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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|are
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria needed*for|the
different types of ISO documents should be noted. This document was drafted in accordance 'with|the
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may;be the subjeqt of
patent righits. ISO shall not be held responsible for identifying any or all such paténtrights. Details of
any patent|rights identified during the development of the document will be in the Introduction and/or
on the ISO Jist of patent declarations received (see www.iso.org/patents).

Any trade hame used in this document is information given for the convenience of users and does|not
constitute pn endorsement.

For an explanation on the voluntary nature of standards, the . meaning of ISO specific terms jand
expressionls related to conformity assessment, as well as information about ISO’s adherence to|the
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the following
URL: wwwiso.org/iso/foreword.html .

This document was prepared by Technical Committee,ISO/TC 24, Particle characterization includling
sieving, Sulpcommittee SC 4, Particle characterization:

A list of allfthe parts in the ISO 20998 series canlbe found on the ISO website
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Introduction

Ultrasonic spectroscopy is widely used to measure particle size distribution (PSD) in colloids,
dispersions, and emulsions[1l[2][3][4]. The basic concept is to measure the frequency-dependent
attenuation and/or velocity of the ultrasound as it passes through the sample. This attenuation includes
contributions due to scattering or absorption by particles in the sample, and the size distribution and
concentration of dispersed material determines the attenuation spectruml(3][6][Z]. Once this connection

ise
the

stablished by empirical observation or by theoretical calculations, one can estimate the PSD from
ultrasonic data.

Ultrasonic techniques are useful for dynamic online measurements in concentrated slurries and
emulsions. Traditionally, such measurements have been made offline in a quality contrpl lab, and

con
pro
of t

be @bserved directly in real time [8]. This data can be used in process control@chemes to i

the

manufacturing process and the product performance.
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Measurement and characterization of particles by acoustic

methods —

Part 3:
Guidelines for non-linear theory

1 (Scope

Thif document gives guidelines for ultrasonic attenuation spectroscopy methods.for determining the

sizg distributions of one or more material phases dispersed in a liquid at high can¢entrations

where the

ultrjasonic attenuation spectrum is not a linear function of the particle volumefraction. In this regime,

particle-particle interactions are not negligible.

Thif document is applicable to colloids, dispersions, slurries, and eniulsions. The typical pprticle size

for such analysis ranges from 10 nm to 3 mm, although particles‘outside this range have
suctessfully measured. Measurements can be made for concenttations of the dispersed pha

also been
se ranging

from about 5 % by volume to over 50 % by volume, depending on the density contrast b¢tween the

confinuous and the dispersed phases, the particle size, and the frequency rangel2] [10]. Thesd

ultrasonic

methods can be used to monitor dynamic changes in the'size distribution, including agglomeration or

flogculation.

2 |Normative references

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

ISO| 14488:2007, Particulate materials — Sampling and sample splitting for the detern
particulate properties

[S0|20998-1:2006, Measurement and characterization of particles by acoustic methods — Part
and|procedures in ultrasopic attenuation spectroscopy

ISO| 20998-2:2013;\Measurement and characterization of particles by acoustic methods
Guidelines for linear'theory

3 |Terms and definitions

Pir content
pplies. For
[s) applies.

hination of

1: Concepts

— Part 2:

For[the’purposes of this document, the terms and definitions given in ISO 20998-1 and ISO 209

98-2 apply.

[SO and IEC maintain terminological databases for use in standardization at the following addresses:

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

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

4 Symbols and abbreviated terms

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

© IS0 2017 - All rights reserved
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a particle radius

¢ c speed of sound in the liquid and particle, respectively
Cp specific heat at constant pressure

Ccv coefficient of variation (ratio of the standard deviation to the mean value)
d average distance between adjacent particles

dB decibel

e base of the natural logarithm

ECAH Epstein-Carhart-Allegra-Hawley (theory)

f frequency

G real part of the effective coupling parameter S

i the imaginary number

k complex wavenumber

M radius of shell in core-shell model

PSD particle size distribution

R imaginary part of the effective coupling parameter S
S complex number representing the effective’ coupling between fluid and particle
SNR ratio of signal level to noise level

X particle diameter

X10 the 10th percentile of the.cumulative PSD

X50 median size (50th petcentile)

