure C.1 shows measured values of the cavitation noise level L\ for an
ultrasound operating frequency as a function of the exciting electrical power. The typical
characteristic increases in a steep manner at low electrical power and is flatter at higher
electrical power. The flat range represents the area, where the cavitation threshold is
exceeded [24], [25], [26].

220
216
212
m
s
P4
L
208
204
200
0 200 @) 400 600 800
Elgeé\al power (arb. units)
IEC
.\Q,
Figure C.1 — Power %ﬁndency of the cavitation noise level Ly
X
£ 1000 2N
£ 100 . :
73 o L
£ QD | A
g ( N i Y
B \ 1% & i
¢ 1. Q ] i ) \ i
& . i h rr ] 7 N o S
80 0 10 20 30 40 50 60 70 80 90 100 110 120
Frequency (kHz) Ec
Fig C.2 — Diagram with example of spectral acoustic pressure of an ultrasonic bath

with an operating frequency of 46 kHz and its harmonics and sub-harmonics

The cavitation noise is analysed in a frequency range with a centre frequency of 103,5 kHz
indicated by the light blue marking.
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Annex D
(normative)

Measurement of integrated broadband cavitation
noise energy between two frequency bounds

D.1 General

Annex D describes a metric for inertial cavitation which involves integrating the broadband

enefgy content of the detector signal between two specific frequency points, £, (uppe
(lowjer). The metric can be regarded as complementary to the definition appearin
althpugh the integration does not involve the subtraction of the non- mertlal
comlponent and so represents a combination of the two. However, signals muc a

i

nd /|
4.3,

|tat|on

ter

han

the fundamental are predominantly likely to arise from violent inertial cavitation''It has heen
demonstrated that the onset of these elevated frequency signals correlates w with the o

of inertial cavitation [26]. Q
‘bQ
©
<

D.2| Measurement frequency range

operating frequency of the cleaning system (/).

D.3| Definition of integrated broadband caﬁ@%on noise energy

The|upper frequency f, is chosen so that it shall be at IeaQS’ factor of 10 higher than

nset

the

The[measurement involves the evaluation of t \temporal voltage waveforms of the detgctor
deployed in the particular application, u(z). Additionally, a corresponding measurement inf the
abs¢nce of ultrasound provides the ba ound noise, u,,ise(?). Deriving the respegtive
spe¢tra of the two signals, the mtegra@d broadband cavitation noise energy (Egcy) is

deriyed using Formula (D.1): A\Q)

C)\c}‘ ];Zr“n[U(k)z - 2

O@

speg¢tra. The
upper and@er limits of the summation, £, and f,.

&

whefe U(k) a%glnmse(k) are voltage magnitudes of the k-th component of the respegtive

D.1)

r and lower limits of the summation, » and m, are integer values definind the
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Annex E
(informative)

Example of measurement of integrated broadband cavitation
noise energy between two frequency bounds

Figure E.1 is a schematic view of a device which detects high frequency acoustic emissions
from cavitation. The rationale behind the sensor design has been described previously [27],
[28] and consists of a thin membrane of the piezoelectric polymer ponvmyhdene fluoride or

absgrber which effectively acts as a cavitation shield. The thinness of the meq ane
c

[ atlon events (potentially both inertial and non- |nert|al) that occur within t dy of the
sengor contribute to the sensor signal. Both the properties of the cavitatio @(eld matgrial
[27]| and the cylindrical shape of the sensor endow the sensor with sp& resolution] for
signals in the megahertz range, even though the ultrasonic batch or reactQncan operate ir| the
20 KWHz to 80 kHz range. The device can be regarded as a particular f of hydrophone|and
the fequirements of Clause 5 and Clause 6 are relevant. c)
A

O

in . 2
15 | A

\ Y

Dimensions in millimgetres

A

<
38 &\\}\ ~
o :
)
‘0§ 1
.qr I A
- O ~~
N\ [ ~
C)\ ’ N Y
O /'/
C) Absorber

PVDFE

IEC

Figure E.1 — Schematic of the cylindrical cavitation hollow cavitation sensor [27], [28]

In use, the sensor is supported by a rigid rod and positioned at the desired location within the
ultrasonic cleaning vessel.
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Figure E.2 shows acoustic spectra generated by a prototype sensor when immersed in a
commercial ultrasonic cleaning device operating at 40 kHz whose electrical power was
gradually increased from 5 % to 95 % of full power (nominal vessel power setting). Signal
amplitudes in the frequency range f, = 1 MHz and f, = 5 MHz have been used to calculate the
integrated broadband cavitation noise energy whose variation with power is shown in
Figure E.3.

