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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed fof]
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

It is well known that ultrasonic spectroscopy can be used to measure particle size distribution (PSD) in
colloids, dispersions, and emulsions[1[2L[3L[4], The basic concept is to measure the frequency-dependent
attenuation or velocity of the ultrasound as it passes through the sample. The attenuation spectrum
is affected by scattering or absorption of ultrasound by particles in the sample, and it is a function
of the size distribution and concentration of particles[>l-[6l.[Z], Once this relationship is established by
empirical observation or by theoretical calculations, one can estimate the PSD from the ultrasonic
data. Ultrasonic techniques are useful for dynamic online measurements in concentrated slurries and
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Hitionally, such measurements have been made off-line in a quality control lab, and

osed by the instrumentation have required the use of diluted samples. By ntaking
asonic measurements at full concentration, one does not risk altering the dispersion s
ple. In addition, dynamic processes (such as flocculation, dispersion, and‘¢omminuti
erved directly in real timel8l. This data can be used in process control scheiés to impro

le it is possible to determine the particle size distribution from either the attenuation sj
se velocity spectrum, the use of attenuation data alone is recommiended. The relative V
se velocity due to changing particle size is small compared to thexean velocity, so it is oft
etermine the phase velocity with a high degree of accuraey;, particularly at ambient te
bwise, the combined use of attenuation and velocity spé€ctra to determine the particle
mmended. The presence of measurement errors (i.e.*noise”) in the magnitude and phj
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Scope

5 document specifies requirements for ultrasonic attenuation spectroscopy methods for d
size distributions of a particulate phase dispersed in a liquid at dilute coficentrations,
asonic attenuation spectrum is a linear function of the particle volume=fraction. In t
Licle-particle interactions are negligible. Colloids, dilute dispersions, and emulsions are
be of this document. The typical particle size for such analysis ranges from 10 nm to 3 mr
Licles outside this range have also been successfully measured.‘Foer solid particles in s
measurements can be made at concentrations typically ranging from 0,1 % by volume u

volume, depending on the density contrast between the solid and liquid phases, the partic
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apply.
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frequency rangel2l.[10], For emulsions, measurements can‘be made at much higher cong
se ultrasonic methods can be used to monitor dynamic.changes in the size distribution.

Normative references

following documents are referred to in the, text in such a way that some or all of th
Stitutes requirements of this document. “For dated references, only the edition cited 3
ated references, the latest edition of the.referenced document (including any amendmen

14488, Particulate materials — Sampling and sample splitting for the determination of
perties

20998-1:2006, Measurementand characterization of particles by acoustic methods — Part
procedures in ultrasoni¢ attenuation spectroscopy

Terms and definitions

the purposés-ef this document, the terms and definitions given in ISO 20998-1 and th

and [EC maintain terminology databases for use in standardization at the following addj
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where the
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h, although
uspension,
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[s) applies.
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1: Concepts
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ISO Online browsing platform: available at https://www.iso.org/obp

3.1
coe
rati

3.2

[EC Electropedia: available at https://www.electropedia.org/

fficient of variation
o of the standard deviation to the mean value

dimensionless size parameter
representation of particle size as the product of wavenumber (3.4) and particle radius (3.3)

3.3

particle radius
half of the particle diameter
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3.4
wavenumber
ratio of 2m to the wavelength

4 Symbols and abbreviations

For the purposes of this document, the following abbreviations and symbols apply.

A matrix representing the linear attenuation model

A, coefficients of series expansion in ECAH theory

a particle radius

c speed of sound in liquid

Gy specific heat at constant pressure

Cpp particle projection area divided by suspension volume

Ccv coefficient of variation (ratio of the standard deviation to the.mean value)
E extinction at a given frequency

ECAH Epstein-Carhart-Allegra-Hawley (theory)

f; frequency

90) an arbitrary function

H identity matrix

h, Hankel functions of the first kind

I transmitted intensity of ultrasound

I, incident intensity of ultrasound

i the imaginary namber

inv() matrix invefse operation

K extinction efficiency (extinction cross-section divided by particle projection area)
K matrixX representation of the kernel function (the ultrasonic model)
KT transpose of matrix K

k(f, x) kernel function

ke, kt, kg wave numbers of the compressional, thermal, and shear waves

k.a dimensionless size parameter

In() natural logarithm

P, Legendre polynomials

PSD particle size distribution

q solution vector (representation of the PSD)

2 © IS0 2022 - All rights reserved
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q;(x) volume weighted density function of the PSD

Q;(x) volume weighted cumulative PSD

s standard deviation

X particle diameter

X1 the 10th percentile of the cumulative PSD

Xsg median size (50" percentile)

Xg0 the 90th percentile of the cumulative PSD

Xmik Xmax minimum and maximum particle diameters in a sample

a total ultrasonic attenuation coefficient

a attenuation spectrum

o absolute attenuation coefficient divided by the frequency, & =(c/ f)
Qoxd excess attenuation coefficient, o,,. =0t —q;,

Aoy d alternate definition of excess attenuation coefficient where o, .’ = — 0,
Aoy measured attenuation spectrum

[ intrinsic absorption coefficient of thé.dispersion

aj, attenuation coefficient of the cantinuous (liquid) phase

Ao attenuation spectrum predieted by the model, given a trial PSD
ap attenuation coefficient,of the discontinuous (particulate) phase
g, elastic scattering'component of the attenuation coefficient

aw, thermal loss.component of the attenuation coefficient

Qyis viscoinértial loss component of the attenuation coefficient

B volume thermal expansion coefficient

A error in the fit

6 Tikhonov regularization factor

Al thielressofthesospenstontayer

AQ, fraction of the total projection area containing a certain particle size class
n viscosity of the liquid

K thermal conductivity

A ultrasonic wavelength

u shear modulus

p,p density of the liquid and particle, respectively

©1S0 2022 - All rights reserved 3
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volume concentration of the dispersed phase
Chi-squared value

compression wave

shear wave

thermal wave

angular frequency (i.e. 21 times the frequency)

5 Mechanism of attenuation (dilute case)

5.1 Intr

As ultraso
discrete ph
coefficient
the particy

5.2 Excé€

bduction

ind passes through a suspension, colloid, or emulsion, it is scattered@nd absorbed by
ase with the result that the intensity of the transmitted sound is dimjinished. The attenua
is a function of ultrasonic frequency and depends on the composition and physical staf]
late system. The measurement of the attenuation spectrum is described in ISO 20998-1.