X90 the 90th percentile of the cumulative PSD

a attenuation'spectrum

BB compressibility of the liquid and particle, respectively
B mean compressibility of the slurry

OT thermal wave sKin depth

ov viscous wave skin depth

n viscosity of the liquid

K thermal conductivity

p,p density of the liquid and particle, respectively

p mean density of the slurry

p* mean density at the complementary concentration (1-¢)

2 © IS0 2017 - All rights reserved
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[0) volume concentration of the dispersed phase

dm maximum volume concentration of the dispersed phase (maximum packing)

ONL concentration at which the skin depth becomes equal to the interparticle distance

W angular frequency (i.e. 2w times the frequency)

5 Limits of applicability of linear theory

5.1 Multiple scattering

Theinteraction of a plane compressional sound wave with a particle generates three waves propagating
outpvard: 1) a compressional wave; 2) a thermal wave; and 3) a viscous (transverse)wave. The thermal
and| viscous waves propagate only a short distance (of the order of 0,5 um in water at 1 MHz) through
thelliquid.

In the linear model (discussed in ISO 20998-2), attenuation is directly proportional to particle volume
conpentration since only the forward compressional wave is considened as propagating beyond the
reglon of a single isolated particle, and the effect of multiple particles is determined by the average
supgrposition of their scattered fields.

However in the nonlinear model, the wave arriving at any particle is a combination of the indident wave
toge¢ther with all waves scattered by other particles. The resulting total scattered wave field is therefore
a rgsult of scattering of the incident wave by all particlés-and the rescattering (or multiple pcattering)
of already-scattered waves. All three wave modes (produced by scattering at a particle) contribute to
the[wave field at neighbouring particles, and can therefore be scattered by these neighboufrs, thereby
profducing compressional scattered waves as gvell as other modes. This effect creates g nonlinear
confentration dependence of attenuation.

NOTE Multiple scattering depends on the tonfiguration and aperture of the transducers as wg¢ll as on the
typ¢ of excitation signal, e.g. pulse, tone-burst, quasi-continuous, or continuous[20].

Multiple scattering models have largely considered only the multiple scattering of the conjpressional
waye mode, neglecting the contribution of scattered thermal and shear waves to the wave figld which is
incident at a particle[11][12][13][14]. The second-order concentration effects obtained from these multiple
scaftering models are significant only where there is a substantial density difference b¢tween the
phalses. In many systems,’the nonlinear effects due solely to compressional wave multiple] scattering
are|small, and they ean'be modelled using the multiple scattering models mentioned above. $ubstantial
nonllinear effects arjse primarily because of the contributions of scattered thermal and shegr waves to

the

5.2
The

incident fielddat any particle.

Concentration considerations

ther
dep

distances over which thermal and viscous waves decrease by a factor of (1/e) are knpwn as the
‘mal and viscous skin depths, respectively, which are calculated by Formulae (1] and [2). The skin
ths for water are shown as a function of frequency in Figure 1.
2K
5'1* = (1)
pCro
2
6V = £n (2)
pw
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Figure 1 — Skin depth for viscous (dashed line) and thermal (solid line) waves
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\centrations, the interparticle spacing may~become small enough that the particles car
onsidered to be completely isolated. This effect is compounded at low frequencies, wh
pths calculated in Formulae (1) and.(2] are longer. The thermal and shear waves prody

to produce compressional waves/(and other modes). For practical purposes, the breakd
heory (or nonlinear compressional models) occurs when the viscous or thermal wz
ent particles overlap significantly. Quantifying the overlap in simple terms is difficult,
approach is to deterndiine the concentration when the interparticle distance is less
the skin depth. Sin¢é\the viscous layer has greater thickness in most liquids, the onsd
attering occurs whien the interparticle distance d equals the viscous skin depth.

jon ¢[15] by.

1 NO
lere
ced
Ping

hbwn

ves
but
han
t of

ension of monosized spheres, the interparticle distance d is given as a function of volfime

(3)

where

¢m is the maximum volume concentration based on the packing arrangement;

X

is the sphere diameter.

For random packing, ¢, typically has a value of approximately 0,6.

