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MEASUREMENT OF CAVITATION NOISE IN ULTRASONIC BATHS

AND ULTRASONIC REACTORS

FOREWORD

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

2)

3)

4)

5)

6)

7)

8)

9)

all :
intermpational co-operation on all questions concerning standardization in the electrical and electronic]
this ¢nd and in addition to other activities, IEC publishes International Standards, Technical Speci
Techhical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred. to
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee ir|
in the subject dealt with may participate in this preparatory work. International, governmental 4
govefnmental organizations liaising with the IEC also participate in this preparation. IEC Collaborate
with |the International Organization for Standardization (ISO) in accordance withconditions detern
agreg¢ment between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly-as possible, an inte
consensus of opinion on the relevant subjects since each technical committee has representation
interg¢sted IEC National Committees.

ublications have the form of recommendations for international ‘use and are accepted by IEC
ittees in that sense. While all reasonable efforts are made to €hsure that the technical conter
Publications is accurate, IEC cannot be held responsible for the’ way in which they are used or
misinterpretation by any end user.

In order to promote international uniformity, IEC National<Committees undertake to apply IEC Pul
transparently to the maximum extent possible in their, national and regional publications. Any di
betwgen any IEC Publication and the corresponding national or regional publication shall be clearly ind
the I3tter.

IEC f{tself does not provide any attestation of conformity. Independent certification bodies provide cd
assepsment services and, in some areas, access,to |[EC marks of conformity. IEC is not responsiblg
servites carried out by independent certificationtbodies.

All ugers should ensure that they have thedatest edition of this publication.

No lipbility shall attach to IEC or its difectors, employees, servants or agents including individual exp
mempers of its technical committees @nd IEC National Committees for any personal injury, property dg
othenl damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fg
expehses arising out of the publication, use of, or reliance upon, this IEC Publication or any o
Publications.

Attertion is drawn to the(Normative references cited in this publication. Use of the referenced public|
indispensable for the correct application of this publication.

IEC fraws attention.\te’ the possibility that the implementation of this document may involve the ug
patent(s). IEC takes.no position concerning the evidence, validity or applicability of any claimed patent
respect thereof. As of the date of publication of this document, IEC had not received notice of (a) p
whiclh may besrequired to implement this document. However, implementers are cautioned that this
reprgsent( the latest information, which may be obtained from the patent database avai
https}//gatents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.
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IEC TS 63001 has been prepared by IEC technical committee 87: Ultrasonics.
Technical Specification.

It is a

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.

This dgcument was drafted In accordance wi irectives, Part Z, and develpped in
accordpgnce with ISO/IEC Directives, Part1 and ISO/IEC Directives, IEC Suopplement,
available at www.iec.ch/members_experts/refdocs. The main document types developed by
IEC arg described in greater detail at www.iec.ch/publications.

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

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec,¢h)in the data related| to the
specifi¢ document. At this date, the document will be
e recpnfirmed,

e withdrawn,

e replaced by a revised edition, or

e ameénded.

IMPOR[TANT — The ‘colour inside' logo,on the cover page of this publication indicates [that it
containjs 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)
which can be detected and measured with a hydrophone. This document provides techniques
to measure and evaluate the degree of cavitation in support of validation efforts for ultrasonic
cleaning tanks, cleaning equipment, and reactors, as used, for example, for the purposes of
industr|al 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 and
evaluation of ultrasound in liquids for use in cleaning devices, equipment, and ultrasonic
reactors. It specifies

e the| cavitation measurement at frequencies between harmonics of the oerating
frequency f;,

o the|cavitation measurement derived by integrating broadband cavitation noise enengy,

e the|cavitation measurement by extraction of broadband spectral componénts.

This dgocument covers the measurement and evaluation of cavitation;)but not its sedondary
effects|(cleaning results, sonochemical effects, etc.). Further details regarding the genferation
of cavifation noise in ultrasonic baths and ultrasonic reactors arg provided in Annex A.

