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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 neededfor
different types of ISO documents should be noted. This document was drafted in accordance with
editorial ruyles of the ISO/IEC Directives, Part 2. 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 (References [1][2][3][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 (References [5][6][7]). 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 emulsions

Traglitionally, such measurements have been made off-line in a quality control lab, ahd“¢onstraints
imposed by the instrumentation have required the use of diluted samples. By ntaking|in-process
ultrjasonic measurements at full concentration, one does not risk altering the dispersion Jtate of the
sanjple. In addition, dynamic processes (such as flocculation, dispersion, and‘¢omminutipn) can be
obsprved directly in real time (Reference [8]). These data can be used in process control schemes to
imgrove both the manufacturing process and the product performance.

[SO[20998 consists of two parts:

— 120998-1 introduces the terminology, concepts, and procedures for measuring |ultrasonic
attenuation spectra;

— 120998-2 provides guidelines for determining particle siZe information from the measuged spectra
for cases where the spectrum is a linear function of;the particle volume fraction.

A fyrther part addressing the determination of particlé-size for cases where the spectrum is hot a linear
fungtion of volume fraction is planned.

© IS0 2013 - All rights reserved v
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5 part of ISO 20998 describes ultrasonic attenuation spectroscopy methods for determin
ributions of a particulate phase dispersed in a liquid at dilute concentratiofis;-where thd
nuation spectrum is a linear function of the particle volume fraction~In this regimgd
Licle interactions are negligible. Colloids, dilute dispersions, and emulsipns are within t
part of ISO 20998. The typical particle size for such analysis ranges.from 10 nm to 3 mn
Ficles outside this range have also been successfully measured. Forselid particles in susp¢
lsurements can be made at concentrations typically ranging from 0,1 % volume fractior

, and the frequency range.

E See References [9][10].

emulsions, measurements may be made at much-liigher concentrations. These ultrason
be used to monitor dynamic changes in the size distribution.

le it is possible to determine the particle size distribution from either the attenuation sj
phase velocity spectrum, the use of attenuation data alone is recommended. The relative
se velocity due to changing particle size is small compared to the mean velocity, so it is off
etermine the phase velocity withia-high degree of accuracy, particularly at ambient te
bwise, the combined use of attendation and velocity spectra to determine the particle
mmended. The presence of measurement errors (i.e. “noise”) in the magnitude and phj
increase the ill-posed nature of the problem and reduce the stability of the inversion.
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1SO 20998-1:2006, Measurement and characterization of particles by acoustic methods — Part 1: Concepts
and procedures in ultrasonic attenuation spectroscopy

3

Terms and definitions

For the purposes of this document, the terms and definitions in ISO 20998-1 and the following apply.

3.1

coefficient of variation

rati

©IS

o of the standard deviation to the mean value
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3.2
dimensionless size parameter
representation of particle size as the product of wave number and particle radius

3.3
particle radius
one-half of the particle diameter

3.4
wave number
ratio of 2 to the wavelength

4 Symbols and abbreviated terms

A matrix representing the linear attenuation model

Ap coefficients of series expansion in ECAH theory

a particle radius

c speed of sound in liquid

Cp specific heat at constant pressure

Cpr particle projection area divided by suspension volume

Ccv coefficient of variability (ratio of the standard devdation to the mean value)
E extinction at a given frequency

ECAH Epstein-Carhart-Allegra-Hawley (theory)

fi frequency

H identity matrix

hp Hankel functions of the first kind

I transmitted intensity of ultrasound

) incident intensity)of ultrasound

i the imaginafy number

inv() matrix-inverse operation

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

k(f, x) kernel function

ke, k1, ks wave numbers of the compressional, thermal, and shear waves

ka dimensionless size parameter
Py Legendre polynomials
PSD particle size distribution

2 © IS0 2013 - All rights reserved
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q solution vector (representation of the PSD)

q3(x) volume weighted density function of the PSD

Q3(x) volume weighted cumulative PSD

S standard deviation

X particle diameter

X10 the 10th percentile of the cumulative PSD

X50 median size (50th percentile)

X90 the 90th percentile of the cumulative PSD

Xmih minimum particle size in a sample

Xmalk maximum particle size in a sample

a total ultrasonic attenuation coefficient

a attenuation spectrum

a absolute attenuation coefficient divided by the frequency, & = (a/f)
ex excess attenuation coefficient, dexc = a - ay,

Aexd’ alternate definition of excess attenuation’coefficient where aexc’ = @ - @int
Oexh measured attenuation spectrum