ss attenuation coefficient

The total yiltrasonic attenuation coefficient a is given by the, viscoinertial loss, thermal loss, eld

scattering,
a variety (¢
macromole
monotonic

O!=O(vi

The intrin
dispersion
and op for
system int

Ot =

Excess attg
the intrins

anC

f relaxation effects not alluded to in Reference(}l] and [10], for example, solvent-ion
cule-solvent effects which need to be accounted for separately due to their differing j
frequency dependencies(11].[12].[13],

+o

i+ Oy + 0 i

nt

bic absorption is determined by(the absorption of sound in each homogenous phase of]
For pure phases the absorption coefficients, denoted «;, for the continuous (liquid) pH

the discontinuous (particulate) phase, are physical constants of the materials. In a dispe

insic absorption occurs-inside the particles and in the continuous phase, therefore

1-¢)-0q, +¢-ap

nuation coefficient is usually defined to be the difference between the total attenuation
c absorptignin pure (particle-free) liquid phasel4l.[Z];

0 — 0y,

the
fion
e of

stic

and the intrinsic absorption coefficient a;,, of the dispersionl}[10] which can also include

and
on-

€y

the
ase
sed

(2)

and

(3)

With this

tion

caused by the presence of particles in the continuous phase. Combining Formulae (1) to (3), it can be

seen that

Uoxc = Olyjg T 0 + 0 +¢"(OCP _aL)

(4)

© IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=03364f09c2af8d83f929a937898d93a2

IS0 20998-2:2022(E)

The viscoinertial, thermal, and elastic scattering terms depend on particle size, but a; and ap do not.
Thus the excess attenuation coefficient contains a term that does not depend on size. When working
with aqueous dispersions and rigid particles, this term can often be neglected, so that

o Oyis T 0y + 0 (5)

ex

However, in some emulsions the ultrasonic absorption in the oily phase can be significant. In that case
the definition of excess attenuation coefficient given in Formula (3) can be modified as in Formula (6)

(04 =00 — a]nt (6)

exc

In this situation Formula (5) is still valid. It should be noted that some authors expréss“dttenuation
coefficient as a reduced quantityd@=(c/f), dividing the absolute attenuation cgefficignt by the

frequency.
5.3| Specific attenuation mechanisms

5.3]1 Scattering

Ultrasonic scattering is the re-direction of acoustic energy away, from the incident beam, solit is elastic
(nolenergy is absorbed). The scattering is a function of frequency. and particle size.

5.3]2 Thermal losses

Thdrmal losses are due to temperature gradients .generated near the surface of the particle as it is
conjpressed by the acoustic wave. The resulting thermal waves radiate a short distan¢e into the
liquid and into the particle. Dissipation of acoustic energy caused by thermal losses is th¢ dominant
attgnuation effect for soft colloidal particles, including emulsion droplets and latex droplets.

5.3/3 Viscoinertial losses

Visg¢oinertial losses are due to relative motion between the particles and the surrounding fluid. The
particles oscillate with the acoustic pressure wave, but their inertia retards the phase of this motion.
Thi} effect becomes more pronounced with increasing contrast in density between the particles and
themedium. As the liquid flows around the particle, the hydrodynamic drag introduces a fridtional loss.
Visg¢oinertial losses donfinate the total attenuation for small rigid particles, such as oxides} pigments,
and| ceramics. An explicit calculation of the attenuation due to viscoinertial loss is given in Annex A for
thelcase of rigid particles that are much smaller than the wavelength of sound in the fluid.

5.3/4 Non-monotonic relaxation mechanisms

Whereaspacecording to Reference [14] the intrinsic absorption contains contributions that reflect
“trgnslational” molecular motion and the relaxation of both “rotational” and “vibrational”|degrees of
‘ ely before
the requlred monotonic attenuation spectrum can be obtained. One approach to the identification and
quantification of relaxation effects is found in Reference [11].

5.4 Linear models

5.4.1 Review

The attenuation of ultrasound in a dispersed system is caused by a variety of mechanisms (see 5.3), the
significance of which depends on material properties, particle size and sound frequency. Moreover, for
some material systems a linear relationship between sound attenuation and particle concentration can
be observed up to concentrations of 20 % by volume or more, while for others such a relationship exists

© IS0 2022 - All rights reserved 5
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only at low concentrations. This situation has led to a variety of models; two principal approaches can
be distinguished.

The first is the scattering theory, which aims at the scattered sound field around a single particle.
Based on this the propagation of sound through the dispersed system can be calculated. By assuming
independent scattering events and neglecting multiple scattering the attenuation turns out to be
linearly dependent on the particle concentration.

The fundamentals of the scattering theory were already presented by Rayleigh, but his approach ignored
the energy dissipation by shear waves and thermal waves (viscoinertial and thermal losses). A well-
known scattering theory is the ECAH (Epstein-Carhart-Allegra-Hawley) theory, a short introduction
to which i§ given in Annex B. The ECAH theory includes sound scattering as well as the viscoineftial
and the thprmal losses. It can be applied to homogenous, spherical particles with no limit regarding
material pfoperties, particle size or sound frequency.

The second principal approach in modelling is to consider only the attenuation by viscoinertial pnd
thermal logses, which is admissible in the long wavelength limit (where x < <A or equivalently k.a < 1)
only. That restriction facilitates the inclusion of nonlinear concentration effects thatyare caused byfthe
interactior] of shear waves and/or thermal waves. Consequently, most of these theories are beyjond
the scope of this document. However, linear solutions can be obtained in thediiniting case of vanishing
particle copcentration (¢—0). In general, these theories then agree with the ECAH theory (with regard
to the modglled attenuation mechanism). Purely linear models are that of0rick[13] for the viscoineftial
loss mechgnism and that of Isakovich[1€] for the thermal loss mechanism, both of which agree with
ECAH results[Zl,

The theordtical models sometimes fail to accurately explain mieasured attenuation spectra, since fhey
hold true pnly for homogenous, spherical particles and require the knowledge of several phydical
parameterf of the dispersed system. In such situations sentizempirical approaches may be used thatjare
based on the observation that for spheres we get:

Qyis =£7<X2f)

o Zg(xzf)
and

dsc ZQ(Xf),

where g is pn arbitary function.