A number of publications have investigated use of the cavitation sensor as an objective
means of quantifying cavitation [29], [30], [31], [32]. Figure E.4 shows the results of a study
on a 40 kHz commercial cleaning vessel with four transducers [29]. Results shown are of a

cavifation noise energy. These indicate the spatial resolution of the cavitation sensor Qd the

ability to identify cavitation “hot-spots” caused by overlapping reflections [29]. T sults
correlated well with a qualitative assessment of the spatial distribution of er03| sing a
simple aluminium foil test. In this study, electrical signals generated by the ca on sepsor

wer¢ processed by an electronics module for which /=1 MHz and f, = 7 MH%.LQ

—60 T T T T T T ’b\)
— Noise o 5% ()

. —10% x%
70 4 —20% & %

65%{(5)0 85 %

Magnitude (dBm)

1 1,5 \@ 2,5 3 35 4 45 5
\j: Frequency (MHz)
O

IEC

Flgure E.2 — High-frequency spectra obtained from the cavitation sensor of the type

Ihown in Figure 28] for a commercial ultrasonic cleaning vessel operating af

0 kHz whose nal power setting has been changed from 5 % to 95 % of its full
@0 operating power

During the rse of the measurement set, temperature increased from 20,3 °C to 21, °C

2,84 p 8].
AN

and DO; ssolved oxygen content) level increased from 1,95 ppm (parts per million]) to
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Higure E.3 — Variation in the integrated broadband é\/itation energy derived using
the cylindrical cavitation sensor, from the ac tic spectra shown in Figure E.2

IEC

Megsurements are shown for both “ascending’Q(S and “descending” (°) runs. Uncertginty

estimates are the Type A (random) uncertai s expressed at the 95 % confidence lgvel.

Valdes have been corrected for the influenQE\Gf background noise.
b
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Figure E.4 — Raster scan covering a commercial ultrasonic cleaning vessel
with four transducers operating at 40 kHz

The step size (resolution) of the scan was 10 mm. The transducers are seen at the four
corners of the raster grid. During the scan, the temperature increased from 30,9 °C to
33,9 °C, and there was slight degassing, with the DO, (dissolved oxygen) level decreasing
from 5,1 ppm to 4,25 ppm.
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Annex-DAnnex F
(normative)

Cavitation noise measurement by extraction of
broadband spectral components

F.1 Compensation for extraneous noise

Prior to the start of measurements, compensation for extraneous noise shall be performed.
With the direct field off but with the hydrophone attached to the analyser, the voliage
waveform u, ise(,,) is recorded. The-FEF DFT of u450(?), designated as U, ,ise(f,, )-nshall be

N,
calculated and digitally stored for m < _—S2P

. For all subsequent steps, Uff);) shall be

replaced by U’(fm)z\/| U(f,)) 12 = Unoise(f,,) > in order to correct for the, ndise. P(f,,) shall
ther| be calculated by substituting U'(f,,) into Formula (2).

F.2| Features of the acoustic pressure spectrum

Thelacoustic pressure spectrum is shown schematically in Figure F.1.
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Figure F.f:="Schematic representation of acoustic pressure spectrum prys(/)

theMargest spectral peak in the vicinity of fy, which shall be ascribed to the applied or
direct field acoustic pressure(shown in blue);

smaller peaks, which shall be ascribed to—stable the non-broadband cavitation
component (shown in yellow);

NOTE 1 The smaller peaks arise from some combination of non-inertial cavitation as well as periodic shock
waves generated by repeated bubble collapse [34], [35], [36], [37], [38].

broadband noise most prevalent in regions between the peaks, which shall be ascribed to
transient the broadband cavitation component (shown in red).

NOTE 2 The broadband cavitation component can be attributed to variations in shock wave emission from
a distributed cavitating system [34], [36], [37], [38].
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F.3 Identification of the operating frequency f, and direct field acoustic
pressure

F.3.1 Identification of the operating frequency f;

N,
fo shall be assigned the value of f, that maximizes P(f,,) for m<%, and which is in the
vicinity of the expected operating frequency. In some positions harmonics-may can be larger
than the direct field. For such cases, the algorithm should allow an over-ride feature that
rejects any peak not in the vicinity of the nominal operating frequency.

F.3.p Fit to primary peak (direct field)

A nlimerical fit, go(f), shall be determined for the spectral peak of P(f,,) in the vicinity df f;.
go(f] shall have only one peak (i.e. the derivative is zero at only one place over the‘domain).

F.3.p Determination of RMS direct field acoustic pressure

The|RMS direct field acoustic pressure shall be calculated as follows:

] Neap!2 ,
P0=N 2 > lgolfy)l F.1)
cap k=1

F.3.4 Validation

Thelfitting algorithm shall have been validated by comparison to numerical data which|has
nonizero results for Py, 2P.P,, and 2Py, %all of which are known. If commercially supplied
softyare is employed, it should include example data sets.

F.4| Identification of-stable*and-transient cavitation noise components

F.4.q Subtraction of direct field component of spectrum

The| acoustic pressure.spectrum, excluding the contribution of the direct field, shal|l be
calcplated as followst

A numerical fitestf- g,,(f) shall be performed on Ai(f,,) to identify spectral peaks, typically in

the vicinity of integer or half-integer harmonics of f;, which can be associated with-stable non-
broadband cavitation. The RMS value of the—stable non-broadband cavitation shall be
determined from:

1 / Neap/2
T — s 2 (D.3)
STy \/ 2. 18sUr)l =57
cap | j—t
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1 Neap/2
B =2 2 I2w(fi)F (F.3)
cap k=1
F.4.3 Determination of-transient broadband cavitation component
RMS value of the-transient broadband cavitation shall be determined from:
(D 4)
\FF-77
1 Noap/2 )
= 2 3 1h(fi)= g (fi)] (F-4)
Neap k=1
F.4.4 Validation
fitting algorithm shall have been validated by comparison to numerical data which|has
zero results for Py, PP, and 2./P,, all of which are known. If commercially supplied

non
soft

vare is employed, it should include example data sets.
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This second edition cancels and replaces the first edition published in 2019. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) addition of a new method of measurement: the measurement of integrated broadband
cavitation energy between two frequency bounds.
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The text of this Technical Specification is based on the following documents:

Draft Report on voting

87/804/DTS 87/822A/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.