To determine conditions where consideration should be given to using a nonlinear model, Formulae (2)
and (3) are combined to determine the concentration ¢y, at which the viscous skin depth becomes

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=0050a45a6a0c36062e98ba09754698b4

IS0 20998-3:2017(E)

equal to the interparticle distance. The resulting Formula (4) is expressed in terms of x\/7 to produce

a universal function:

-3

d=¢_ \/z L )
P x\f

The results for aqueous slurries are shown in Figures 2 and 3; the calculations were done by assuming
that ¢, = 0,6 and by substituting the viscosity and density of water.

s a broken
t values of

For|comparison, the calculation for slurries in hexadecane (a common solvent) is included ¢
ling in Figure 2. The contour plot in Figure 3 repeats the calculation for water for explic
frequency and particle diameter.

P 60% . f.,-.-—-?-——-—
50% 7 / =
40% ; /

30% 1

o HE,

10% .f‘ ,r/

ﬂ%E-l]E- E-05 E-04 E08 E-02 E-01 E+00 E+01

xf

¢NL|  volume concentration at which nonlitiear effects may become evident

x\/? product of particle size and squareé root of ultrasonic frequency (m-Hz%)

— 1 water
—.}-. hexadecane

Figure 2 — Estimate of ¢y1, (approximate concentration at which nonlinear effgcts
nmay become evident) calculated for water and for hexadecane
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Figure|3 — Contour plot of ¢y for water, as a function of frequency and particle diametex

As a practifal example, considér’a hypothetical ultrasonic spectroscopy system operating at frequengies
in the range of 10 MHz te.100 MHz and measuring 0,1 pm diameter particles. The results showh in
Figure 3 spggest thatfionlinear effects should be considered at concentrations greater than a [few
volume pefcent. On the-other hand, the same system could be used to measure particle size of 10{um
particles af concentrations of 50 % or more.

NOTE1  Horrula (4) and Figures 2 and 3 are provided only as a guideline for estimating ¢np, the concentration
limit beyond which the viscous wave interacts directly with neighbouring particles. T

For concentrations in excess of ¢, the linear theories described in ISO 20998-2 may not be adequate
for estimating particle size from measurements of the ultrasonic attenuation spectrum. In that
situation, theories that predict a nonlinear relationship between attenuation and volume concentration
(such as those described below) may be needed.

NOTE 2  Deviation from linear theory generally becomes greater with increasing concentration, decreasing
frequency, or decreasing particle size.

5.3 Stericrepulsion

Additional effects arise from the development of structure in the suspension due to steric exclusion
of the particles, possibly augmented by hydrodynamic interaction forces and interactions of the

6 © IS0 2017 - All rights reserved
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electrostatic double layers, or flocculation. Structure affects ultrasonic attenuation, and these effects
have been studied extensively by Riebel et al.[16][17][18][19] The collective interaction of particles
produces a “dependent scattering” contribution to the attenuation that is distinct from multiple

scattering.[20]

6

6.1

Measurement issues in concentrated systems

General

di

The
obt
des

6.2

Inu
the

maacnuramant of concantratad cuicnanciane and Aranlcinne oy ha camanlicarad ]ﬂxr
T T C T eIt O o e It o t e O o o P eI oo o o T o C I T ot o ToO T It Ty DT COoTTIprreocetr

hining representative attenuation spectra. Commonly encountered issues and p0551b1e re
rribed below.

Path length limitation

Itrasonic spectroscopy systems, the total attenuation (dB loss) in the recéived signal mus
dynamic range of the instrument. The maximum path length between transmitting an

trapsducers is limited by the attenuation coefficient (dB/cm), which increases with concen

fred
pat
ran

6.3

As

sign
ist
enc
wit
BuH
sign

6.4

For
Inct

juency. Therefore, measurement of concentrated particle systems-may require a short
h length, which may not be practical depending on the application, or the use of a lower
be (if possible).

High attenuation

ol

fficulty in
medies are

t be within
1 receiving
ration and
b1 acoustic
frequency

the total attenuation increases, the signal-to-noise ratio (SNR) drops, and without so

pde the transmitted ultrasound and to filter'the received signals to reject those that do n
h the transmission.[21]

ble formation contributes to high.Signal attenuation and in some cases may block the|
al completely.

Increased viscosity

a given PSD, increaSing particle concentration generally increases the viscosity of
eased viscosity ledds to several detrimental effects.