The application and derivation of such a semi-empirical model is described in Annex C.

5.4.2 Physical’)parameters

A number lf phycir‘a] prnpnrﬁnc affect the prnpagafinn of ultrasound. in cncppncinnc and emulsi ns;

these properties (listed in Table 1) are included in the ECAH model described in Annex B. In most
practical applications, many of these parameters are not known, and it is therefore difficult to compare
theory with experimental observation directly. Fortunately, approximate models can be employed for
many situations (cf. see 5.3.1), which reduces the number of influential parameters. Moreover, some of
these parameters only weakly affect the attenuation and, therefore, do not need to be known with high
accuracy. Typical material systems are listed in Table 2 together with the material properties that most
significantly affect the attenuation.

6 © IS0 2022 - All rights reserved
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Table 1 — Complete set of properties for both particle and medium that affect the ultrasound
propagation through a colloidal suspension

Dispersion medium Dispersed particle Units
Density Density kg em™3
Shear viscosity (microscopic) Shear viscosity (microscopic) Note 2 and 4 Pae s
Shear Modulus Note 3 and 4 Pa
Sound speed Sound speed mes1
Absorption Absorption Npem~1, dBem~1 Note 1
Teat capacity at constant pressure Heat capacity at constant pressure Te kg 1 K1
Thermal conductivity Thermal conductivity W¢ m*le K-1
Thermal expansion Thermal expansion K-

NOTE1 The decibel (dB) is commonly used as a unit of attenuation, so absorption js'often expregsed in units
of dB/m or dB/cm.

NOTE 2  Shear viscosity of dispersed particles applies to liquid particles i.e. droplets only.
NOTE 3  Shear Modulus applies only to solid particles.

NOTE4  Shear modulus p can be replaced by Shear viscosity 1, using the relationship y=-—iwn;.

Table 2 — Material properties that have the most significant effect on ultrasonic attenuation

System Properties of the particle Properties of the liquid
Rigid submicron particles Density Density, sound speed, shear [viscosity
Saft submicron particles Thermal expansion Thermal expansion
Large soft particles Density, sound speed; elastic constants Density, sound speefl
Large rigid particles Density, sound speed, shape Density, sound speefl

6 |Determination of particlesize

6.1| Introduction

Thip clause describes/procedures for estimating the particle size distribution from an|ultrasonic
attgnuation spectrum;

In general, the observed ultrasonic attenuation spectrum, which forms the data function «, is|dependent
on the particle'size distribution and on the particle concentration. In dilute suspensions and|emulsions,
the[sound.field interacts with each particle independently. That is, the attenuation of sound is formed
by the superposition of individual, uncorrelated events, and the spectrum is a linear function of
congentration. In this case a linear theory such as the ECAH model described in Annex B can/be applied

Within the linear theory, the attenuation of sound is related to a PSD by the following formula:
Gexe (f1)=0+(Gp (f;)=y (f;))+9- [K(f;,x)-a3 (x)dx (7)

where ¢ is the volume concentration of the dispersed phase, g;(x) the volume weighted density function
of the PSD. The function K(f;x) is called the kernel function, and it models the physical interactions
between ultrasound and the particles.

The inversion problem, i.e. determination of the continuous function g;(x) from a (discrete) attenuation
spectrum, is an ill-posed problem: Any measured discrete attenuation spectrum cannot reveal all
details of g;(x). Moreover, signal noise further reduces the amount of accessible information on gq;(x).

©1S0 2022 - All rights reserved 7
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For that reason, the inversion problem has to be modified by restricting the space of possible solutions.
Two principal approaches can be distinguished:

a)

determined by a nonlinear regression,

b)

(regularization)

These two

NOTE

-

approaches are described in 6.2.

the approximation of g3(x) by a given PSD function, where the parameters of this function are

the discretisation of the size axis x plus imposing additional constraints on the solution vector q

the

attenuation

The perfor
as well as
attenuatios

lower exte
[17].

6.2

6.2.1 Op

In the case
that very 1
attenuatiol
to be fit to|
Reference

q3(x)7

where X 1

The solutid

be the Euclidean distance between two vectors:

A= ||oze

In Formul4
calculated
some othe

Inversion approaches used to determine PSD

Lo £ 3 3 | A | RS | < £l Lo £ 1 P2 S 1 los
ITCCITOTCTTOT TITVET STUTT appTUalIT GUTSTTOT UCpPTTIO UIT CITC CITOTC T OT TITCUT j— O STU tU— Larcuratc

spectrum.

on the size distribution. It is further related to the information content of the ‘measy
@ spectrum, which is determined by the covered frequency range, by the signal noise,
ht by the number of frequencies and primarily by the structure of the kerudel functions k(|

timization of a PSD function

of colloidal dispersions, i.e. in the long wavelength regime, the spectra are very smootH
ttle information appears to be contained in the data’ln order to extract the PSD from
1 data, a model function can be assumed, effectivelyreducing the number of free parame
the datal?l. A typically used model function is*the log normal distribution (see Annex
1
exp| —=

18]):
2
: sx~21 2( ]

s the median size and s is the standard deviation of In (x).

1(1 X

—ln——
N

n of the inversion problenris‘found by minimizing the error in the fit, 4, which is define

N 1/2

kp ~ %mod ”: Z(aexpn _amodn)
n=1

2

(9), a S the measured spectrum, and the spectrum predicted by the model, a,
by Fornuula (7) using for example viscoinertial loss (see Annex A), ECAH (see Annex B]

I suitable model. Individual components of these vectors are represented by oy,

o e

mance of the algorithms depends on the material system, the measurement jnstrunfent

red
to a

/i)

, SO
the
fers
A of

(8)

d to

(9)

L, 1S
, or
and

péctively, and N is the size of the vectors. The model parameters of the best fitting func

Fion

mod , » T

can be obtained from an optimization strategy. These are iterative algorithms, the general principal of
which is described in Annex D. Care shall be taken to ensure that the optimization strategy does not
result in a local minimum of the residual A, which can cause a significant error in the estimated PSD.
Using the parameter values shown in Annex E, Annex F provides a detailed example of how to determine

the PSD by

6.2.2 Re

iterative optimization of Formula (9).