Qint intrinsic absorption coefficient of the dispersion

ay, attenuation coefficient of the continuous (liquid) phase

amdd attenuation spectrim predicted by the model, given a trial PSD

ap attenuation coefficient of the discontinuous (particulate) phase

Qsc elastic scattering component of the attenuation coefficient

Qth thermalloss component of the attenuation coefficient

Qvis Yriscoinertial loss component of the attenuation coefficient

BT volume thermal expansion coefficient

A error in the fit, A :‘ Qexp ~Olmod

A Tikhonov regularization factor

Al thickness of the suspension layer

AQ7 fraction of the total projection area containing a certain particle size class
n viscosity of the liquid

K thermal conductivity

© IS0 2013 - All rights reserved 3
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Ye

ultrasonic wavelength

shear modulus

density of the liquid and particle, respectively
volume concentration of the dispersed phase

chi-squared value

com prpccinn wave

¥s

¥

shear wave
thermal wave

angular frequency (i.e. 2m times the frequency)

5 Mechanism of attenuation (dilute case)

5.1 Intr
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discrete ph
coefficient
the particy

5.2 Excé€

The totalu
and the intj

(04

Oy

The intrin
dispersion
and ap for

system, int

Oline =

The excess
and the inf

bduction

ind passes through a suspension, colloid, or emulsion, 4P is scattered and absorbed by
ase with the result that the intensity of the transmitted'sound is diminished. The attenua
is a function of ultrasonic frequency and depends on-the composition and physical staf]
late system. The measurement of the attenuatiop-spectrum is described in ISO 20998-1.

ss attenuation coefficient

trasonic attenuation coefficient, «, is dueto viscoinertial loss, thermal loss, elastic scatten
rinsic absorption coefficient, ajnt, of the dispersion (References [1][10]):

T O + Oge + Uiy

bic absorption is determined by the absorption of sound in each homogenous phase of]
For pure phases, the-atténuation coefficients, denoted ay, for the continuous (liquid) p}
the discontinuous (particulate) phase, are physical constants of the materials. In a disper
rinsic absorptiop.octurs inside the particles and in the continuous phase, therefore,

L—0) o, +9cop

attenuation coefficient is usually defined to be the difference between the total attenua
rinsiclabsorption in pure (particle-free) liquid phase (References [4][7]):

the
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e of

ing,
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(2)

Fion

anC =

(3)

With this definition, the excess attenuation coefficient is shown to be the incremental attenuation caused by
the presence of particles in the continuous phase. Combining Formulae (1), (2), and (3), it can be seen that

Olxe =Olyjs 0y + 00 +¢-(0p —0ty,)

(4)
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The viscoinertial, thermal, and elastic scattering terms depend on particle size, but aj, 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

A exe = Olyig T 0 +0ge (5)

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

o int (6)

exc — X~ 0

In this situation, Formula (5) is still valid. It should be noted that some authors express dttenuation
coefficientasareduced quantity & = (¢ / f),dividing the absolute attenuation coefficientiby thg frequency.

5.3| Specific attenuation mechanisms

5.3]1 Scattering

Ultrasonic scattering is the redirection of acoustic energy away from\the incident beam, so it is elastic
(nolenergy is absorbed). The scattering is a function of frequency and particle size.

5.3]2 Thermal losses

Thermal losses are due to temperature gradients generated near the surface of the particle as it is
conjpressed by the acoustic wave. The resulting thernyal waves radiate a short distance int¢ the liquid
andlinto the particle. Dissipation of acoustic energy ¢aused by thermal losses is the dominant 4ttenuation
effect for soft colloidal particles, including emulsign droplets and latex droplets.

5.3/3 Viscoinertial losses

Vis¢oinertial losses are due to relativeé-motion between the particles and the surrounding fluid. The
particles oscillate with the acousti¢.pressure wave, but their inertia retards the phase of this motion.
Thi} effect becomes more proneunced with increasing contrast in density between the pafrticles and
themedium. As the liquid flowsaround the particle, the hydrodynamic drag introduces a fridtional loss.
Vis¢oinertial losses dominate the total attenuation for small rigid particles, such as oxides| pigments,
and ceramics. An explicitsalculation of the attenuation due to viscoinertial loss is given in Annex A for
the|case of rigid particles that are much smaller than the wavelength of sound in the fluid.

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

Sl 1 fitancaofwhich danandc on matarial nranartiaoc narticlag cigg and cannd froagnaney M reover, for
gnificance-of which-de pends-ontnaterial propertiesparticle-size andsound-frequency—Md ;

some material systems, a linear relationship between sound attenuation and particle concentration can
be observed up to concentrations of 20 % volume fraction or more, while for others, such a relationship
exists only at low concentrations. This situation has led to a variety of models; two principal approaches
may 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

© IS0 2013 - All rights reserved 5
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which is given in Annex B. The ECAH theory includes sound scattering as well as the viscoinertial and
the thermal losses. It can be applied to homogenous, spherical particles with no limit regarding material

properties,

particle size, or sound frequency.