First, bubblestbecome more prevalent and also more persistent once formed.

e form of

al processing there will be a negative impact on'data quality. A common signal processing technique
h average the result of many measurements;of the attenuation spectrum. Another appjroach is to

t correlate

ultrasonic

the slurry.

cleaning of the sensor.
(=]

Second, fluid flow is impeded in sensors with small transducer separation; two consequences are
increased’back-pressure in the sensor and particle segregation or exclusion within the flow.

Thevthird issue is the increased potential for transducer fouling, which necessitatds frequent

In some applications, elevating the temperature might reduce the viscosity, but in general, it is
preferable to minimize bubble formation, use a sensor with no constriction in flow, and provide for
transducer cleaning if necessary.

6.5

Change in velocity

Sound velocity, which may change with particle concentration, affects ultrasonic propagation in
three ways:

First, group velocity determines the transit time between transducers.

© IS0 2017 - All rights reserved
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— Second, changes to phase velocity can distort and broaden the waveform of an ultrasonic pulse.
Without a feedback mechanism to adjust the timing and width of the time-domain signal capture,
spectrometers that use a pulse technique might truncate the waveform. This feedback is generally
provided via software.

— Finally, changes in sound velocity alter the wavelength and hence the diffraction field, thereby
affecting the detected signal.

In order to measure concentrated suspensions, an ultrasonic spectrometer of any type shall be capable
of adapting to changes in group and phase velocity.

6.6 Change in pulse shape

As noted dbove for instruments that are based on pulse techniques, changes in phase vélocity will
distort the shape of the received pulse. Additional distortion is caused by the frequency:dependent
attenuation, which suppresses some frequency components more than others. This effect can als¢ be
seen in dilyte suspensions.

6.7 HoralLogeneity

Agglomeraftion and flocculation become more prevalent at high concentration, which broadens|the
apparent PSD in the sample. Stirring or pumping may help to improve homogeneity temporarily.

7 Nonlinear attenuation

The obseryed ultrasonic attenuation spectrum, «, is dependent on the particle size distribution pnd
on the particle concentration. In dilute suspensions and emtilsions, the sound field interacts with gach
particle inglependently and the linear theories described*in [SO 20998-2 are adequate for determitning
particle sige. Some nonlinear dependence of attenuation on particle concentration results ffom
multiple sdattering of compressional waves, but«these contributions are often small. However ligear
theories bggin to fail in the case of emulsionsiwhen the thermal wavelength approaches or excqeds
the interpdrticle spacingl[10]. In cases dominated by visco-inertial effects, linear theories fail when|the
evanescen{ shear waves generated by mode‘eonversion at one particle overlap with shear waves conping
from another particle. In either case,.the proximity of particles results in a nonlinear dependence of
attenuatiop on concentration, and different theories are needed to determine particle size. A [few
examples are provided in Annex Ajother theoretical models are reviewed in References [1], [2] and [[10].

NOTE The term “scattering®is widely used to refer to the process by which all wave modes are producgd at
a particle.

8 Detefmination of particle size

8.1 Calculation

The mathematical methods described in ISO 20998-2:2013, 6.2 are recommended in conjunction
with the nonlinear theories shown in Annex A to determine particle size distribution from observed
ultrasonic attenuation data in concentrated systems. It is permitted to use empirical or semi-empirical
calibration curves in place of these theories, provided the user qualifies the results as shown in Clause 9.

NOTE1 Empirical and semi-empirical calibrations generally have a limited range of validity and can change
suddenly as a result of physical changes in the system.

NOTE2  Annex B provides one example of how to estimate PSD from an attenuation spectrum using the
methods described in this document.

8 © IS0 2017 - All rights reserved
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8.2 Limits of application

The typical particle size for ultrasonic analysis ranges from 10 nm to 3 mm, although particles outside
this range have also been successfully measured. Measurements can be made for concentrations up to
about 50 % by volume, depending on the density contrast between continuous and dispersed phases,
the particle size and the frequency range. At the close packed limit where particle contacts become
extensive, scattering models will break down due to the establishment of a frame modulus whereby
acoustic propagation may occur through a continuum of particles that supports shear. At lower
concentrations (see 5.2), the linear theories described in ISO 20998-2 are recommended.

neters, and
| therefore
pr particle

The _application of theoretical models requires the knowledge of the relevant model paran
emjpirical methods depend on correlations that may have limited applicability. Users shoul
be pware of possible changes in physical parameters, e.g. a variation of temperatutre
confcentration that could affect the model.