gularization

Model functions restrict the solution g3(x) with regard to the number of modes or the skewness, which
might obscure relevant details in the distribution function. As shown in Annex C, it is possible to derive
an inversion without model parameters for the estimated PSDI12L[20L[21], [f the information content of
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a is sufficient, an alternative approach is to introduce size fractions and to re-write Formula (7) in its
discrete form:

a=9-(ap-0;)+9-K-q (10)

where the matrix K is the discrete representation of the ultrasonic model giving the attenuation as
a function of particle size. Solving this formula is an ill-conditioned problem, as the signal noise is
extremely magnified. Formal solution can yield results that are physically unacceptable, for example
negative size fractions or a discontinuous PSD. To avoid such results one can modify the problem
by assuming certain properties of the shape of the distribution function (or the solution vector g,

resj
whi

In H
Tik

For
sho
yiel
opt

6.3

The
this
con|
dep

emulsions, measurements can be made at much higher concentrations (approaching 50 % by

Thd

pectively). T e most popular regularisation 1s based on the smoothness of the distributiq
ch can be quantified via qT-H-q leading to the modified objective function:

ZZ :”a‘exp _K'q”Z +6'qT ‘H-q

ormula (11) and (12), H is the identity matrix, KT is the transpose of matrix K, and § i
honov regularization factor(12l. The solution is then obtained from:
q=inv(K"K+5° -H)K" oy,
small values of the regularisation factor § the solution¢gyis highly affected by the s
wing strong oscillations with large negative values. In‘cortrast, very large regularisat

d such smooth solutions, that the characteristic features of the PSD are lost. In order t
mal regularisation factor, different strategies can he\applied(22].[23].[24],[25],

Limits of application

typical particle size for ultrasonic analysis ranges from 10 nm to 3 mm, although partig
range have also been successfully measured. Measurements can be made with a linea
centrations of the dispersed phasetanging from 0,1 % by volume up to 5 % or more
ending on the density contrastbetween the continuous and the dispersed phases. In

application of linear thedretical models requires the knowledge of the relevant model p

n function,

(11)

a suitable

(12)

gnal noise
ion factors
o select an

les outside
- model for
by volume,
the case of
volume).

Arameters.

Use
par
cha
refe
wit

rs should therefore be aware of possible changes in those parameters, for example, varigtion of the
Ficle concentration, In particular, processes including a change of the phase (e.g. dissolution) or a
hge in temperature-sometimes defy an analysis with theoretical models. In such a casg, users are
rred to the world.of chemometrics, i.e. to methods for data treatment and statistical modglelling (e.g.
N neural networks, multiple regression).

7 |Instrument qualification

Calibration

CTOTITIO T OO CT O T

7.1

Ultrasonic spectroscopy systems are based on first principles. Thus, calibration in the strict sense
is not required; however, it is still necessary and desirable to confirm the accurate operation of the
instrument by a qualification procedure. See ISO 20998-1 for recommendations.

7.2 Precision

7.2.1 Reference samples

For testing precision, reference samples with an xq,/x;, ratio in the range of 1,5 to 10 should be used.
It is desirable that reference samples used to determine precision are non-sedimenting and comprising

© IS0 2022 - All rights reserved
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spherical particles with diameters in the range of 0,1 um to 1 pm. The concentration shall be in the
range of 1 % to 5 % by volume.

7.2.2 Repeatability

The requirements given in ISO 20998-1 shall be followed. The instrument should be clean, and the
liquid used for the background measurement should be virtually free of particles. Execute at least five
consecutive measurements with the same dispersed sample aliquot or dispersed single shot samples.
Calculate the mean and coefficient of variation (CV) for the x4, X5, and xqo. An instrument is considered
to meet this document for repeatability if the CV for each of the x;, x5 and xq is smaller than 10 %. If a
largercv atte-tsebtatred retia otentialerrorsotreessha Pe-treered

)

7.2.3 Reproducibility

Reproducibility tests shall follow the same protocol as repeatability. At least three distinet’'samplds of
the same reference material shall be measured, and the mean and CV for the x,, xsqf-and xq, shall be
calculated|A CV larger than that of repeatability could be expected due to differences in sampling or
dispersion|or between analysts or instruments. The certification for the reference material will contain
informatiop about the acceptable error for that material.

7.3 Accyracy

7.3.1 Qualification procedure

tis
the
ved

In the qualification step, the accuracy of the total measurement procedure is being examined.
essential that a written procedure is available that describes sub-sampling, sample dispersion,
ultrasonic neasurement, and the calculation of the PSD in full detail. This procedure shall be folloy
in its entirg¢ty and the title and version number reported.

7.3.2 Reference samples

ese
red

Certified reference materials (see Reference }26]) are required in the measurement of accuracy. T}
materials llave a known size distribution-with an xq,/x;, ratio in the range of 1,5 to 10. It is prefeq

that the mg
contempla
shall be us
another mé
measurem

dian size of the certified reference material will be chosen so that it lies within the size ra
ed for the end-use application. For single shot analysis, the full contents of the conta
ed. If sub-sampling is necessary, this shall be done with due care according to ISO 1448
tthod that has beenproven to yield adequate results. If a protocol for sampling, dispersio
bnt is not availablé, the procedure that is used shall be reported with the final results.

nge
ner
B or
h or

7.3.3 Instrument preparation

The advicq
used for th

given.in™MSO 20998-1 should be followed. The instrument should be clean, and the lic
e background measurement should be free of particles.

(uid

7.3.4 Accuracy test

The written test protocol defined in 7.3.1 shall be followed for the accuracy test, which measures the
PSD of the selected reference material. Single shot analysis may be applied. Analysis of sub-samples
is permitted if the procedure for sub-sampling is also written and is documented to provide good
repeatability. Analysis shall be made on five consecutive sample aliquots, and the average value and CV
of the median size shall be calculated.

7.3.5 Qualification acceptance criteria

The upper and the lower limit of the uncertainty range of the certified values (expanded uncertainty
on a 95 % confidence level) give the interval in which the true size values lie with a high probability.
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The qualification test shall be accepted as passing the requirement of this document if the resulting
measured particle size distribution achieves both of the following criteria:

a) Thereported average value of the median size measured in the qualification test is no smaller than
90 % of the minimum value and no larger than 110 % of the maximum value.

b) The reported CV of the median size does not exceed 10 %.