Thig document was drafted in accordance with ISO/IEC Directives, Part 2, and developgd in
accgrdance with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Suapplenient,
available at www.iec.ch/members_experts/refdocs. The main document types developed by
IEC|are described in greater detail at www.iec.ch/publications.

Terms in bold in the text are defined in Clause 3.

The|committee has decided that the contents of this document will remain unchanged unti| the
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IMPORTANT - The ‘colour inside' logoeon the cover page of this publication indicates that it
contains colours which are considered to be useful for the correct understanding of| its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Ultrasonically induced cavitation is used frequently for immersion cleaning in liquids. There
are two general classes of ultrasonically induced cavitation. Inertial cavitation is the rapid
collapse of bubbles. Non-inertial cavitation refers to persistent pulsation of bubbles as a
result of stimulation by an ultrasonic field. Both inertial cavitation and non-inertial
cavitation can create significant localized streaming effects that contribute to cleaning.
Inertial cavitation additionally causes a localized shock wave that can contribute to cleaning
and or damage of parts. Both types of cavitation create acoustic signals (cavitation noise)

cleaning tanks, cleaning equipment, and reactors, as used, for example, for the purposgs of
industrial process control or for hospital sterilization.
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MEASUREMENT OF CAVITATION NOISE IN ULTRASONIC BATHS
AND ULTRASONIC REACTORS

1 Scope

This document, which is a Technical Specification, provides a technique of measurement
jon o asound in liquid or use in eaning device equipment, and ultra

and

e the cavitation measurement at frequencies between harmonics of the ‘operating

requency fj,
o f{he cavitation measurement derived by integrating broadband cavitation nojse energy

e the cavitation measurement by extraction of broadband spectral components.
Thig document covers the measurement and evaluation of cavitation,-but not its secon

effegcts (cleaning results, sonochemical effects, etc.). Further detailsyregarding the generg
of cavitation noise in ultrasonic baths and ultrasonic reactors are’provided in Annex A.

2 [Normative references

Thefe are no normative references in this document-

3 [Terms and definitions
For the purposes of this document, the fallowing terms and definitions apply.

ISOJand IEC maintain terminological databases for use in standardization at the follo
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e [SO Online browsingyplatform: available at http://www.iso.org/obp

3.1
averaging time for cavitation measurement

tav
length of timeéyover which a signal is averaged to produce a measurement of cavitation

Note|1 t6,entry: Averaging time for cavitation is expressed in seconds (s).

Hary
tion

ving

Note ZTo entry: As cavitation 1S a stochastic process, integrating over a sutficiently 1arge 7,_can be necessary to

generate stability of the readings. An example is given in Annex B under Formula (B.4).

3.2
cavitation
formation of vapour cavities in a liquid

3.3

cavitation noise

acoustic signals as measured by a hydrophone, arising from the presence of cavitation
liquid, or the interaction of cavitation with the direct field acoustic pressure signal

in a
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inertial cavitation
sudden collapse of a bubble in a liquid in response to an externally applied acoustic field,
such that an acoustic shock wave is created

3.5
non

-inertial cavitation

oscillation in size or shape of a bubble in a liquid in response to an externally applied acoustic
field that is sustained over multiple cycles of the driving frequency

3.6

end
ML(J
<of

hyd
of 3
imp
free
hyd

M,

Note
mody

Note

[SO
has

3.7
end

LML
<of
ratig

M,

ref]
LML

Note

tof-cable loaded sensitivity
)
a hydrophone or hydrophone assembly> quotient of the Fourier ¢transfor
Fophone voltage-time signal F(u (7)) at the end of any integral cable or output conne

pdance, to the Fourier transformed acoustic pulse waveform F(p(t))~in the undistu
field of a plane wave in the position of the reference centre of the hydrophone if
rophone were removed, at a specified frequency

F(p(1)
1 to entry: The Fourier transform is in general a complex-valued quantity but for this document only the

lus is considered, and is expressed in units of volt per pascal,/V/Pa,

2 to entry: The term "response” is sometimes used instead of "sensitivity".

JRCE: |IEC 62127-3:2022, 3.7, modified.~£Only the modulus is considered, Note 1 to 4
been exchanged and Note 2 to entry has been added.] [2]

tof-cable loaded sensitivity lével

(/)

b hydrophone or hydrophonhe assembly> twenty times the logarithm to the base 10 of

of the modulus of the.end-of-cable loaded sensitivity |j\_/[|_| to a reference sensitivi
M (f
(f):20log10| ( )|dB
Mref
1toentry: A commonly used value of the reference sensitivity M is 1 V/uPa.