The second principal approach in modelling is to consider only the attenuation by viscoinertial and
thermal losses, which is admissible in the long wavelength limit (where x << A or, equivalently, ka <<
1) only. That restriction facilitates the inclusion of nonlinear concentration effects that are caused by
the interaction of shear waves and/or thermal waves. Consequently, most of these theories are beyond
the scope of this part of ISO 20998. However, linear solutions can be obtained in the limiting case of
vanishing particle concentration (¢ — 0) In general these theorles then agree with the ECAH theory
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A number

=]

[12

etical models may fail to accurately explain measured attenuation spectra since they hold {
ogenous, spherical particles and require the knowledge of several physical{parameter
ed system. In such situations, semi-empirical approaches may be used thatare based on

h that for spheres we get

(x2f),

x*f),

xf) .
ition and derivation of such a semi-empirical'model is described in Annex C.

ysical parameters

of physical properties affect the_propagation of ultrasound in suspensions and emulsi

2] for the thermal loss mechanism, botf

[11]
h of

rue
s of
the
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These properties (listed in Table 1) are included in the ECAH model described in Annex B. In npost

practical a
theory wit
many situz
these para
accuracy. T
significant

itions (cf. 5.3.1), which reduces the number of influential parameters. Moreover, som
meters only weakly-affect the attenuation and, therefore, do not need to be known with
ypical material Systems are listed in Table 2 together with the material properties that
y affect the attenuation.

bplications, many of these'parameters are not known, and it is therefore difficult to comy
h experimental observdtion directly. Fortunately, approximate models can be employed

are
for
b of
igh
ost

Tabl¢ 1 — The.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 - m-3
Shear viscosity (microscopic) Pa-s
Shear modulus Pa
Sound speed Sound speed M- s1
Absorption Absorption Np - m-1,dB-m-1
Heat capacity at constant pressure Heat capacity at constant pressure J-kg-1.K-1
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Table 1 (continued)
Dispersion medium Dispersed particle Units
Thermal conductivity Thermal conductivity W-m-1.K-1
Thermal expansion Thermal expansion K-1
NOTE The decibel (dB) is commonly used as a unit of attenuation, so absorption is often expressed in units of
dB-m-1lordB-cm-1

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

|
Sydtem Properties of the particle Properties of the liquid
Rigjd submicron particles |Density Density, sound speed, Shear viscosity
Soft submicron particles |Thermal expansion Thermal expansion
Larjge soft particles Density, sound speed, elastic constants |Density, sound-speed

Lar

Density, sound speed

e rigid particles Density, sound speed, shape
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Determination of particle size

Introduction

5 section describes procedures for estimating the, particle size distribution from an
nuation spectrum.

eneral, the observed ultrasonic attenuation spectrum, which forms the data function «, is
he particle size distribution and on the particle concentration. In dilute suspensions and

the superposition of individual, uncorrelated events, and the spectrum is a linear f
centration. In this case, a linear theorj-such as the ECAH model described in Annex B can

hin the linear theory, the attenuation of sound is related to a PSD by the following formu
Gexc([1)=0-(p ()~ OLUN +9- [K(f1,%)-q3(x)dx

bre ¢ is the volume.concentration of the dispersed phase and g3(x) is the volume weighf

ractions between the ultrasound and the particles.

inversion’ problem, i.e. the determination of the continuous function g3(x) from 4
nuation spectrum, is an ill-posed problem. Any measured discrete attenuation spectr
pat all details of g3(x). Moreover, signal noise further reduces the amount of accessible i

ultrasonic

dependent
emulsions,

sound field interacts with each particle independently. That is, the attenuation of sound is formed

unction of
be applied

(7)

ed density

ction of the PSD:"The function k(f;, x) is called the kernel function, and it models the physical
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um cannot
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solutions. Two principal approaches may be distinguished:

a)

b)

elof possible

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

determined by a nonlinear regression;

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

(regularization.)

These two approaches are described in 6.2.

NOTE
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nuation spectrum.
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The performance of the algorithms depends on the material system, on the measurement instrument,
as well as on the size distribution. It is further related to the information content of the measured
attenuation spectrum, which is determined by the covered frequency range, by the signal noise, to a
lower extent by the number of frequencies, and primarily by the structure of the kernel functions k(f, x)
(Reference [13]).