If alarger deviation is obtained, then all potential error sources should be checked. If it is not possible to
meet the qualification criteria of this subclause, then this failure shall be noted on the final PSD report.

Ifa h;shbl otaudal d Uf dllurl a\,_y ;O 1 bblbl;l bd fUl Clll_y I'CAoSVUlIl, th\,ll al bfbl CIICT lllatbl ;a} ohuul\, be Chosen
with a narrow confidence interval and a total protocol for sampling, dispersion and-mdasurement
shopld be used that guarantees minimum deviation.

8 |Reporting of results

The particle size distribution results shall be reported according to ISO 20998-1:2006, Claude 5.

©1S0 2022 - All rights reserved 11
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Annex A
(informative)

Viscoinertial loss model

Viscoinertial loss (see 5.3.3) can be calculated in the long wavelength limit from Formula (A.1). The

form showg
e [7] and is mathematically equivalent to results obtained by many authors[121.[27].[28]

of Refereng
o

vis —

where the

=4 RsA- e s

oY ¢i ) (p'-p)°
ZJ{CP,H(p'+pC?)2+(c;)2w2]

lissipative and inertial drag coefficients[2] are given by

1 (1+y)

aZ

(14377

with the dimensionless parameter Y defined by

r=a

In Formulg

~
21
e (A.1) to (A.4),

a =vis
a = pat
¢ =spe¢
w =an
p,p' =
n =vis

¢ =vo

cous attenuation coefficient

ticle radius

ed of sound in liquid

pular frequency of ultrasound (i.e. 2w times the frequency)
ensity of the liguid and particle, respectively

cosity of the liquid

ume concentration of the particle

12

mathic Annasy A dc fron Daforanea [0 bt i+ 1c darivuad feon tho avnlicit analutica]l colat ons
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(h.2)

(h.3)

(h.4)
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Annex B
(informative)

ECAH theory and limitations

B.1 lhfredurtinn

TIET

CTTIOUTE

The Epstein-Carhart-Allegra-Hawley (ECAH) theory is derived from the original work py Epstein
and| Carhartlél on sound attenuation in liquid/liquid systems (emulsions). Allegra ahd HawleylZl later
gengralized that theory to include elastic solid particles as well as fluid particles in aliquid Juspending
medlium. This theory is one of many linear scattering theories, each of which-fias made agsumptions

about the particle system and how it reacts to sound waves (see Figure B.1).

Epstein & Carhart

Movable, rigid
compressible particles

Chow (1964){32]
Viscous, heaticonducting
particlesandymatrix, with
dissipation

Sewell (1910)[29]
Rigid immovable
particles

Lamb (1916)[27]
Movable,
incompressible, rigid
particles

Epstein (1941)[28]
Viscous fluid or elastic
solid particles

Faran (1951)[30]

Urick (1948)[15] Viscou drag

Viscous drag

Isakovich (1948)[16]
Heat conduction

(1953)[6]

Urick & Ament (1949) [31]
Movable, rigid compyessible
particles

Allegra & Hawley (1972) [7]
Elastic or viscous heat conducting
particles in viscous, heat conducting
matrix

Hipp (2002)[33]
linear viscoelaptic
response

Figure B.1 — Linear models of ultrasonic scattering

B.2 Calculation of attenuation

ECAH theory considers the propagation of sound through a suspension or emulsion via three distinct
types of wave: a compression wave i, a thermal wave i1, and a shear wave .. Since the incident
sound beam is generally a compression wave, the other two types are generated at the boundary of

©1S0 2022 - All rights reserved 13
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the discontinuous phase. These waves are solutions of the wave equation as given in Formulae (B.1) to

(B.3):

(VZ+kZ )y, =0
(VA +k Jyr =0

2
(VZ+kZ )y, =0

The wave j

where w is
heat at con
number. T
Within the
shear mod

In the case

an expansipn of Legendre polynomials. The reflected compression wave, for example, is

r

Ye

n30

where h, gre Hankel functions of the first kind and P, are Legendre polynomials. The coefficig
A, specify [the reflected compression wave completely. In total, there are six sets of coefficients
describe the three waves in the¢“medium and the three waves inside the particle. These coefficis

are related
at the surf]
and tanger
Poveyl2l fo
Hawleyl!Zl,

The result
ultrasonic
o

where a is

B.3 Lim

exc —

(B.1)

(B.2)

(B.3)

jumbers k, k1, and k, are computed in Formulae (B.4), (B.5), and (B.6):

ol

wpC,
2K

+1i)

’p
u

the angular frequency, c is the speed of sound, @, is the absorption, p is density, C, spe
stant pressure, k is the thermal conductivity, u is the.shear modulus, and i is the imagin
hese waves appear in the interior of the particletand in the continuous phase (the fly
fluid, the wave number corresponding to the shear wave (B.6) is calculated by replacing
1lus ¢ with the factor-iwn, where 1 is the viscesity.

of a spherical particle, the general solution of this system of formulae can be represente

i"(2n+1)A,h, (k,a)P,(cosH)

through the baundary conditions, which require continuity of these physical parame
hce of the particle: radial velocity, tangential velocity, temperature, heat flux, radial sty
tial stresssExplicit formulae for the boundary conditions are given on pages 114 and 11
I emulsions; the boundary conditions for suspensions of solids are discussed by Allegra

jrig-system of formulae is solved to determine the coefficients A, in Formula (B.7).

B3.4)

3.5)

3.6)

rific
ary
id).
the

i as

3.7)

bnts
that
bnts
ters
ess,
5 of
and

The

. . 3 . Irlil
dlLCIIUALION ' IS tIEI gIVEIT DyT]

3¢
2
c

; Y (2n+1)Re4,
a- p=0

the radius of the particle.

itations of ECAH theory

(B.8)

It should be noted that Formula (B.8) is only valid for dilute suspensions, where particle-particle
interactions can be neglected.

14
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B.4 Explicit expressions for simplified ECAH theory including thermal
attenuation

In the long wavelength limit, where k.a «< 1, coefficients of order n > 1 can be ignored. This limiting
case applies to many suspensions of microscopic particles when the ultrasonic frequency is well below
100 MHz[19], In this case Formula (B.9) gives,

—Re[4) +34] (B.9)

exc —

Forpad R e-given h e aha i gand A; are
givén by Allegra and Hawley[7] for the long wavelength llmlt in the case of r1g1d dense partigles.