Note

med
ctor

hydrophone or hydrophone assembly, when connected to a specific electric load

bed
the

ntry

the
y of

3 to’entry: The end-of-cable loaded sensitivity level is expressed in decibels (dB).

[SOURCE: IEC 62127-1:2022, 3.26, modified — In the definition, a different symbol is used

and

3.8

"quotient" has been replaced with "ratio".

hydrophone
transducer that produces electric signals in response to pressure fluctuations in water

[SOURCE: IEC 60050-801:2021, 801-32-26] [1]

3.9

hydrophone assembly

com

bination of hydrophone and hydrophone pre-amplifier
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[SOURCE: IEC 62127-3:2022, 3.13] [2]

3.10

number of averages

Nav

number of waveforms captured and averaged in a cavitation measurement

3.11
operating frequency
fo

driv'nn froauonevofultracound aanaratar
Rg—HeqHehc \ =2

AR AN LAIE- S-A-A- LA BT A2 R A B- a4}

Note|1 to entry: Operating frequency is expressed in hertz (Hz).

3.12
relative cavitation noise measurements
megsurements made for purposes of comparison between two different cleahing
environments or different locations within a cleaning environment, such that the end-of-cable
loaded sensitivity of the hydrophone can be assumed to be identical’inrboth cases

3.13
sampling frequency

s

number of points per second captured by a digital waveform recorder

Note|1 to entry: Sampling frequency is expressed in hertz (Hz):

3.1
size| of the capture buffer
N,

caq
total number of points captured at a time by-a digital waveform recorder

3.15
capture time

tcap
length of time to capture Noap points at a sampling frequency of f;

Note|1 to entry: Capture time.is expressed in seconds (s).

3.16
cavitation noisetlevel

Len
leve| calculdated from the cavitation noise at frequencies between harmonics of f;

Note|1 to,entry: Cavitation noise is expressed in decibels (dB).

3.17
integrated broadband cavitation noise energy

EigeN
cavitation noise energy integrated between two identified frequency bounds, f,, and f|

Note 1 to entry: Commonly expressed in units of V2s1.

3.18
reference sound pressure

Pref
sound pressure, conventionally chosen, equal to 20 pPa for gases and to 1 yPa for liquids

and solids

Note 1 to entry: Reference sound pressure is expressed in pascals (Pa).
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[SOURCE: IEC 60050-801:1994, 801-21-22] [1]

3.19

averaged power spectrum
P2(f)

power spectrum of the instantaneous acoustic pressure averaged over N,, measurements

Note

3.20

1 to entry: Averaged power spectrum is expressed in units of Pa2.

medg
P

n

ian of acoustic pressure

median value of amplitude values of spectral lines within B;

Note

3.21
ban
By

ban

Note

3.22
cen

e

1 to entry: Median of acoustic pressure is expressed in pascals (Pa).
d filter
i filter located at a centre frequency which is between harmonics,of f,

1 to entry: Band filter is expressed in hertz (Hz).

re frequency

cenfre frequency of the band filter B¢

Note

3.23

1 to entry: Centre frequency is expressed in hertz,(Hz).

direlct field acoustic pressure

Py
port

on of the RMS acoustic préssure signal arising directly from the ultrasonic dri

excifation, at the operating frequency of the device

ving

Note|1 to entry: RMS direct field~acoustic pressure is expressed in pascals (Pa).

3.24

spegtral acoustic pressure

P(f) | -

discfete Fourierstransform of the hydrophone voltage divided by the end-of-cable loaded
sensgitivity

Note|1 t6,entry: Spectral acoustic pressure is expressed in pascals (Pa).

3.2

non-broadband cavitation component

Pnb . . . . . - - - -
portion of the RMS acoustic pressure signal arising from non-inertial cavitation
Note 1 to entry: The non-inertial cavitation component is expressed in pascals (Pa).

3.26

broadband cavitation component

Py

portion of the RMS acoustic pressure signal arising from inertial cavitation

Note 1 to entry: The inertial cavitation component is expressed in pascals (Pa).
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3.27

voltage

u(t)

instantaneous voltage measured by analyser

Note 1 to entry: Voltage is expressed in volts (V).

3.28

voltage spectrum

utf)

discrete Fourier transform of the voltage

Note|1 to entry: Voltage spectrum is expressed in volts (V).

3.29

wingdow function

w(n)

ampllitude weighting function used in the discrete Fourier transform

3.30

frequency spacing

Af

distance of spectrum samples of a discrete Fourier transform

Note|1 to entry: Frequency spacing is expressed in hertz (Hz).