6.2

6.2.1 Op

In the casqg

that very 1

attenuation data, a model function mightbe assumed, effectively reducing the number of free parame

to be fit to

IS0 9276-2
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Inversion approaches used to determine PSD

timization of a PSD function

of colloidal dispersions, 1.e. in the long wavelength regime, the spectra are very smoat
ttle information appears to be contained in the data. In order to extract the PSD frem

the data (Reference [9]). A typically used model function is the log normal distribution
:—,[33] Annexes A and B):

2
_lni]

ex —1 1
P 2 X50

SX/ 2T S

minimizing the residual A:

KD —Omod

is measured and ameq is calculated by Formulai{7) using, for example, viscoinertial
| A), ECAH (see Annex B), or some other suitable'model. The model parameters of the |
Ction can be obtained from an optimization strategy. These are iterative algorithms,
cipal of which is described in Annex D. Gare must be taken to ensure that the optimiza

red PSD.

pularization

Ctions restrict the solution ‘q3(x) with regard to the number of modes or the skew
obscure relevant details/in the distribution function. As shown in Annex C, it is possib
Eversion without madel parameters for the estimated PSD (References [14][15][16]). If

content of a is_sufficient, an alternative approach is to introduce size fractions and to
ula (7) in its discrete form:

o —o)+¢K-q

matrix K is the discrete representation of the ultrasonic model, giving the attenuation
particle size. Solving this formulais anill-conditioned problem, as the signal noise is extren

h SO
the
fers
(cf.

(8)

s the median size and sis the standard deviation of In(x). The solution of the inversion problem

(9)
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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 q, respectively). The most
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popular regularization is based on the smoothness of the distribution function, which can be quantified

via

qT - H - q leading to the modified objective function:

2

X :Haexp_K'qHZ”'a'qT'H‘q

(11)

Here, His the identity matrix, KT is the transpose of matrix K, and § is a suitable Tikhonov regularization
factor (Reference [14]). The solution is then obtained from:

g=inv(K'K+6% HK o

exp

(12)

For
sho
yiel
opt

6.3

The
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small values of the regularization factor §, the solution q is highly affected by the s
wing strong oscillations with large negative values. In contrast, very large regularizat]
d such smooth solutions that the characteristic features of the PSD are lost. In"ofder t
mal regularization factor, different strategies can be applied (References [17]{18][19][2(

Limits of application

typical particle size for ultrasonic analysis ranges from 10 nm to3~mm, although partig
range have also been successfully measured. Measurements can be made with a lineat
Centrations of the dispersed phase ranging from 0,1 % volume fraction up to 5 % volume
e, depending on the density contrast between the continuous,and the dispersed phases. In|

gnal noise
ion factors
o select an

1).

les outside

model for
fraction or
the case of

emylsions, measurements may be made at much higher concentrations (approaching 50 % volune fraction).
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7.2

application of linear theoretical models requires theXknowledge of the relevant model p|
rs should therefore be aware of possible changes.itv those parameters, e.g. variation of {
centration. In particular, processes including a*change of the phase (e.g. dissolution) o
emperature may defy an analysis with theoretical models. In such a case, users are refe
1d of chemometrics, i.e. to methods for data treatment and statistical modelling (e.g.
vorks, multiple regression, etc.).

Instrument qualification

Calibration

asonic spectroscopy(Systems are based on first principles. Thus, calibration in the strict
lired; however, it is-still necessary and desirable to confirm the accurate operation of the
qualification precedure. See ISO 20998-1 for recommendations.

Precision

1 «Reference samples

Qrameters.
he particle
r a change
rred to the
yith neural

ense is not
nstrument

£1 0 +
150 tO—T1To-S11otl

10 ch ol

Forkesting-preeistonreferencesampleswith-anxggixcroratio-in-therangeeo d be used.
It is desirable that reference samples used to determine precision are non-sedimenting and comprising
spherical particles with diameters in the range of 0,1 pum to 1 um. The concentration shall be in the range
of 1 % to 5 % volume fraction.

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 x1¢, X50, and x99. An instrument is considered
to meet this part of ISO 20998 for repeatability if the CV for each of the x19, x50, and x9¢ is smaller than
10 %. If a larger CV value is obtained, then all potential error sources shall be checked.

© IS0 2013 - All rights reserved
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7.2.3 Reproducibility

Reproducibility tests shall follow the same protocol as that for repeatability. At least three distinct
samples of the same reference material shall be measured, and the mean and CV for the x19, x50, and
x90 shall be calculated. A CV larger than that of repeatability may be expected due to differences in
sampling or dispersion or between analysts or instruments. The certification for the reference material
will contain information about the acceptable error for that material.

7.3 Accuracy

7.3.1 Quplification procedure

In the qualification step, the accuracy of the total measurement procedure is examined. It is'esserjtial
that a wriften procedure is available that describes the sub-sampling, the sample dispersion,|the
ultrasonic neasurement, and the calculation of the PSD in full detail. This procedure shall'be folloyed
in its entirety and the title and version number reported.

7.3.2 Reference samples

Certified r¢ference materials (see ISO 35) are preferred in the measurementofdccuracy. These mateifials
have a known size distribution of spherical particles with an x9¢/x1¢ ratié_in the range of 1,5to 10. [It is
preferred that the median size of the certified reference material be cheSen so that it lies within the fize
range contemplated for the end-use application. For single shot analysisythe full contents of the contajner
shall be usgd. If sub-sampling is necessary, this shall be done with.due care while using a method that
has been groven to yield adequate results (see ISO 14488). If<a“protocol for sampling, dispersiot], or
measurement is not available, the procedure that is used shallbe reported with the final results.