The physical meaning of the two coefficients has been discussed by many authors[Zl[34]. The 4, term
represents the monopole behaviour of the particle and has two components (4, intrinsic I¢ss and 4,
thermal loss), while A; represents the dipole behaviour of the particle and is dueto viscous Ipss.

Explicit analytical solutions for A, (intrinsic and thermal loss) and A; {wiscous loss) are given by
Mc(lements[3] and Allegra and HawleylZl. McClements notes that this appreximation is for soljd particles
butjalso works well on emulsions. See Formula (B.10).

4y = ik*r? {plkg _1}_ ik*r3 (y-1)H [1_ B2P1Cp1 T (B.10)
3 | p,k? b? B1P2Cp2
A= —ik’r® [[pl —P2][1+.T+i5]}
9 [p2+p1T+ipys]
Where

4r r 4r H= (1~ib,) 7, tan(b,)—b,

2
b1=(1+i)6L by =(1+1) / M5, = wp
t,1 X x

From Allegra and Hawley, the attenuation of the A; component can be calculated explicitly

_99, (1+5—")T=1+95" 1 1.O 7, tan(by)
2

2
-k - s
oy =2 21 tos /;zl : (B.12)
[Pz +p1T)* +(p15)* |
Formula (B:32) is identical to the result in Annex A with €7 =swp and C; =sawp .
The Ay, coefficient can be split into the intrinsic loss Ay; and the thermal loss A;,. Detertphination of
lnt IIISIC }UDD 151 C}alecx_y DlllllJlC aud 15 SIVCII ITI FUI lllulClC (B 13\1 Cllld er 14\]
—lac| 2 (P ) 2
Ay, = 3C {ac —(?]ac } (B.13)
¢ pc’ pe
Oy == O -3+ — +20('L T (B14‘)
2 p.C.Z p c
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However, the determination of thermal loss given in Formulae (B.15) and (B.16) is more difficult due to
the complex function H:

=V
Ayy =—k2R_ TykpH P A B.15
02 0kpP [ ; (pCp] (B.15)
r92
_ 3¢ B B
aoz—ECToKp [E]— E] RE(H) (B16)

In order t¢

produce a simple solution for the thermal losses, H needs to be separated into real

imaginary components, which is not straightforward.
Epstein and Carhartl] provide a series expansion of the terms and compare the results‘for diffe
conditions| However, the results are limited. Poveyl2] considered the limits of the function and ma
an approximation.
Temkin[32]f suggests another approach for rigid particles where thermal conduction of the dispg
phase is greater than the continuous phase, and uses an approximation givendn-Formulae (B.17).
. 2
ol Q+y—bi)hy, (B
i(fL+yq —iyg (1+hy1))
where
—r wplcp,l

g \| 2
and

h= ZPZ Cp2

3P] Cpl
which can pe separated to provide a réal value for H as given in Formula (B.18)
1+ y, )h?y,2
Re(H) ( 2)’1)2 Y1 _ (B
(1+y1)" +y~(I+hy)

This resulf allows a less.computationally complex calculation for the thermal attenuation of r

particles w

ith significant thermal conductivity contrast and emulsions.

and

rent
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Prse

17)

18)

igid
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Annex C
(informative)

Example of a semi-empirical model

re are many semi-empirical models; this annex provides one example.

Thd
can

Thd
Al,
secf

Thd
inte

Thd

If e

formulae:

The

To ¢
of t

ultrasonic extinction E of a suspension or emulsion of mono-disperse particles with the
be described by the Lambert-Beer’s law according to Riebel and Lofflerl4].

Iy I

extinction E at a given frequency f; is linearly dependent on the thickness of the suspe
the projection area-concentration Cpr and the extinction efficiency (hormalized exting
ion).

extinction efficiency K is a function of frequency and partiele size. In a polydisperse s
grated over all particle size fractions from x;, to x.,:

E(fi)=Al-Cpp- j K(f;,x)-q(x) dx

integral in Formula (C.1) can be approximated as a sum:
E(f)=Al-Cpp -ZK(fi,xj)-qz (x)- 8%
J

ktinction measurements are performed at various frequencies, this results in a linear

E(f1) Ky Ky (421 -A%q
E(f;) Kip - Kij )4z A%
system of Fermulae (C.3) is numerically unstable and must be solved by suitable algorit]

alculatethe particle size distribution, one must know the extinction cross-section K as t
he dimensionless size parameter k.a as calculated in Formula (C.4):

diameter x

hsion layer
tion cross-

ystem, K is

(C.1)

(€.2)

system of

(C.3)

N1Ims.

he function

Ka=[27 X

(C.4)

L4 A2)

Figure C.1 shows a typical extinction function for spherical particles.
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Y
1,E+2
1,E+0
s
1,52 Z 7
W
LE-4 20—
[e
1,86
1,E-3 1,E-2 1,E-1 1,E+0 1E+1 1,E+2 7

SOURCE: Bpsed on method of Reference [4],

Y extinction efficiency K

Z  dimensfionless size parameter k.a
o x=0,1pum
x  x=1 um|

+ x=10 18
o x=100 m
o x=1000 pm

igure C.1 — Typical-extinction function for spherical glass particles in water

For small |dimensionless~SiZze parameters (long wavelength regime) the extinction cross-secfion
can be calculated with2ECAH theory. For larger dimensionless size parameters (short wavelergth
regime) scpttering beeomes more and more relevant. Particle shape gains a strong influence on|the
extinction |behavijour/of the particles. For systems with low density contrast between the continyous
and the digcontinuous phase, sound absorption within the particle becomes relevant. For many particle
systems, thetheoretical predictions for the extinction efficiency are not sufficient for the calculatioln of
a particle sizeZdistribution

This situation can be overcome by a semi-empirical approach, which takes advantage of the functional
relationship

K(f.x)=f(ka).