9 |Instrument qualification

9.1/ Calibration

trict sense

Ultrrasonic spectroscopy systems are based on first principles. Thus, calibration in the s
i tion of the

is not required; however, it is still necessary and desirable to,confirm the accurate opera
insfrument by a qualification procedure. See ISO 20998-1 for fegommendations.

9.2| Precision

9.211 Reference materials

For
isd
sph
sha

9.2

The
liqu
con
Cal
ton
is sI

9.2

testing precision, reference materials withan'xgo/x10 ratio in the range of 1,5 to 10 shoulc
esirable that reference materials used, toydetermine precision are non-sedimenting and
prical particles with diameters in the range of 0,1 um to 1 um. The reference material cot
1 be within 5 % of the volume concéntration expected in the intended application.

2 Repeatability

requirements given in"ISO 20998-1 shall be followed. The instrument should be cleg
id used for the backgreund measurement should be virtually free of particles. Execute 3
Kecutive measuremernts with the same dispersed sample aliquot or dispersed single sh
ulate the mean and coefficient of variation (CV) for the x19, x50, and x9¢. An instrument is
neet the requirements given in ISO 20998-1 for repeatability if the CV for each of the x1o,
maller than-10 %. If a larger CV value is obtained, then all potential error sources shall be

3 Reproducibility

be used. It
Comprising
jcentration

n, and the
t least five
bt samples.
considered
50 and X9
checked.

Rep

roducibility tests by different operators using different equipment shall follow

the same

measurement protocol as repeatability. At least three distinct samples of the same reference material
shall be measured, and the mean and CV for the x1¢, x50, and x9¢ 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.

9.3 Accuracy

9.3.1 Qualification procedure

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

9.3.2 Re

ference materials

Certified reference materials (produced in accordance with ISO Guide 35) are preferred in the
measurement of accuracy. These materials have a known size distribution of spherical particles with
an x90/x10 ratio in the range of 1,5 to 10. It is preferred that the median size of the certified reference
material be chosen so that it lies within the size range contemplated for the end-use application. For
single shot analysis, the full contents of the container shall be used If sub- samphng is necessary, the

Sampllng S la}} bC dUllC dllLVUl dllls t\.l ISC 14488 Ifﬂ }Jl ULULU} fUl oaulyuus dADPCl SIUIT UL TIHICUAOUI UITIT

not availablle, the procedure that is used shall be reported with the final results.

9.3.3 Instrument preparation

The advicq given in ISO 20998-1 should be followed. The instrument should be clean)yand the liq
used for the background measurement should be free of particles.

9.3.4 Acfuracy test

The written test protocol defined in 9.3.1 shall be followed for the accuracy test, which measures
PSD of the|selected reference material. Single shot analysis may be dpplied. Analysis of sub-sam

is permitt¢d if the procedure for sub-sampling is also written and\vis documented to provide g

repeatability. Analysis shall be made on five consecutive sample aliquots, and the average value anc

of the med

9.3.5 Qu

The expa

an size shall be calculated.

alification acceptance criteria

ed uncertainty stated for each certified size value of the standard reference mate

d
specificat;}n provides a set of maximum and minimum values that define the stated parameter.
qualificatign test shall be accepted if the resulting measured particles size distribution achieves bot

the followi

a)
90 % d

hg criteria:

the reported average value of the median size measured in the qualification test is no smaller 4

f the minimum value and noJarger than 110 % of the maximum value;

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

If a larger
to meet the

If a higher
with a naf
should be |

10 Repo

Jeviation is obtained, then all potential error sources should be checked. If it is not posq

standard ofiaccuracy is required for any reason, then a reference material should be chd

Ised that guarantees minimum deviation.

nt is

uid

the
bles

ood
Ccv

rial
The
h of

han

ible

qualification erjteria of this clause, then this failure shall be noted on the final PSD report.

sen

row coiifidence interval and a total protocol for sampling, dispersion and measurenfent

rting of results

The particle size distribution results shall be reported according to the guidelines in ISO 20998-1:2006,

Clause 6.