7.3.3 Ingtrument preparation

The advice|given in ISO 20998-1 should be followed. The instrument should be clean, and the liquid ysed
for the background measurement should be free-of particles.

7.3.4 Acguracy test

The written test protocol defined in 3.1 shall be followed for the accuracy test, which measures|the
PSD of the|selected reference mateyial. 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 bémade on five consecutive sample aliquots, and the average value and CV
of the med]an size shall be-calculated.

7.3.5 Quplification'acceptance criteria

The 95 %|tolerance limits stated for each certified size value of the standard reference matdrial
ipn~-form a set of maximum and mlnlmum values that defme the stated parameter The
qualificatientest shall be accepted as pass : of 1SQ 20998 sulting
measured partlcles size dlstrlbutlon achleves both of the followmg crlterla

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

If a higher standard of accuracy is required for any reason, then a reference material should be chosen
with a narrow confidence interval and a total protocol for sampling, dispersion, and measurement
should be used that guarantees minimum deviation.

10 © IS0 2013 - All rights reserved
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8 Reporting of results

The particle size distribution results shall be reported according to the guidelines in ISO 20998-1, Clause 5.

© IS0 2013 - All rights reserved 11
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Annex A
(informative)

Viscoinertial loss model

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

shown here

icfraom Daofaraneca T01 hat it ic dorivad from tha avnlicit analutical colitionce AfDaforane
5+ eHr~ererett eFvea e Htre-exprict Hary-steadr568e6hR56 ererehe

ceTE I oatTIt oS

and is mathematically equivalent to results obtained by many authors (References [11][21][22]).

o ' 2
o = Qj[c_d\ (p'-p)
V1S 2 c ' - 2 - 2 -
P N (oocr ) +(c5) o
where the flissipative and inertial drag coefficients (Reference [5]) are given by
w_ M
C;=—+-(1+Y)
d 24
ce 1 3y
2 2

with the dimensionless parameter Y defined by

op

b

ulae above,

the viscous attenuation coefficient

the particle radius

the speed of sound in liquid

the angular frequernicy of ultrasound (i.e. 2w times the frequency)

the density ofithe liquid and particle, respectively

the viscesity of the liquid

Lhe'volume concentration of the particle

q[7]

h.1)

\.2)

\.3)

.4)

Y:a\/i
In the form
Qyis 1S
a is
c is
w is
pp' s
n is
[0) is
12
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ECAH theory and limitations

Introduction

ISO 20998-2:2013(E)

B.1
The

TITCT U CCIOUTr

par
scaf

soupnd waves (see Figure B.1).

Sewell (1910)
Reference [23]
rigid immovable
particles

Lamb (1916)
Reference [21]
movable, incomptessible,
rigid particles

Epstein (1941)
Reference [22]
viscous fluid or elastic
solid particles

Urick (1948)
Reference [11]
viscous drag

Isakovich (1948)
Reference [12]
heat conduction

Epstein & Carhart
(1953) Reference [6}
heat conduction,

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

Chow (1964) Reference [26]
scous, heat conducting particles
and matrix, with dissipation

Epstein-Carhart-Allegra-Hawley (ECAH) theory is derived from Reference [6] on sound §
in liquid/liquid systems (emulsions). Reference [7] later generalized that theory to irclude ¢

Faran (1

Urick & Ament (
Reference [2

movable, rigid comyj

particles

Hipp (2002)
Reference [27]

linear viscoeleastic

Referencq
elastic paf

ttenuation
lastic solid

Licles as well as fluid particles in a liquid suspending medium. This theory is, one of npany linear
tering theories, each of which has made assumptions about the particle systefri and how

it reacts to

D51)
[24]
ticles

1949)
b]
ressible

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, i, and a shear wave, 5. Since the incident

© IS0 2013 - All rights reserved
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sound beam is generally a compression wave, the other two types are generated at the boundary of the
discontinuous phase. These waves are solutions of the wave formulae:

(V2 +kC2)1//C -0 (B.1)
(VZ +k? )y/T =0 (B.2)
(V24K Jws=0 (B.3)

Here, the wave numbers k¢, kT, and ks are defined by

k =—H'O£0 (84)

wpCp,
2K

-
k, :\ﬁﬁ (B.6)
u

where w i the angular frequency, c is the speed of sound, ag is:the absorption, p is the density, {j, is
the specifi¢ heat at constant pressure, k is the thermal conducti¥ity, i is the shear modulus, and i is|the
imaginary [number. These waves appear in the interior of the(particle and in the continuous phase [the
fluid). Within the fluid, the wave number corresponding tothe shear wave [Formula (B.6)] is calculgted
by replacirlg the shear modulus p with the factor -iwn, where n is the viscosity.