Firstly, the particle size distribution is measured with a suitable particle sizing method (e.g. laser
diffraction), and the frequency dependent ultrasonic extinction is also measured. Secondly, the
extinction portion caused by viscous and thermal losses is calculated by a suitable model. The
remaining scattering portion of the measured extinction is the starting point for an algorithm which

18 © IS0 2022 - All rights reserved
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calculates the scattering extinction function with help of the measured particle size distribution. For

this, Formula (C.2) is rewritten as Formula (C.5):
E(fi)=Al-Cop- Y K(fi,x;)-AQ (%)) €.5)
j

where AQ, is the fraction of a certain particle size class of the total projection area. Formula (C.5) is an
ill-posed linear system of formulae, which can be solved according to the methods described in Clause 6.
The resulting vector K gives the extinction efficiency as a function of the dimensionless size parameter.

The quality of the calculated extinction function depends on the accuracy of the measured particle
sizgdistributionTherefore, the catculation stroutd be carried out witit measurements of gt least five
different samples with different particle size distributions as measured on a well-qualified/ihstrument.

©1S0 2022 - All rights reserved 19
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Due to the 111 posed nature of the inversion problem the attenuation spectrum often cannot be inverted

Annex D
(informative)

Iterative fitting

directly a i 3 an

iterative fifting scheme 51m11ar to that depicted in Flgure D.1. Typlcally, the spectra are very smopth,

so that veily little information appears to be contained in the data. In order to extract the PSD ffom
the attenugtion data, a model function (such as a log-normal or bi-log-normal distribution),islassumed,
effectively|reducing the number of free parameters to be fit to the datal®l

a) Measupe the attenuation spectrum @,

b) Make pn initial guess of the PSD, q. If a particular shape is assumed forthe PSD, this step is
equivalent to making an initial guess for the PSD parameters and calculating the PSD. In the ¢ase
of a ldg-normal distribution, the parameters are the median size dnd the geometric standard
deviatjon, and Formula (8) is used to calculate q.

c) Assumling that ¢ is the particle volume concentration (either &newn or estimated), the expeg¢ted
attenuption spectrum «a,, 4 is predicted by
Qpog F9-(0p _aL)+¢'K'q (p-1
where| K is a matrix representing the linear model that estimates attenuation as a functiop of
particle size. In cases where the intrinsic attenuation is small, the first term of Formula (D.1) cah be
omitted.

d) Calculate the error A. As given in Formulae-{D.2):

1/2
I\ N B 2
A_|:A-4n:1(anpn amOdn ) ( )2)

e) Use an optimization strategy) to update the estimate of q (or the parameters used to calculatg it)
and it¢rate from step 3-until A becomes sufficiently small. If the concentration ¢ is unknowh, it
may allso be varied to-decrease the value of 4. The best results are obtained when the value of {p is
knowr.

f) The final q is the estimated PSD.

It is understoed that simple iterative fitting schemes are prone to find local minima of 4, so care must

be taken td éxplore an adequately large region of the parameter space. Fitting algorithms are discurqlsed

in References [ZZ], TZ3] and [Z4].

20
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Initial PSD
parameters

:

PSD Model

estimate spectrum with
ultrasonic model

measured update
—| calculate A
spectrum parameters

No

Is A small
enough?

Yes

report current PSD

Figure D.1 — Iterative method of determining/the PSD from the measured ultragonic
attenuation.spectrum
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Annex E
(informative)

Physical parameter values for selected materials

Tables E.1 and E.2 show physical parameter values for a few selected materials; other materials are

listed in Reference-H0}-and{34—TableE3lists-examples-ofstandard-methodsused-tomeasurethese

parameterg.

3

Table E.1 — Physical constants for selected solids, as compiled in Reference J10]

Parameter Polystyrene Silica TiO2 Iron
c(m-s1) 2,330 x103 5,968 x103 7,900 x103 5,900%163
p’ (kg-m=3) 1,053 x103 2,185 x103 4,250 x103 7900103
u (N-m~2) 1,27 x10° 3,09 x1010 3,54 x1010 6)56 x1010
k (W-m~1K1) 0,140 1,6 498 8,04 x101
C, J’kg 1K1 1,193 x103 7,29 x102 9,30 x102 4,44 x102
a/f? (Np-s2m™1) 1,0 x10-13 2,6 x10722 1,2&10716 5,7 x10-14
Br (K1 2,1x107* 1,35 x10°6 8,61 x10-6 3,3x10°°
Table E.2 — Physical constants for selected liquids at 20 °CI37]
Parameter Water (25 °C) Water (20 °C) Hexadecane Isopropanol Olive oi
c(m$1) 1,487 x103 1,483 x103 1,358 x103 1,181 x103 1,440 x1(03
p (kgm=3) 9,97 x102 1,0 x103 7,7x102 7,9 x102 9,00 x10
n (P4-s) 8,91 x10~4 1,00:x10-3 3,10 x1073 2,35x1073 8,40 x10F
k (W-mJ1K1) 0,59 0,59 0,14 0,13 0,19
C, Jkg['kh 4,182 x103 4,182 x103 2,090 x103 2,494 x103 2,00 x10
a/f? (Np{s?2m™1) 2,5x10714 2,5x10714 1,0 x10-13 2,7x10713 1,35 x10712
Br (KD 2,1x10% 2,1x107% 7,0 X104 1,04 x1073 7,2 x1071

NOTE

Table|E.3 — Examiple standards used to measure parameters listed in Table E.1 and E.2

onstants for watet.at 25 °C from Reference [10] are included for comparison in Table E.2.

Parameter Symbol Standards

Sound speed c ISO 15086-2:2000
Density D TSO 1183-1:2004, ASTM C128-07a

Shear modulus u ASTM E1875-08
Viscosity n [SO 3104:1994, ASTM D445
Thermal conductivity K ASTM E1952
Specific heat G, ISO 11357-4:2005, ASTM E1269-11
Thermal expansion Br IS0 1768:1975

NOTE
materials.

22
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Practical example of PSD measurement

Annex F

(informative)

IS0 20998-2:2022(E)

NOTE

atte

F.2

The
var
Dis

NOT

cent

E

purpose of this Annex is to provide one example of how to estimate PSD from~am g4ttenuation
Ctrum using the methods described in this document. This example uses the|*Solver” tool in
rosoft Excel to perform the inversion.