2 Ndrmative references

There @re no normative references in this document.

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

ISO and IEC maintain terminological” databases for use in standardization at the following
addrespes:

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

e IS Online browsing platform: available at http://www.iso.org/obp

3.1
averagling time for'cavitation measurement
tav

length pf tim&over which a signal is averaged to produce a measurement of cavitation

Note 1 taeniry- Averaging time for cavitation is expressed in seconds (s)

Note 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
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 in a
liquid, 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

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-of-cable loaded sensitivity

M, (f)

<of a
hydrog
of a h

impedance, to the Fourier transformed acoustic pulse waveform F(p(:)pin the undij
Id of a plane wave in the position of the reference centre of-the’ hydrophone if the

free fig
hydropq

M (f)=

Note 1 tq
modulus

Note 2 tq

[SOUR
has be

3.7
end-of

Ly (f
<of a h
ratio of

M,

ref
LML (f

Note 1 tq

C 2024

hone voltage-time signal F(u(¢)) at the end of any integral cable or output co
ydrophone or hydrophone assembly, when connected to a specific"electri

hone were removed, at a specified frequency

F (u (1))
F(p(1))

entry: The Fourier transform is in general a complex-valued quantity but for this document only
is considered, and is expressed in units of volt per pasc¢al,*V/Pa,

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

bn exchanged and Note 2 to entry has been added.] [2]

tcable loaded sensitivity level

ydrophone or hydrophone assembly> twenty times the logarithm to the base 1(
the modulus of thetend-of-cable loaded sensitivity |j\_/[|_| to a reference sensi

= 20'0910 |j_\jl/}iﬂdB

ref

hydrophone or hydrophone assembly> quotient of the Fourier Aransformed

hnector
c load
sturbed

CE: IEC 62127-3:2022, 3.7, modified —©Only the modulus is considered, Note 1 to entry

of the
ivity of

entry: A commonly used value of the reference sensitivity M__. is 1 V/uPa.

Note 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".

3.8

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

[SOUR

3.9

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

hydrophone assembly

combin

ation 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

driving frequency of ultrasound generator

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

3.12
relative cavitation noise measurements
measufements made for purposes of comparison between two different cleaning
enviroriments or different locations within a cleaning environment, such thatthe end-of-cable
loaded sensitivity of the hydrophone can be assumed to be identical in“both cases

3.13
sampling frequency

s

numbef of points per second captured by a digital waveform recorder

Note 1 tg entry: Sampling frequency is expressed in hertz (Hz)s

3.14
size of|{the capture buffer
Ncap . i L.

total nymber of points captured at a time by“a digital waveform recorder

3.15
capturg time
tcap i . X

length pf time to capture N¢qp Points at a sampling frequency of f

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

3.16
cavitaffion noiselevel

Len
level calculated from the cavitation noise at frequencies between harmonics of f;

Note 1 td-eAtry—Cavitation-noise—is-exprossed-in-desibels—{(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).


https://iecnorm.com/api/?name=1cdae76e92f27c194da214573eaf0cf0

-10 - IEC TS 63001:2024 © IEC 2024

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

3.19
averag

P (1)

ed power spectrum

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

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

3.20

median of acoustic pressure

Pn
median

Note 1 tq

3.21
band f
By
band fi

Note 1 tq

3.22
centre

e

centre

Note 1 tq

3.23
direct
Py
portion
excitati

Note 1 tq

3.24

value of amplitude values of spectral lines within B;

entry: Median of acoustic pressure is expressed in pascals (Pa).

Iter
ter located at a centre frequency which is between harmonics of f;

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

frequency

frequency of the band filter B;

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

field acoustic pressure

of the RMS acoustic pressure signal arising directly from the ultrasonic
on, at the operating frequency of the device

entry: RMS direct field'acoustic pressure is expressed in pascals (Pa).

spectr

P(f)

discret
sensit

| acoustic _pressure

Fourier )transform of the hydrophone voltage divided by the end-of-cable
ity

Note 1 taentry: Q'm:mfral acoustic pressire is oy'nrpeend in Inn:r‘nl: (Pa)

3.25

non-broadband cavitation component

Pnp .
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).

driving

oaded
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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 t§ entry: Voltage spectrum is expressed in volts (V).