4 |List of symbols

f
Jo
A

fs
Ju

E\ggN
ML(
N

av

N,

caq

~

lcap

P(f)

PO(]‘) direct-field-acoustic pressure

Pnb(f)
Py(f)

frequency
operating frequency

lower frequency limit usedton the calculation of the integrated broadb
cavitation noise energy

sampling frequency

upper frequency. limit used on the calculation of the integrated broadb
cavitation noise energy

integrated broadband cavitation noise energy
end-of-cable loaded sensitivity

number-ef averages

number of points captured in a waveform

capture time

spectral acoustic pressure (a function of frequency)

non-broadband cavitation component
broadband cavitation component
voltage (a function of time)

voltage spectrum (a function of frequency)
cavitation noise level

reference sound pressure

averaged power spectrum

median of acoustic pressure
band filter

and

and
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Ie centre frequency

tav averaging time for cavitation measurement
Af frequency spacing

w(n) window function

5 Measurement equipment

5.1 Hydrophone

5.1. General

It is|assumed throughout this document that a hydrophone is a device which prgduce$ an
outgut voltage waveform in response to an acoustic wave. Specifically, for the, case pf a
sinusoidal acoustic wave, the hydrophone shall produce an output voltage proportional td the
acouistic pressure integrated over its electro-acoustically active surface area) Assuming [that
spaflial variations in the acoustic pressure field over this active surface area“are negligible| the
hydrophone can then be assumed to be a point sensor and the acoustic’field pressure|can
be described by Formula (1):

P(f)=U(f) M (f) (1)

where P(f) is the spectral acoustic pressure, U(f) iS\the amplitude of the voltage, and M (/)

is tHe end-of-cable loaded sensitivity of the hydrophone (defined also as an amplitude¢ for
purgoses of this document). All parameters are.expressed as a function of frequency |and
follgw the convention of only designating the magnitude of frequency-dependent quantifies,
disrggarding their phase angle.

NOTE The traditional concept of the hydrophene is of a nominally point-like measurement device which responds
both [to the direct field and the signals generated from cavitation bubbles. However, alternative devices have |peen
used| and will possibly be developed in fUture where the details of the construction of the device have peen
designed to specifically measure the cavitation signal. An example of this device is covered in Annex D, whefe an
implgmentation for measurement of the integrated broadband cavitation noise energy is described. For|such
devides, it is possible that concepts of hydrophone sensitivity and directional response are not difectly
transferrable.

5.1.p Calibration ofcthydrophone sensitivity

The|hydrophone shall be calibrated such that M| (f), the end-of-cable loaded sensitivify of
the hydrophone;‘is known for any frequency or frequency component for which an acodstic
pregsure valu€lis reported.

NOTE Jn.sbme cases cavitation measurements can be made in relative terms, in which case a calibratipn to
deteqming M (f) is not necessary. See 5.2.1.4.

5.1.3 Hydrophone properties
5.1.3.1 Acoustic pressure range

The hydrophone and any associated electronics shall be suitable for the maximum pressure
of the environment, and shall be at minimum suitable for an RMS acoustic pressure up to
600 kPa.

5.1.3.2 Bandwidth of the hydrophone

The bandwidth of the hydrophone should be in accordance with 5.1.2, such that variations in
M, (f), the end-of-cable loaded sensitivity of the hydrophone, can be compensated for by
the cavitation measurement scheme, such as in 5.2.1.4.
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5.1.3.3 Directional response

The hydrophone shall have an approximately spherical directivity. In order to achieve this,
for an operating frequency below 100 kHz the hydrophone should have an effective
diameter less than a quarter wavelength. This guideline may be relaxed above 100 kHz
because of the potential difficulty in achieving such a small effective diameter in a package
that can withstand the cleaning environment; however, there is the corresponding increase in
measurement uncertainty and the user should attempt to account for it.

5.1.34 Cable length

resdnance in the connecting cable does not affect the defined bandwidth of the hydrophjone

A cpnnecting cable of a Tength and characteristic impedance which ensure that elecffical
or hydrophone assembly shall be chosen. The cable shall also be terminated appropriatgly.

To |minimize the effect of resonance in the connecting cable located \between |the
hydrophone’s sensitive element and a preamplifier or waveform digitizer input; the numerical
value of the length of that cable in metres shall be much less than 50/(fg\* W5q) where [j is
the pperating frequency in megahertz and W, is the —20 dB bandwidth of the hydrophlone
signjal in megahertz. Attention should be paid to the appropriateness‘of the output impedgnce
of the hydrophone and amplifier in relation to the input impedance of the connefted
meagsuring device.

5.1.8.5 Measurement system linearity

Theluser shall ensure that the voltage output of any pteamplifier or amplifier is linear ovel the
rande used. This shall be done by obtaining the mmaximum voltage output within which| the
resgonse is linear within 10 %, and providing necessary adjustments to gain, such as can be
available from gain control settings on the preamplifier or amplifier.

5.1.4 Hydrophone compatibility with environment

Envlronmental conditions such as temperature or the chemistry of the environment shall be
withjn the hydrophone manufacturer’s stated range of operating conditions.

Diffgrences between the calibration conditions for the hydrophone and the measurement
condlitions shall be considered to the extent that they can affect the measurements.|For
example, for relative cavitation noise measurements made at the same temperature jwith
hydiophones of identical construction, it can be unnecessary to determine how the sensifivity
of the hydrophoneschanges between the calibration and measurement conditions. Howgver,
for absolute measurements the change in hydrophone sensitivity with temperature shall be
known, and corrected for in accordance with IEC 62127-3:2022.

5.2 | Analyser

5.2. General considerations

5.2.1.1 General

The analyser is an instrument that converts u(¢), the time-domain voltage waveform provided
by the hydrophone, to a measurement of cavitation activity. 5.2.1 describes several
considerations that are independent of the measuring method. Following that, several
independent methods are described in 5.2.2 to 5.2.4.