ky =(1f+i) (B.5)

In the case|of a spherical particle, the general solution of this system of formulae can be representefl as
an expansipn of Legendre polynomials. The reflected compression wave, for example, is

Y. =X i"(2n+1)A,h, (k.a)P, (cosH) (B.7)
nz0
where hp gre Hankel functions of the first kind and P, are Legendre polynomials. The coeffici¢nts
Ay specify|the reflected compréssion wave completely. In total, there are six sets of coefficients that
describe the three waves in the medium and the three waves inside the particle. These coeffici¢nts
are related through the botindary conditions, which require continuity of these physical parameters at
the surfacq of the partiele:radial velocity, tangential velocity, temperature, heat flux, radial stress, pnd
tangential stress. Explicit formulae for the boundary conditions for emulsions, are given in Refergnce
[2], pp- 114-115 and the boundary conditions for suspensions of solids are discussed in Reference [}].
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The resulting system of formulae is solved to determine the coefficients A, in Formula (B.7). The
ultrasonic attenuation, g, is then given by Reference [6]:

oo

3¢

o e
23
cha n=0

exc —

(2n+1)ReA, (B.8)

where a is the radius of the particle. In the long wavelength limit, where kca < < 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 (Reference [10]). In this case,

exc —

3¢
o.,..=————Re| Ay +34 (B.9)
2k§a3 |‘0 1J

Formulae for determining A, are given in Reference [28]. Explicit analytical solutions’for 4¢ (thermal
losqd) and A; (viscous loss) are given in Reference [7] for the long wavelength limit ifi the cgse of rigid,
denise particles.

B.3 Limitations of ECAH theory

It should be noted that Formulae (B.8) and (B.9) are only valid for dilute suspensions, wheye particle-
particle interactions can be neglected.

© IS0 2013 - All rights reserved 15
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(informative)

Example of a semi-empirical model

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

The ultrasgnic extinction, E, of a suspension or emulsion of mono-disperse particles with the diamgter
x can be described by the Lambert-Beer’s law according to Reference [4].

E=-In i] =Al-Cpp-K(fi,x)=0-Al (oY)
fi

Iy

The extinction, E, at a given frequency, fj, is linearly dependent on the thickness of the suspension lgyer,
Al, the projection area-concentration, Cpp, and the extinction efficiency (normalized extinction cfoss
section), K)where

particle projection area

t.2)

Cpp = ,
suspension volume

extlinction cross section B
K= . — (F-3)
particle projection area

The extincfion efficiency, K, is a function of frequency and particle size. In a polydisperse system, K is
integrated|over all particle size fractions from xpin to¥ax:

Xmax
E(f;)4Al-Cop- | K(fi%)-a(x)dx €4
Xmin
The integral in Formula (C.4) can be approximated as sum:
E(fi)EAI'CPF’ZK(firxj)'qZ(Xj)'AXj (€.5)
J

If now extipction measurements are performed at various frequencies, this results in a linear systein of
formulae:

E(f1) Kip o Kaij)(q-8xg
|l AL epy SR | R
E(f)) Kip - Kj; q2i - X;

The systemefformulae (C-6}isnumericallyyunstable and 1

(F-6)

st be solved by suitable algorithms

To calculate the particle size distribution, one must know the extinction cross section K as a function of
the dimensionless size parameter ka defined in Formula (C.7):

{2]:

The dimensionless size parameter is defined as the product of wave number and particle radius, and
it equals  times the ratio of particle diameter, x, to ultrasonic wavelength, A, within the liquid. The
wavelength is equal to the ratio of the frequency, f, and the speed of sound, ¢, of the liquid. Figure C.1
shows a typical extinction function for spherical particles.
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1E+2

1E+0

Ik-2

1E-4

1E-3 1E-2 1E-1 1E<0 1E+1 1E+2

Key
—g—x=0,1 um —&—x =100 pm

—H—x=10 pum X dimensionless size parameter ka
—g—x =1000 pm Y extinction efficiency K
—t—x=1pum

Figure C.1 — Typical extinction function for spherical glass particles in water Refer¢nce [29]

For|small dimensionless size parameters (long wavelength regime), the extinction cross gection can
be falculated with the ECAH/theory. For larger dimensionless size parameters (short Wwavelength
regjme), scattering becomes’more and more relevant. Particle shape gains a strong influgnce on the
extinction behaviour ef the particles. For systems with low density contrast between the fontinuous
and|the discontinuousphases, sound absorption within the particle becomes relevant. For mgny particle
systems, the theoretical predictions for the extinction efficiency are not sufficient for the cajculation of
a p3rticle size distribution.