3.29
windoy function

w(n)

amplityde weighting function used in the discrete Fourier transform

3.30
frequephcy spacing

Af

distande of spectrum samples of a discrete Fourier transform

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

4 List of symbols

f frequency

fo operating frequency

il lower frequency limit used\on the calculation of the integrated brogdband
cavitation noise energy

Js sampling frequency

fu upper frequency (imit used on the calculation of the integrated brogdband
cavitation noise' energy

EigeN integrated broadband cavitation noise energy

M (f) end-of-cable loaded sensitivity

N,y number.of averages

Neap number of points captured in a waveform

feap capture time

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

Po(f) direct field acoustic pressure

Pop(f) non-broadband cavitation component

Py(f) broadband cavitation component

u(t) voltage (a function of time)

U(f) voltage spectrum (a function of frequency)

Len cavitation noise level

Pref reference sound pressure

Pz(f) averaged power spectrum

P, median of acoustic pressure

Bs band filter
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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
5.1.1 General

It is agsumed throughout this document that a hydrophone is a device which produces an
output |voltage waveform in response to an acoustic wave. Specifically, for the\cade of a
sinusoidal acoustic wave, the hydrophone shall produce an output voltage proportiona| to the
acoustic pressure integrated over its electro-acoustically active surface area.“‘Assuming that
spatial lvariations in the acoustic pressure field over this active surface area are negligible, the
hydroghone can then be assumed to be a point sensor and the acoustic’/field pressure can
be desg¢ribed by Formula (1):

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

where [P(f) is the spectral acoustic pressure, U(f).is¢he amplitude of the voltage, and M| (/)

is the end-of-cable loaded sensitivity of the hydrophone (defined also as an amplitude for
purposes of this document). All parameters arg, expressed as a function of frequengy and
follow the convention of only designating the{magnitude of frequency-dependent qugntities,
disregdrding their phase angle.

NOTE The traditional concept of the hydrophone is of a nominally point-like measurement device which flesponds
both to the direct field and the signals generated from cavitation bubbles. However, alternative devices hgve been
used anf will possibly be developed in“uture where the details of the construction of the device hgve been
designed to specifically measure the cavitation signal. An example of this device is covered in Annex D, Where an
implemeptation 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
transferrpble.

5.1.2 Calibration of hydrophone sensitivity

The hydrophone shall be calibrated such that M| (f), the end-of-cable loaded sensitjvity of
the hydrophoney is known for any frequency or frequency component for which an agoustic
pressufe valuesis reported.

NOTE In‘some cases cavitation measurements can be made in relative terms, in which case a calibfation to
determine 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

A connecting cable of a length and characteristic impedance which ensure that electrical

resona m‘ﬁmwmmmmwmwmmmvhydnrhone
or hydrophone assembly shall be chosen. The cable shall also be terminated appropriately.

To miphimize the effect of resonance in the connecting cable located.’ betwegn the
hydroghone’s sensitive element and a preamplifier or waveform digitizer ipput, the numerical
value qf the length of that cable in metres shall be much less than 50/(fgy+ W5q) whefe f; is
the operating frequency in megahertz and W, is the —20 dB bandwidth of the hydrgphone
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 cornected
measufing device.

5.1.3.5 Measurement system linearity

The uspr shall ensure that the voltage output of any pfeamplifier or amplifier is linear over the
range ised. This shall be done by obtaining the maximum voltage output within whjch the
responge 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 withcenvironment

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

Differepnces between the calibration conditions for the hydrophone and the measurement
conditipns shall be considered to the extent that they can affect the measuremenits. For
example, for relative cavitation noise measurements made at the same temperatufre with
hydrophones of identical construction, it can be unnecessary to determine how the senfsitivity
of the hydrophone_thanges between the calibration and measurement conditions. Hqwever,
for abdolute medsurements the change in hydrophone sensitivity with temperature shall be
known,| and cofrected for in accordance with IEC 62127-3:2022.