5.2.1.2 General considerations: sampling rate

If the analyser utilizes digital recording of u(¢), let u[z,] designate this sampling with ¢,
designating the discrete points in time captured, with m = 1, ..., N, Where N, is the size of
the capture buffer. The interval in time between successive samples shall be uniform, and
the sampling frequency f; shall be at least a factor of two (2) higher than the highest
frequency component of interest in the signal. Consideration should be taken of any
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shockwave components of the signal in assessing the sampling frequency. An anti-aliasing
filter with a cutoff frequency of at most half of the sampling frequency shall be used to filter
out higher frequency components.

The size of the capture buffer (Ncap) shall also be known (the duration of waveform capture

in units of seconds is then N, /fs).

5.2.1.3 General considerations: averaging time

t,y» the period of time over which the analyser averages results to report cavitation activity,
shallhe known either from a user-defined Qnﬂing on the nnnlyenr or obtained from the

manufacturer. For an analyser utilizing digital recording of a waveform ¢;, = Ny, x Negp | fs -

See|Annex B for examples.

5.2.1.4 General considerations: calibration

For | relative cavitation noise measurements performed with the ~same or identical
hydrophones, the measurements may be in terms of voltage only. Eor)all other cases,| the
measurement shall take account of M(f), the end-of-cable loaded sensitivity of|the
hydrophone, in one of two ways.

1) If variation in M| (f) is expected to be negligible throughout the frequency range of intefest,
esults shall be scaled by a factor of M| (fy), where f, is'the operating frequency of| the
ltrasound. In this case, the user shall assess the uncertainty in the measurement due to
esidual deviations in M| (f) from M| (f,) across the frequency range of the measurement.

2) u(z,) shall be digitally recorded if LML (f) varies”’by more than 2 dB over the repgrted
andwidth of the cavitation signal. U(f,,), the voltage spectrum as computed from its

N
discrete Fourier transform (DFT), shallcbé computed and digitally stored for m<—‘;—p

only the single-sided spectrum is saved). Formula (2) shall then be used to calculatg the
gpectral acoustic pressure P(f,):

NOTE For purposes of_thisildocument only the magnitude of the discrete Fourier transform is used.

5.2.p Specific‘measurement method: inertial cavitation spectrum measurement at
fregquencies between harmonics of f;

is method, the DFT of u(r) is computed as in 5.2.1.4. The operating frequency f; is
scanned, in the spectrum. The noise in a frequency band between the harmonics of| the
opetating-frequency .‘;‘;v“e;‘s i is v is—eatettated e

frequency f of the frequency band is defined as f. = f; x(%+0,25), where n is an integer.

The cavitation noise level Ly is an indication of inertial cavitation activity. Further details
are provided in Annex B.

5.2.3 Specific measurement method: Measurement of integrated broadband
cavitation noise energy between two frequency bounds

In this method, the DFT of u(z) is computed, and the energy between two specific frequency
limits, £, and £, is integrated and, following subtraction of noise, used to derive a value of the
integrated broadband cavitation noise energy (£\gcy)- Through appropriate choice of the
upper and lower frequency limits of the spectral integration, this quantity is primarily related to
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the degree of inertial cavitation activity. Further details of this measurement can be found in
Annex D.

NOTE With knowledge of the variation in the sensmwty of the device between f and f, the integrated
broadband cavitation noise energy can be converted to PaZ s™".

5.2.4 Specific measurement method: cavitation noise measurement by extraction of
broadband spectral components

In this method the DFT of u(¢) is computed, noise is subtracted, and a broadband calibration
of the hydrophone prowdes a broadband determmatlon of P(f) usmg Formula (2). A computer

pregsure, broadband cavitation component and non-broadband cavitation compo ent
to the acoustic pressure spectrum, and reports these as Py, P, and P, respectively.\Further
detdils are provided in Annex F.

5.3 | Requirements for equipment being characterized
5.3.1 Temperature and chemistry compatibility with the hydrophane

The|cleaning environment shall be checked to make sure that its expected temperature rgnge
and|chemistry are compatible with the hydrophone specifications!

5.3.2 Electrical interference

The| user shall perform reasonable checks that elegtrical interference is not significantly
affecting the measurements. These checks should¢inelude comparing the signal when| the
hydiophone is outside of the cleaning solution to wheén it is inside the solution. If the signal
outdide in air is significant compared to the signal with the hydrophone in the tank, there is
signfficant electrical interference.

NOTE It is also possible to check for electrical interference by shielding the hydrophone from acoustic signals
with gn acoustically absorbing shell while leaving-a water path for electrical conduction in a tank.

6 |[Measurement procedure

6.1 Reference measurements

6.1.1 Control of environmental conditions for reference measurements

Ref¢rence measuréments are performed under controlled conditions in order to monitor| the
stahbiility of an ultrasonic system. Critical environmental conditions shall be documented [and
reprpduced, including:

. ettings-of the equipment under test;

ater quality — cavitation activity is known to depend on the level of impurities |and

nnnnnnnnnnnnnnn
CUTrSSOTveO—gasToy

e temperature;
e position and angular orientation of the hydrophone;
o water height and position of any objects within the cleaning tank;

e ultrasonic settling time, i.e. the time that the ultrasound has been on (generally expected
to be at least five minutes);

e the type and quantity of any additives added to promote wetting of the surfaces of the
ultrasonic system and hydrophone in order to aid degassing.