Thip situation can be overcome by a semi-empirical approach, which takes advantpge of the
funrtionahrelationship

KT x )= f(ka) (C.8)

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 calculates the scattering
extinction function with help ofthe measured particle size distribution. For this, Formula (C.5) isrewritten:

E(fi)=Al-Cpp- Y K(fi,x;)-AQz(x;) (C9)
j

where AQ3 is the fraction of a certain particle size class of the total projection area. Formula (C.9) 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.

© IS0 2013 - All rights reserved 17
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The quality of the calculated extinction function depends on the accuracy of the measured particle
size distribution. Therefore, the calculation should be carried out with measurements of at least five
different samples with different particle size distributions as measured on a well-qualified instrument.

18 © IS0 2013 - All rights reserved
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Annex D
(informative)

Iterative fitting

Due to the ill-posed nature of the inversion problem, the attenuation spectrum often cannot be inverted

dirg

ctlizacin Borrnnla (1) vanth ~daauata raliabilieyy Tnctaad o anusunrlbearchavuna racortad o an iterative
cery-a S orta S Witnaae guatereraohityhSteat aly-Werkersaveresortea+o4q

fitti
littl
dat
red

1y
2)

3)

wh
size

4)

5)

6)

It is
be t
in

—

ng scheme similar to that depicted in Figure D.1. Typically, the spectra are very smoath's
e information appears to be contained in the data. In order to extract the PSD frontthe ¢
i, a model function (such as a log-normal or bi-log-normal distribution) is assumed,
1Icing the number of free parameters to be fit to the data (Reference [9]).

Measure the attenuation spectrum @exp.

Make an initial guess of the PSD, q. If a particular shape is assumed forthe€ PSD, this step is|
to making an initial guess for the PSD parameters and calculatifigthe PSD. In the ca
normal distribution, the parameters are the median size and thé geometric standard dey
Formula (8) is used to calculate q.

Assuming that ¢ is the particle volume concentration {eéither known or estimated), th|
attenuation spectrum a4 is predicted by

Omog =9 (p—ay)+9-K-q
re K is a matrix representing the linear mgdel that estimates attenuation as a function
. In cases where the intrinsic attenuation s small, the first term of Formula (D.1) can be

Calculate the error A.
A= Haexp _amodH

Use an optimization strategy to update the estimate of q (or the parameters used to calc
iterate from step 3) until’A becomes sufficiently small. If the concentration ¢ is unknown,
be varied to decrease-the value of A. The best results are obtained when the value of ¢ is

The final q is the-estimated PSD.

understood-that simple iterative fitting schemes are prone to find local minima of A, sd
aken to'explore an adequately large region of the parameter space. Fitting algorithms ar¢
17],[18}and [19].

o that very
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equivalent
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Figure D.1 — Iterative method of determining the PSD from the measured ultrasonic
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Physical parameter values for selected materials

TablesE.1 and E.2 show phy51cal parameter values for a few selected materials; other materials are listed

Table E.1 — Physical constants for selected solids, as compiled in Reference [10]

rameters.

Parameter Polystyrene Silica TiO2 I|ron
¢ (ms1) 2,330 x 103 5,968 x 103 7,900 x 103 5,900 x 103
p' (kg'm-3) 1,053 x103 2,185 x 103 4,250 % 103 7,900 x 103
U (N'm-2) 1,27 x 109 3,09 x 1010 3,64x1010 6,5¢4 x 1010
K (W-m-1K-1) 0,140 1,6 4,98 8,04 x 101
Cp (Jkg1K-1) 1,193 x 103 7,29 x 102 9,30 x 102 4,44 x 102
¢/f? (Np-s2m-1) 1,0 x 10-13 2,6 x 10-22 1,2 x 10-16 5,7 x 10-14
Br (K1) 2,1 x 10-4 1,35 x 1076 8,61 x 10-6 3,3/ 10-5
Table E.2 — Physical constants for selected liquids at 20 °C, as compiled in Referenjce [30]
Parameter Water (25 °C) Water (20°¢) Hexadecane Isopropanol Ollive oil
¢ (m-s-1) 1,487 x 103 1,483 %)103 1,358 x 103 1,181 x 103 1,440 x 103
p (kg'm-3) 9,97 x 102 0% 103 7,7 x 102 7,9 x 102 9,00 x 102
n (Pa-s) 8,91 x 10-4 1,00 x 10-3 3,10 x 10-3 2,35x10-3 8,40 x 10-2
K (W-m-1K-1) 0,59 0,59 0,14 0,13 0,19
a, (J-kg-1K-1) 4,182 x 103 4,182 x 103 2,090 x 103 2,494 x 103 2,00 x 103
a/f? (Np-s2m-1) 2,5 x10-14 2,5 x 10-14 1,0 x 10-13 2,7 x 10-13 1,3b x 10-12
Br (K1) 2T 10-4 2,1 x 10-4 7,0 x 10-4 1,04 x 10-3 7,2 x 10-4
NOTE Constantsfor water at 25 °C from Reference [10] are included for comparison in Table E.2