5.2 Analyser

5.2.1 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,
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 ¢,, = Noy xNeo, / fs-

See Annex B for examples.

5.2.1.4 General considerations: calibration

For re¢lative cavitation noise measurements performed with thensame or identical
hydroghones, the measurements may be in terms of voltage only. Forall other casgs, the
measufement shall take account of M(f), the end-of-cable loaded sensitivity |of the
hydroghone, in one of two ways.

1) If variation in M| (f) is expected to be negligible throughout the’frequency range of interest,
restilts shall be scaled by a factor of M| (fy), where f; is~the operating frequenc;T of the
ultrasound. In this case, the user shall assess the unCertainty in the measurement|/due to
resfdual deviations in M| (f) from M| (f;) across the freguency range of the measurenjent.

2) u(t)) shall be digitally recorded if LML (f) varies by more than 2 dB over the rg¢ported

bandwidth of the cavitation signal. U(f,,), the voltage spectrum as computed ffom its
Ncap
2

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

dis¢rete Fourier transform (DFT), shalk\be computed and digitally stored for m

NOTE for purposes of ¢hissdocument only the magnitude of the discrete Fourier transform is used.

5.2.2 Specific‘'measurement method: inertial cavitation spectrum measurement|at
frequencies between harmonics of f;

In this [method, the DFT of u(s) is computed as in 5.2.1.4. The operating frequengy f; is
scanned In the spectrum. The noise In a ifrequency band between the harmonics of the
operating frequency f; is analysed and a cavitation noise level L is calculated. The centre

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 sensitivity 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 provides a broadband determination of P(f) using Formula (2). A computer
algorithm then determines the relative RMS contributions of the direct field acoustic
press itati = itati bonent
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 hydrophaone

The clganing environment shall be checked to make sure that its expected temperaturg range
and chemistry are compatible with the hydrophone specifications.

5.3.2 Electrical interference

The uger shall perform reasonable checks that electrical interference is not significantly
affecting the measurements. These checks should _include comparing the signal when the
hydrophone is outside of the cleaning solution to when it is inside the solution. If thg signal
outsidqg in air is significant compared to the signahwith the hydrophone in the tank, there is
significgnt electrical interference.

NOTE It is also possible to check for electrical-interference by shielding the hydrophone from acousti¢ signals
with an gcoustically 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

Referepce measurements are performed under controlled conditions in order to monfjtor the
stability of an ultrasonic system. Critical environmental conditions shall be documented and
reproddiced, including:

o setfings of the equipment under test;

dissolved gases;

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


https://iecnorm.com/api/?name=1cdae76e92f27c194da214573eaf0cf0

- 16 - IEC TS 63001:2024 © IEC 2024

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 water surface justify a relaxation of this recommendation

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

6.1.

1)
2)

3)

6.2

In-situ
in use

The ley

the
1)
2)
3)

2

Measurement procedure for reference measurements

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

Analyser settings for the reference measurement shall be reproduced based on

do umantad cattinac
o et C—S TGS

Cayitation activity shall be measured in accordance with one of the methods(of]
5.2{4 and recorded.

foll

Do
Do

Me
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n-situ monitoring measurements

monitoring measurements are performed to monitor cavitation while a cleaning

el of control is not expected to be as high as in reference measurements. Never
bwing general procedure should be applied.

ument cleaning system settings, analyser settingsiand ultrasonic settling time.
ument position and angular orientation of the hydrophone.

bsure cavitation activity in accordance with“onhe of the methods of 5.2.2 to 5.2
brd results.

or cleaning. Uses can include research, process development,Cor documentation.
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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
shown in Figure A.1 or in ultrasonic reactors [3].