10
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Annex A
(informative)

Theories of attenuation in concentrated systems

A.1l1 Multiple scattering

The scattering models discussed in the linear theory part (ISO 20998-2) considered.enly the
enefgy loss due to scattering and absorption at individual particles. Thus, the total loss is pi
to the number density of particles, and the wave field that arrives at any-one particle is
equfivalent to the incident wave. In a multiple scattering model, the wave field which is expg
any|particle is considered to consist of the incident (driving) wave and the waves scattered |
particles. This net wave field then results in a scattered wave from thatparticle which itself

(indorporating coherent averaging).

NOTE Multiple scattering can occur at high concentrationtand also for a sufficiently long path le

Multiple scattering models have focused on the compressional wave mode, and in most ca
only the contribution of scattered compressional;waves by neighbouring particles. Therma
wayes are assumed to decay close to the panticle and have no influence on nearby parti
Foldly[22] is an early example of a multiple<$cattering model, the most widely accepted form
of Joyd and Berryl11] (originally derived-for electromagnetic waves) and Waterman and Tru
Lloyd and Berry formula was confirméd by Linton and Martin[14] for the acoustic case. Watg
corfected an approximation in their’'modell13]; the later model is equivalent to the Lloyd
modglel to second order in concentration. The multiple scattering models are expressed as aw
for |compressional waves thfough the dispersed medium, in terms of scattering coeffici
ind{vidual particles (these_are often called the transition factor or operator). These
coefficients can be derived using models such as ECAH for the single particle scattering c3
ext¢nsive review andsimplified versions of the models can be found in Challis et al.[10]

The original multiple scattering models were derived only for monodisperse systems. Two
adjuystments hayve been proposed to incorporate the effects of polydispersity, although neith

cumulative
oportional
defined as
rienced by
by all other
ontributes
form of a
number of
dispersion

ngth.

ses include
and shear
rles. While
5 are those
elll12]. The
rman later
and Berry
hvenumber
bnts at the
scattering
se. A more

hlternative
br has been

rigdrously derived from multiple scattering theory. That of Poveyl(2] defines a single-particlg
coefficient'that is averaged (volume-fraction-weighted) over all particle sizes, whereas Ch
pro
for

i

scattering
is et al.[10]

pose.a summation over particle size in the wavenumber expression. The former methold accounts
scattering from particles of any size combination. The two versions are equivalent to fifst order in

concentration.

Multiple scattering models that include the effects caused by thermal and shear wave overlap are few,
and are either proprietary or in development. Albal23] formulated a generalized model for multiple

scattering of all three wave modes, implementing a numerical solution that has been va
particle sizing for a number of systems. More recently, Luppé et al. [24] addressed the sam
deriving a modification to the Lloyd/Berry nonlinear wavenumber with additional

lidated for
e problem,
scattering

contributions due to thermal and shear wave effects; but their model has yet to be validated by

application to measurements.

© IS0 2017 - All rights reserved

11


https://standardsiso.com/api/?name=0050a45a6a0c36062e98ba09754698b4

IS0 20998-3:2017(E)

A.1.2 Core-shell/effective medium scattering

Core-shell models have been developed in order to account for the nonlinear dependence of attenuation
on concentration caused by thermal and shear wave overlap. These long-wavelength models (see
Figure A.1) treat each individual particle with radius a as being embedded in a shell, with radius M, of
the suspending medium. The shell is surrounded by a homogeneous medium that has some averaged or
effective properties of the dispersion as a whole. The existence of the shell, the surface at which boundary
conditions (in temperature, heat flux, displacement, stress etc.) are applied, enables the influence of
neighbouring particles on the wave field at the particle to be included on an averaged basis. Hemar et
al.[25] constructed a core-shell model for the thermal wave problem (neglecting Vlscous absorptlon)
based on aderiva , : 26 : : the
coupled phase approach dlscussed in the next clause Later McClements et al. [27] (28] combmed tk ese
approaches into a multiple scattering model, accounting for the nonlinear compressional wave, effects
(through the standard Lloyd/Berry terms), thermal wave overlap, and viscous absorption{but|not
shear wavg overlap effects). Their result is expressed as an analytical modification factor to'the sinjgle-
particle scattering coefficients obtained by ECAH (see ISO 20998-2).