In general, the user shall determine tolerances for each of these conditions when establishing
a baseline for future reference measurements. This shall be done by observing the variation
of cavitation measurements with variation in these parameters, and specifying the tolerances
based on the required repeatability of reference measurements. In the case of hydrophone
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position and water height, it is expected that reproducibility within a quarter wavelength at the
operating frequency will be sufficient. Although ideally position repeatability within 1/10 of a
wavelength should be achieved, in many cases practical considerations such as oscillations of

the

NOT

6.1.

water surface justify a relaxation of this recommendation

E Higher tolerances can occur when objects are inside of a cleaning vessel.

2 Measurement procedure for reference measurements

1) The hydrophone shall be positioned at the documented user-defined locations and

2)

3)

6.2

In-s
inu

The
the

1)
2)
3)

angular orientations for the reference measurement.

Rmatyser—settings—for the Teference measurement shatt—be reproduced—based
jocumented settings.

Cavitation activity shall be measured in accordance with one of the methods of 5.2,
b.2.4 and recorded.
In-situ monitoring measurements

tu monitoring measurements are performed to monitor cavitation while a cleaning tar
te for cleaning. Uses can include research, process developmentgor’documentation.

ollowing general procedure should be applied.

Document cleaning system settings, analyser settingss;~and ultrasonic settling time.
Document position and angular orientation of the hydrophone.

Measure cavitation activity in accordance with{one of the methods of 5.2.2 to 5.2.4
ecord results.

on

kis

level of control is not expected to be as high as in reference measurements. Nevertheless

and
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A1

Annex A
(informative)

Background

Cavitation in ultrasonic cleaning

Acoustic cavitation is one of the main components of the ultrasonic cleaning action and is
used, for example, for the cleaning of hard surfaces in ultrasonic baths with a setup such as

shoWwn in Figure A.T or in ulfrasonic reactors [3]. A

Q
™
N4

Tank,(l,
Sound field Q'\ :
Qeating
O
Cabinet
Transducers
Generator
IEC
%
Figure A.1 — Typical se@of an ultrasonic cleaning device
.\Q,
A tank is equipped with ultrasoni Eﬁnsducers, which are driven by an electrical genenator
with| an operating frequency ted to the resonance frequency of the transducers. [The
tank is filled with a liquid cleaning medium. The temperature of the medium can be influerjced

by heating elements. Due t(}% vibration of the transducers, a sound field develops insidg
tank.

the
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The
the
the

places where the modulus of the rarefactionakacoustic pressure exceeds the thresholg

iner

threp times the initial radius at least and“the velocity of the bubble wall is higher than
spe¢d of sound. At lower acoustic pressure bubbles oscillate nonlinearly and gas can dif

into

frequency and a broad-band noisgcare produced. The level of these frequency componen
shown in Figure A.3. The maximum level is found at the operating frequency - in
example at 35 kHz. At low frequencies the acoustic pressure level is limited by the size of

tank
can

frequencies.

IEC

Figure A.2 — Spatial distribution of the acoustic pressure level in water
in front of a 35 kHz transducer with reflections on all sides
of the water bath (0,12 m x 0,3 m %.0,25 m)

linear sound field of a small ultrasonic transducer,'element corresponds approximate
ield of a piston radiator. The radiated waves arg’ totally reflected on the water surface
ank walls. This results in a three-dimensionalstanding wave field (Figure A.2) [4]. Af

ial cavitation, cavities can collapse violently. In this case the maximum bubble radiu

the bubbles. In both cases, harmonic and subharmonic frequencies of the opers

024

y to
and
the
for
s is
the
fuse
ting
Is is
this
the

[3]. Above the cavitation threshold [5], [6], [7] broadband noise occurs. This noise level

be corrected by the hydrophone frequency response and eventually decreases at
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Figure A.3 — Typical Fourier spectrum for sinusoidal ultrasound excitation
above the cavitation threshold at an operating frequency of 35 kHz
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Figure A.3 illustrates the information contained in the spectral signals, emphasizing the
relatively small size of those components associated with cavitation (harmonics, broadband)
relative to the direct field at f;. A study evaluating the performance of various commercial
cavitation meters revealed that many do not provide objective measures related to cavitation
but are effectively hydrophones responding to the direct field [8]. The measurement
procedures described in Annex B, Annex D and Annex F all utilize spectral information.

The acoustic pressure level of the ultrasonic signal is limited by the nonlinear oscillation of
the bubbles. The surface tension and the temperature of the fluid have an effect on the
caV|tat|on By Bjerknes forces the bubbles vibrating in a sound field are moved to the

tanks was degassed [9] before use.

IEC

SOURCE: M. Koechel et al. [22]. Reproduced with the permission of M. Koechel.