A tank
with ar
tank is
by hea
tank.

operating frequency

TankQ
Sound field (bQ
@ating
Cabinet
Transducers
Generator

IEC

Figure A.1 — Typical sﬂ@ of an ultrasonic cleaning device

ted to the resonance frequency of the transducefs. The

is equipped with ultrason glﬁansducers which are driven by an electrical geperator

filled with a liquid clea ing medium. The temperature of the medium can be influenced
ing elements. Due&‘the vibration of the transducers, a sound field develops ingide the
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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 %x.0,25 m)

H of a piston radiator. The radiated waves are totally reflected on the water surfg
k walls. This results in a three-dimensionalsstanding wave field (Figure A.2) [4]
where the modulus of the rarefactionalk@dcoustic pressure exceeds the thresh
cavitation, cavities can collapse violently. In this case the maximum bubble rz
mes the initial radius at least and>the velocity of the bubble wall is higher th
bf sound. At lower acoustic pressure bubbles oscillate nonlinearly and gas can
b bubbles. In both cases, harmonic and subharmonic frequencies of the op
cy and a broad-band noise.fare produced. The level of these frequency comporn
in Figure A.3. The maximum level is found at the operating frequency —
e at 35 kHz. At low frequencies the acoustic pressure level is limited by the sizg
. Above the cavitation threshold [5], [6], [7] broadband noise occurs. This nois
corrected by the~-hydrophone frequency response and eventually decreases
cies.
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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
cavitation. By Bjerknes forces, the bubbles vibrating in a sound field are moved to the
formation of structures (Figure A.4). These structure formations have a settling time which
must be taken into account during the measurement. The structure formation is also
influented by the bubble size distribution in the liquid. Therefore, the medium in the ultfasonic
tanks was degassed [9] before use.

IEC

SOURCEH: 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

There are’ only a few ultrasonic cleaning devices which work with sinusoidal signals. |n most
modern ‘ultrasonic cleaners, a generator with low output impedance — a voltage sclurce -
produces a rectangular voltage. The ultrasonic transducer converts the applied electric power
to mechanical power with high efficiency at its resonance frequency. The 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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igure A.5 — Typical rectangular ultrasound signal with a frequency of 25 kH
and 50 Hz double half wave modulation

ent on the level of the medium, the temperature, the‘aumber and properties
in the tank and other factors. Therefore the operating frequency of the ge
s during operation and should be measured sand recorded digitally, wit
ced to the time of cavitation measurements.

e of the stochastic behaviour of the cavitation activities, averaging is usually 3
temporal sampling interval over which ayeraging is performed is defined.

sult of the signal processing gives.walues to characterize the ultrasound caVv

Measurement procedure:in the ultrasonic bath

hould define water conditions such as filtration, deionization, gas content, ad
ature, etc., such that-measurements are reproducible. Depending on the requir
user, the water (temperature should be, for example, between 30 °C and 50
be degassed‘until a steady cavitation noise level is reached. Depending

requirements, a) an-average or b) a point-determined noise level should be measured

tank.

1) Duifing (the measurement, the hydrophone should be moved slowly in a mea

ma
sh

hner through the sonicated volume. During the meandering movement, the nois

N

wer control is also influenced by the resonance frequency of the system, which is

of the
herator
h time

pplied,

itation

ditives,
ements
'C and
on the
for the

hdering
e level

uld - be measured and the mean value should be calculated therefrom. The mo

vrement

of the hydrophone should not destroy the cavitation structures by agitation and should

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
8 mm 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
other effects whose measurement gives instantaneous values, which are temporally and

causallyretatedtotheacousticcavitation-mduced by theacoustic pressure—

son
dirg
the

oluminescence or cavitation luminescence [10], whose time-resolved lighthintepsity is
ctly related to the events of inertial cavitation, i.e. the flashes of light.originate from

collapsing bubbles within less than nanoseconds;

e sonjochemiluminescence [11], requiring additionally chemical compounds dissolved in the
liqulid, which show sonochemically triggered reactions in the “solution leading to
elegtronically excited product molecules, returning to their ground-state by irradiating the
lumlinescence.