Hipp et alJ29] applied the core-shell principle to the ECAH analysis of the single~particle scattefing
coefficientp. By using effective medium properties outside the shell, and applyingappropriate boundary
conditions| they derived an effective scattering coefficient which incorpefates averaged influences
of neighboliring particles, for all three wave modes, compressional, thermal and shear. The resulfing
coefficient|is used in the Lloyd/Berry multiple scattering modell1l] to gbtain an effective wavenuniber
for the dispersion. The model is equivalent to the Anson and Chivers modell30] for a particle with a
physical sHell (such as an oil-filled aluminium sphere), but differs in the selected scattering coefficjent
for use in the multiple scattering wavenumber. The Hipp modgel\is' the most comprehensive core-ghell
model availlable.

When compared with experimental data, the core-shell models have shown a high degree of sucdess.
However, they do suffer from some difficulties for particle sizing, principally in the definition of|the
shell radiu} in a polydisperse system. The models were derived only for monodisperse systems, andl no
formal extension to polydisperse systems has beenobtained. The shell radius is generally taken t¢ be
such that the concentration of particle inside the-shell is equivalent to that of the dispersion as a whole.
For a polydisperse system, this could mean-using a different shell radius for each size of particle, pr a
single shell definition which could be smaller'than the largest particles. The definition of the properties
outside theg shell is also subject to debate. Although the core-shell models appear to be of high qudlity
for monodisperse systems, these difficulties render them unsuitable for particle sizing applications in
system with a broad particle size distribution.
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Key)
1 [|particle
2 |pure continuous phase
3 |effective medium
a |particle radius
M [shell radius
Figure A.1 — Core-shell model
A.Z Coupled-phase models

Coupled phase models treat the dispersion as a volume-averaged continuum, an assumptig
valid in the very long wavelength region. The principles of conservation of mass and momg
enefgy, where thermal contributions are included) are applied to the two phases; coupling b
phalses occurs through terms defining viscous drag (and heat transfer where thermal contri
included). The acoustic wavenumber is derived from wave solutions to the conservation equ

Coupled phase models have largely focused on the hydrodynamically-mediated shear wa
proplem. In these models, the principal component of the model is in the viscous drag cou
for [a particle in a concentrdted dispersion, often expressed through a concentration
visdosity. An extensive literature exists on such viscosity/viscous-drag models[10][31]. Ma
hydrodynamic studies havedadopted a form of core-shell model, described earlier, in which
boundary conditions have’been chosen at the shell boundary. The early coupled-phase mode

n which is
ntum (and
btween the
butions are
ations.

ve overlap
pling term
dependent
y of these
W variety of
by Harker
utl31] used

led-phase

model for
oughl35] is
h was used

Evaas—a beretsh Sys pha otelH A-SEOHS—2 ey
in concentrated systemsl32]. In common with other coupled phase theories, it assumes w

[35]

Hhteractions

avelengths

that are large compared with the scattering particles, and is accurate only up to dimensionless radii
of typically 0,01. Coupled phase models were originally derived only for the monodisperse case, but
extensions for polydisperse systems have been proposed[36] [37] [38]. Annex B provides an example of a
coupled phase model and its application.
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Annex B
(informative)

Practical example of PSD measurement (coupled phase model)

B.1 Intreduction

The purp
spectrum
Microsoft
demonstr

NOTE ]
of this docu
attenuation

B.2 Atte

This exam
volume. Th
model 120
The alumi
aqueous s
shown in T

e of this annex is to provide one example of how to estimate PSD from an attenua

Fion

sing the methods described in this document. This example uses the “Solvet/ todl in

xcell) to perform the inversion. A similar approach to inverting the ultrasonic dat]
ed in ISO 20998-2:2013, Annex F for the case of a dilute suspension.