Figure A.4 —Photograph of cavitation structure under the water surface
at an operating frequency of 25 kHz

A.2| Practical.considerations for measurements

Thefe are-only a few ultrasonic cleaning devices which work with sinusoidal signals. In most

modern (ultrasonic cleaners, a generator with low output impedance — a voltage sourge —
proquces a rectangular voltage. The ultrasonic transducer converts the applied electric pgwer
to mechanical power wi igh efficiency at Its resonance frequency. 1he mechanical power of

the transducer is radiated into the coupled fluid. Normally, the nominal value of the active
power is preset or adjusted by the user and is controlled by the generator automatically in a
closed loop control system. In many cases the amplitude of the signal is additionally
modulated. The envelope of the signal often corresponds to the rectified mains voltage
(Figure A.5). This modulation should be taken into account in determining the averaging time
t,y Of the measurement.
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Ultrasoun§l voltage (arb. units)

Figure A.5 — Typical rectangular ultrasound signal with a frequency of 25 kHz
and 50 Hz double half wave modulation

The| power control is also influenced by the resonance frequency’ of the system, whigh is
depéndent on the level of the medium, the temperature, theenumber and properties of| the
objects in the tank and other factors. Therefore the operating frequency of the generator

cha

mges during operation and should be measured and recorded digitally, with

refefenced to the time of cavitation measurements.

Becpuse of the stochastic behaviour of the cavitation activities, averaging is usually app

and

The
acti

A3

the temporal sampling interval over which averaging is performed is defined.

result of the signal processing gives:values to characterize the ultrasound cavita
ity.

Measurement procedure’in the ultrasonic bath

Usef should define water eonditions such as filtration, deionization, gas content, additi

tem
of t
sho

requ
tank.

1)

pberature, etc., such that-measurements are reproducible. Depending on the requirem
!I:e user, the water_temperature should be, for example, between 30 °C and 50 °C
Id be degassed until a steady cavitation noise level is reached. Depending on

manpét-through the sonicated volume. During the meandering movement, the noise |

pf\the hydrophone should not destroy the cavitation structures by agitation and sh

me

ied,

tion

ves,
ents
and

the

irements, a) ah average or b) a point-determined noise level should be measured for the

During .the  measurement, the hydrophone should be moved slowly in a meanddgring

evel

should be measured and the mean value should be calculated therefrom. The movement

puld

not exceed 10 mm/s.

2) At fixed locations in the sonicated volume, the mean value of the noise level should be

measured.

The acoustic centre of the hydrophone should always be immersed at least a quarter
wavelength. In general, a distance of at least half a wavelength from the walls is respected.
For example, at a frequency of 25 kHz, the hydrophone should be at least 15 mm deep and 30
mm distant from the wall and the bottom of the tank. At 45 kHz, this corresponds to a depth of

8m

m and a distance of 16 mm.
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A.4 Characterization methods that do not utilize the acoustic spectrum

This document describes a method to measure the ultrasonic cavitation with a hydrophone
and an analysis of the resulting noise spectrum described in general in Clauses 5 and 6.

The result of a measurement of the acoustic pressure without spectral evaluation is often
ambiguous and therefore not suitable to verify an ultrasound device and are not within the
scope of this document.

The measurement of the acoustic pressure results in an instantaneous value, but there are
othdr effecis whose measuremeni gives instanfaneous values, which are temporally Jand

causally related to the acoustic cavitation induced by the acoustic pressure:

Thege measurements of an instantaneous value are not in-the scope of this document.

onoluminescence or cavitation luminescence [10], whose time-resolved lightsintensity is
irectly related to the events of inertial cavitation, i.e. the flashes of light-originate {from
he collapsing bubbles within less than nanoseconds;

onochemiluminescence [11], requiring additionally chemical compounds dissolved in the
liquid, which show sonochemically triggered reactions in the-solution leadind to
lectronically excited product molecules, returning to their groundistate by irradiatingl the
luminescence.

XAMPLE The oxidation of luminol in alkaline aqueous solutions, triggeréd by sonochemically produced OH-
dicals, which gives blue light delayed up to microseconds after bubblé collapses.

Bes|des that, there are other methods for measuring the sum of time-accumulated cavitation,

i.e.

he dose of some more or less defined effects of ultrasonics:

ass loss or by photometric interpretation) [12], [13], [14], [15], [16], [17];

rosive mass loss of other samples/in principle similar to the standard ASTM G32 [18] but
vith materials adapted to the cavitation erosion in ultrasonic baths [19];

Ijrosion of aluminium foils of about 25 4Mm thickness and not wrinkled (measured by its

ptical surface changes by the“erosion of specially prepared surfaces, e.g. a steel rod jwith
lectroplated multilayers.including a final layer of copper, with a thickness in the 1| um
lange adapted to the stfemgth of the cavitation [20];

hemical changes intsolutions caused by sonochemical reactions, which, for example,|can
Ie made visible by-corresponding colour changes [11];

OTE One of the most popular examples is the glassy SonoCheck! test tube, but for a critical r¢view
ee [21].

7y

other methods not mentioned here.

Thege/ measurements of time-accumulated cavitation are not within the scope of [this

document.

1

SonoCheck is the trade name of a product supplied by Pereg GmbH. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of this product.
Equivalent products may be used if they can be shown to lead to the same results.
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