EXAMPLE The oxidation of luminol in alkaline aqueous solutions, triggered by sonochemically prodyced OH-
radig¢als, 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.

Besidep that, there are other methods for measuring the sum of time-accumulated cayitation,

i.e. the|dose of some more or less defined effects of ultrasonics:

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

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

— optical surface changes by the-erosion of specially prepared surfaces, e.g. a steel rpd with
ele¢troplated multilayers including a final layer of copper, with a thickness in the 1 uym
range adapted to the strength of the cavitation [20];

— chemical changes in spolutions caused by sonochemical reactions, which, for examgle, can
be made visible by. corresponding colour changes [11];

NOT[E One of‘the most popular examples is the glassy SonoCheck! test tube, but for a criticdl review
see [21].

— othér methods not mentioned here.

These Lmeasurements of time-accumulated cavitation—are not within the Scope f 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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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 generates the main contribution of the cleaning effect. Typical applications are in
the clegmi ; - i - ; ; eutical,
ime, optics, jewelry, and parts of watches.

B.2 [Measurement method

A calibrated broadband hydrophone satisfying 5.1 shall be used to measure the agoustic
pressufe in the fluid of an ultrasound device. It shall be moved slowly and in a meanpdering
fashion] through the bath. In the process it generates an output voltage u(z). Figure B.1|shows
the following steps of the digital signal processing. Figure C.2-shows a diagram with an
example of the spectral acoustic pressure of an ultrasonic bath 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 filt€p shall be used as an anti-aliasing filter
in the gignal path. The analogue signal is then digitized by means of an analogue-tg-digital
(A/D) gonverter. The A/D converter should have @ sampling frequency f; of at least|1 MHz
with a fesolution of at least 12 bit. This resultsn an upper limit frequency of 500 kHz and a
dynamic range of 72 dB. The number of values Neap is captured and stored to a| digital
memory for further processing.

To acqlire the single power spectra.R2(f), the following generalized discrete Fourier trgnsform
is used

2
Neap~1

PA(f)= ZO p(n)w(n)e /27" (B.1)

This also can-be acquired by a chosen discrete Fourier transform (DFT) or similar calqulation
methods,as_long as those represent Formula (B.1) consistently.

In order to measure the cavitation noise in the spectrum between the spectral lines correctly,
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:

Neap~1

S w2 (n) (8.2)

n=0

1
Ncap

Ghoise =

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 Ng,, = 8 192 and f; = 1 MHz, the
capture time is

N,
loap = ;ap = 8192 us (B.4)
S
and
o =- LIy (B.5)
cap

NOTE The typical application has a cavitation noise level far above the electronic noise of the equipment.
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Figune B.1 — Block diagram of themeasuring method of the cavitation noise level Ly

Since {he spectral amplitudes_of-the noise fluctuate strongly and the signal u(¢) can occur
moduldted, it shall be averaged over several spectra. Therefore, the DFT is penformed
N,, times. Due to an efficient use of the captured data, the maximal overlap ability| of the
Hann window function of 50 % is implemented. Therefore, the base of the sampled|values
Ne¢gqp is|shifted by N, 472 for each following DFT. The complete time for the measurement 7, is

tay = (Ngy +1) % tcap/2 (B.6)

tyy shall be close to a multiple of the period of the mains frequency, e.g. 100 ms at 50 Hz. 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 Neap: This
corresponds to an averaged power spectrum P2(f).
_ W,
5 1 av 5 1
PE(f)= O v B.7
Nav z 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

Bf =0,2><f

and a centre frequency f;

where

proved
are ap

the averaged power spectrum shall be analysed. Since ‘single spectral lines wi
amplitudes can be located in this frequency range and in order to prevent them fro
weighted disproportionately high, the median value of\'the amplitudes within B; s
selected. The result is the square of the median of<@acoustic pressure P, of the ca
noise. [f this value is related to the square of the reference sound pressure p =1y

cavitafion noise level Ly is obtained as [22]