The example given here is for the purpose of demonstration only. Other §pecimens with|n the scope
of this document can be measured, provided a suitable attenuation model is used in‘the inversion of the observed

Attenuation spectrum

huation spectra, and other inversion techniques can be used.

measured attenuation spectrum shown in Figure F.1 is‘teéproduced from an ultrasonfic study of
ous grades of titanium dioxide (TiO,)[2l. The concentration of the TiO, sample is 1,9 % |y volume.
‘rete values taken from this curve are shown in Table £l for convenience in subsequent calculations.

Data shown in Figure F.1 and Table F.1 have been extracted from Figure 4 in Reference [9]. The
original attenuation data were given in units of Nepers\per centimetre; here they are converted into fecibels per

imetre.

Y
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frequency expressed in megahertz
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attenuation expressed in decibels per centimetre
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50 X

Figure F.1 — Attenuation spectrum of one TiO, grade, measured at a concentration of 1,9 % by

© IS0 2022 - All rights reserved
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Table F.1 — Table of attenuation values depicted in Figure F.1

F.3 Cho

Titanium d
be the dor
loss model
from[19] as
the spread
show exan

NOTE 1 ]
detail must

NOTE2
multiplied H

ice of model

Frequency Attenuation
MHz dB/cm
1,95 7,60
5,85 15,74
9,76 22,25

13,67 28,22
17,57 34,74
2148 710,71
25,39 46,50
30,27 52,47
34,17 59,35
38,08 63,69
41,99 67,31
45,89 73,28
48,82 79,44

ioxide particles are dense (4 250 kg:'m~3) and fine (<106 m), so viscous loss is expecte
hinant attenuation mechanism. The attenuation coefficient is calculated from the visg
shown in Formula (A.1), using the physical parameter values for TiO, and water (at 25
shown in Annex E. The calculation can be implanted as a user-defined function to simy
Kheet. Attenuation is a function of both particle size and frequency; Figure F.2 and Table

i to
ous
OC)
lify
F.2

ple results of this calculation at three selected values of particle radius.

'he model uses particle radius, but PSDlresults are generally expressed as particle diameter.
not be overlooked when inverting theattenuation spectrum.

'he calculation shown here is the.attenuation per unit volume concentration. This result mus
y the volume fraction ¢ (where-0' < ¢ < 1) to obtain the expected attenuation.

[his

t be
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Key
X |frequency expressed in megahertz
Y |attenuation expressed in decibels per centimetre
¢ |curve corresponding to particle radius: 8,439 x 10-8 m
@ |curve corresponding to particle radius: 1,458 x 10-7 m
@ |curve corresponding to particle radius: 2,100 %:10-7 m

Figure F.2 — Viscous-lossimodel (see A.1) for unit concentration of TiO,

Table F.2 — Attenuation coefficient values depicted in Figure F.2

Frequency d=18439 x 108 m a=1,458 x 107 m a=2,100 x 107 m

MHz

1,95 1,19 2,70 3,92
5,85 8,12 13,19 14,07
9,76 17,93 23,54 21,92
13,6% 28,75 32,61 28,21
1%57 39,68 40,53 33,51
21,48 50,42 47,61 38,18
25,39 60,77/ 04,01 42,3
30,27 73,07 61,26 4712
34,17 82,40 66,57 50,60
38,08 91,34 71,55 53,87
41,99 99,88 76,25 56,96
45,89 108,03 80,68 59,88
48,82 113,94 83,87 61,98

© IS0 2022 - All rights reserved
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F.4 PSD model

Assuming that the volume-weighted PSD can be described as a log-normal distributionl?], then
Formula (8) gives the probability that a fraction of the particles’ volume lies in the interval dx between
X, and x,+dx[38]. The cumulative PSD, i.e. the volume fraction of particles with diameters between 0 and

X, is obtained by integrating Formula (8):
f 1\ 1(1 ’ 1 7
b's
Q3 (x)=jq3 (x)dx = jexp ——|-In— | |— j exp dz (F.1)
. svom )y 2\s x50 ) |x m -
where the fubstitution variable z 1s defined by
1
z=—1dIn| X F.2)
sV2 Xs50
Since the “¢rror function” is defined by the second integral in (F.1), the cumulative PSD:-is evaluated|as
11 1
03 ()5 +> erf[—l X } (F.3)
S\/7 X50
Excel has albuilt-in function, lognormdist, which calculates the cumulatiye log-normal distribution Q}(x),
so it is simple to determine the volume fraction ¢,, in a size class boundéd between sizes x,,; and x,,
¢y =Q3)(x,)—Q3(x)1) (F.4)
NOTE1 Inordertoconformtothedefinitions used here, the corfect function call is LOGNORMDIST (x,LN(xz¢),s).
NOTE 2  The Geometric Standard Deviation (GSD) of the RSD is equal to exp(s).
In the example shown in Table F.3, a set of 41 logayithmically-spaced particle diameters is definef in

Column A:

) weny

{x; = 1,00 x 10-8 m; x, = 1,20 x 10=8.11%; x5 = 1,44 x 10-8 m, ..., x,q = 1,47 x 10-5 m}. T}

ese

diameters flefine a set of 40 size intervals (i.€:size classes) where the average particle size X,, of the|nth
class is thelgeometric mean:
Xy :\/xn—lxn (F.5)

Using an a
in Column
determine
calculated

26

rbitrary initial guess.of x5, = 1 x 107 m and s = 0,40, the trial cumulative PSD is calcul
B using the lognermdist function to evaluate Q3(x,) at each particle size. The set of {¢
l from (E.4) inc€olumn C, and the geometric mean diameter of each size class in Column

from Formula-(F.5).

Tablé F.3 — Partial listing of initial entries in an excel spreadsheet

ted
}is
D is

A B C D

T X PX) vol fraction GM diameter
2 1,00E-08 0,0000

3 1,20E-08 0,0000 5,34E-08 1,095E-08
4 1,44E-08 0,0000 5,76E-07 1,315E-08
5 1,73E-08 0,0000 5,06E-06 1,577E-08
6 2,07E-08 0,0000 3,62E-05 1,893E-08
7 2,49E-08 0,000 3 2,11E-04 2,272E-08
8 2,99E-08 0,001 3 1,00E-03 2,726E-08
9 3,58E-08 0,0051 3,89E-03 3,271E-08
10 4,30E-08 0,017 4 1,23E-02 3,925E-08
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