Table E.3/— Example standards used to measure parameters listed in Tables E.1 and E.2

Parameter Symbol Standards
Soundspeed € 0150862260
Density p [SO 1183-1:2012, ASTM C128-07a
Shear modulus u ASTM E1875-08
Viscosity n [SO 3104:1994, ASTM D445
Thermal conductivity K ASTM E1952
Specific heat Cp ISO 11357-4:2005, ASTM E1269-11
Thermal expansion BT IS0 1768:1975

NOTE

© IS0 2013 - All rights reserved
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F.1 Purpese

Annex F
(informative)

Practical example of PSD measurement

The purpose of this annex is to provide one example of how to estimate PSD from an attenuagion
spectrum yising the methods described in this International Standard. This example uses the-“Solyer”
tool in Exc¢l? to perform the inversion.
NOTE The example given here is for the purpose of demonstration only. Other specimens-within the s¢ope
of this part jof ISO 20998 can be measured, provided a suitable attenuation model is usedin’the inversion of the
observed atfenuation spectra, and other inversion techniques could be used.
F2 Attdnuation spectrum
The measyred attenuation spectrum shown in Figure FE.1 is reproduced from an ultrasonic studfy of
various grpdes of titanium dioxide (TiOz) (Reference [9]). The:concentration of the TiO sample is
1,9 % volune fraction. Discrete values taken from this curve age’shown in Table F.1 for conveniende in
subsequent calculations.
NOTE IData shown in Figure F.1 and Table F.1 have been extracted from Reference [9], Figure 4. The origdinal
attenuation|data were given in units of nepers per centimetreghere, they are converted into decibels per centimgtre.
Y 80 .
*
70 *
L 2
60 *
50 Ad
L 2
40 *
*
30 rs
20 Ld
L 2
10 Y
0 | | | |
8 16 26 30 40 56
X

Key
X  frequency (MHz)
Y attenuation (dB/cm)

Figure F.1 — Attenuation spectrum of one TiO2 grade, measured at a concentration of

1,9 % volume fraction (Reference [9])

1) Excel is the trade name of a product supplied by Microsoft. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of the product named. Equivalent products
may be used if they can be shown to lead to the same results.
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Table F.1 — Table of attenuation values depicted in Figure F.1

F.3

Tita
be t

modlel shown in Formula (A.1), using the physical parameter values for TiOz and water (at 2

Refi

NOT
detd

NO'
mul

simplify the spreadsheet. Attenuation is a function of both particle size and frequency; Fig|
Tabl

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

13,67 28,22
17,57 34,74
2148 4971
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

Choice of model

nium dioxide particles are dense (4 250 kg:m~-3) and\fine (< 10-6 m), so viscous loss is ¢
he dominant attenuation mechanism. The attenuation coefficient is calculated from the

erence [10] as shown in Appendix E. The calculation may be implanted as a user-defined

e F.2 show example results of this calculation at three selected values of particle radius.

E1 The model uses particle radius; but PSD results are generally expressed as particle diz
il must not be overlooked when inyerting the attenuation spectrum.

E2  The calculation shown here is the attenuation per unit volume concentration. This res
Liplied by the volume fractioh'gy (where 0 < ¢ < 1) to obtain the expected attenuation.

xpected to
iscous loss
5 °C) from
function to
ire F.2 and

meter. This

ult must be
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02013 - All rights reserved

23


https://standardsiso.com/api/?name=78db95cf4663e8da3a03d5c23918604f

IS0 20998-2:2013(E)

80
70
60
50
40
30

20
10

Key
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Figure F|2 — Viscous-loss model [Formula (A.1)] for unit concentration TiO at three values pf

8,439 x 10-8 m (diamonds), 1,458 x 10-7 m (squares), and 2,100 x 10-7 m (triangles)

particle radius:

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

Frequehcy (MHz) a= 8,439 x 10-8 (m) a=1,458 x 10-7 (m) a=2,100 x 10-7 (m)
1,95 1,19 2,70 3,92
g,85 8,12 13,19 14,07
9,76 17,93 23,54 21,92

1B,67 28,75 32,61 28,21
177,57 39,68 40,53 33,51
211,48 50,42 47,61 38,18
2p,39 60,77 54,01 42,38
3p,27 73,07 61,26 47,12
3¢,17 82,40 66,57 50,60
3B08 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

F.4 PSD model

Assuming that the volume-weighted PSD can be described as a log-normal distribution (Reference [9]),
then Formula (8) gives the probability that a fraction of the particles’ volume lies in the interval dx
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