The centre frequency f. . used for the calculation of Ly shall be documented. W

measu
pressu
measu
cavitati

(B.8)

fo=fo x(%+0,25j

i is an integer. With » = 4 and f; = f5 x2,25, a frequencycrange is selected
to be optimal for the measurement of the most ultrasonic(baths, but also other

licable. Within this frequency range a number of measured values of the amplit

2
Loy :10Iog£p”/2 j
Pref

ing method, the operating frequency and spectrum of the amplitude of the a
e, the amplitude‘\of the subharmonic frequency and the cavitation noise level |
ed. This cavitation noise level Ly is the measure for the mechanical effect
on.

which

values
ides of
h high

being
hall be
vitation
Pa, the

(B.10)

th this
coustic
CN are
of 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 Ly 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].
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Figure C.1 — Power dependency of the cavitation noise level Ly
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Figure 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
energy content of the detector signal between two specific frequency points, f, (upper) and f|

(lower)
althoug

component and so represents a combination of the two. However, signals much,great
the fundamental are predominantly likely to arise from violent inertial cavitation It h3
demonsgtrated that the onset of these elevated frequency signals correlates Well with th

of iner

D.2 [Measurement frequency range

The up

operatipng frequency of the cleaning system (f;).

D.3 [Definition of integrated broadband cavitation noise energy

The megasurement involves the evaluation of thestemporal voltage waveforms of the d
deployed in the particular application, u(z). Additionally, a corresponding measuremen
absenge of ultrasound provides the background noise, u, (). Deriving the res

spectrg
derived

where
spectrg
upper 4§

The metric can be regarded as complementary to the definition appearing,in F

h the integration does not involve the subtraction of the non-inertial (cav

ial cavitation [26].

per frequency f, is chosen so that it shall be at least a“factor of 10 higher th

of the two signals, the integrated broadband cavitation noise energy (E,
using Formula (D.1):

k=m

Eigen= D, [U(k)
k=n

2 2

- Unoise (k) ]

U(k) and{Ug,ise(k) are voltage magnitudes of the ki-th component of the res

4.3,
itation

er than

s been

b onset

an the

etector
in the
pective

BeN) 1S

(D.1)

pective

. The upper and lower limits of the summation, » and m, are integer values defining the

nd lower limits of the summation, £, and f,.
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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 polyvinylidene fluoride or
PVDF, wrapped to form a hollow cylinder whose outer surface is 4-mm-thick acoustic
absorber which effectively acts as a cavitation shield. The thinness of the membrane

increas
detects
cavitati
sensor
[27] an
signals
20 kHz
the req

es the measurement bandwidth of the device enabling signals above 5 MH

contribute to the sensor signal. Both the properties of the cavitationrshield
in the megahertz range, even though the ultrasonic batch or reactor,can operat

to 80 kHz range. The device can be regarded as a particular form of hydropho
uirements of Clause 5 and Clause 6 are relevant.

Dimensions in m

Absorber

30

to be

d. The cavitation shield means that only high-frequency acoustic emissjons from
on events (potentially both inertial and non-inertial) that occur within the‘body| of the

aterial

d the cylindrical shape of the sensor endow the sensor with spatial resolufion for

in the
ne and

Ilimetres

| ~ ]

PVDF

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.


https://iecnorm.com/api/?name=1cdae76e92f27c194da214573eaf0cf0

IEC TS

63001:2024 © IEC 2024 - 29 -

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
raster scan over the four sources showing the 2D-distribution of the integrated broadband
cavitation noise energy. These indicate the spatial resolution of the cavitation sensor and the

ability
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were p

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

shd
40 K

During
and D

fo identify cavitation "hot-spots” caused by overlapping reflections [29]. The
fed well with a qualitative assessment of the spatial distribution of erosion’u
aluminium foil test. In this study, electrical signals generated by the cavitation
ocessed by an electronics module for which f, = 1 MHz and f, = 7 MHz.
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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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