'he example given here is for the purpose of demonstration only. Other specimehs within the s
ment can be measured, provided a suitable attenuation model is used in the-invérsion of the obset
spectra; other inversion techniques could be used.

nuation spectrum

ble uses the attenuation spectrum of alumina in water at a solids concentration of 10 9
e data shown in Figure B.1 was measured on a Dispérsion Technology (Bedford Hills,
D spectrometer and closely matches the data published previously by Takeda and Goetz

lution and then sonicated for 1 min at an ultrasonic power of 145 W. Discrete values
able B.1 for convenience in subsequent calculations.

a 700

600 '/é
500
400 C/
300 1=

200
100

ﬂ = T L] T T

IS

ope
ved

by
NY)
[39].

ha (Sumitomo Chemical AKP-30) was mixedinto 0,2 wt% sodium hexamataphosplate

are

] 20 40 60 B0 100

Key

a  attenuation (dB/cm)
f  frequency (MHz)

Figure B.1 — Attenuation spectrum of 10 vol% alumina in water

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 B.1 — Observed attenuation data for 10 vol% AKP-30 alumina in water

Frequency (MHz) Attenuation (dB/m)
3 11,728
3,686 16,529
4,529 22,483
5,565 31,053
6,838 42,493
8,402 55,218
10,324 74,801
12,685 95,53
15,586 122,619
19,151 153,08
23,532 193,792
28,914 234,986
35,527 290,833
43,653 344,715
53,637 401,735
65,905 488,964
80,979 563,609
99,5 653,738
Theg PSD measured via laser diffraction with a Horiba LA-960 for a dilute suspension is|shown for
refdrence in Table B.2 below. The reported xs5¢ i5:0;199 pm.
Table B.2 — Laser.diffraction PSD for alumina sample
Size (um) Differential |Cumulative Size (um) Differential | Cumulative
volume volume volume volume
fraction (%). | fraction (%) fraction (%) | fraction (%)
0,051 0,000 0,000 0,445 3,899 89,733
0,058 0,556 0,556 0,510 2,718 92,471
0,067 1,202 1,758 0,584 1,856 94,326
0,076 2,212 3,970 0,669 1,282 95,6(8
0,087 3,33 7,300 0,766 0,922 96,530
0,100 4,317 11,617 0,877 0,704 97,233
0,110 5,471 17,088 1,005 0,576 97,8(19
0,131 6,735 23,823 1,151 0,517 98,336
0,150 7,837 31,660 1,318 0,458 98,7845
0,172 8,64 40,299 1,510 0,382 99,166
0,193 9,039 49,338 1,729 0,304 99,470
0,226 8,958 58,296 1,981 0,234 99,705
0,259 8,372 66,668 2,269 0,173 99,878
0,296 7,446 74,114 2,599 0,123 100,000
0,339 6,446 80,560 2,976 0,000 100,000
0,389 5,294 85,854

Referring to Figure 3 in 5.2, it is evident that 0,2 um particles in water at 10 vol% concentration
are expected to have nonlinear attenuation. Therefore, the viscous loss model discussed in

© IS0 2017 - All rights reserved
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[SO 20998-2:2013, Annex F is not suitable for this application; instead, a coupled phase model has been
chosen for this example.

B.3 Coupled phase model

The coupled phase model considers the dispersed system as a mixture of two phases, with an effective
density and compressibility are defined for the mixturel32]. The length scales are such that the mixture
can be treated as volume averaged continuum such that ka < 1. The most basic form of the model treats
only visco-inertial loss mechanisms and should be appropriate for physical systems with a large density
contrast between the particles and continuous medium.

Under thede assumptions, the square of the effective wavenumber of the forward scattered wav
given in Formula (B.1)[32]:
2 azﬁp[p'(1—¢+¢5)+p5(1—¢)} :
= ) ~
p(1-9)" +p[S+o(1-9)]
with the mean compressibility given by Formula (B.2):
B=of'+(1-9)B (
where
1
B=— (
clp
, 1
B = (
(( /) p/
The factor[S is a complex number representing-the effective coupling between fluid and particle:
S=G+[iR (
with the d¢finitions
90
o-(1) 120 9 (
2l 1-¢ 44q
94 o
R=_1 [1 + _V] (
4n a

The thickngss 6.v, is defined in Formula (2).

B.1)

3.2)

3.3)

B.4)

3.5)

3.6)

3.7)

The expression for k2 shown in Formula (B.1) can be simplified by defining

p=po+p(1-9)

16

(B.8)
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pr=p’(1-9)+po

(B.9)

These quantities correspond to the mean density of the slurry at the specified concentration ¢ and
at the complementary concentration (1-¢), respectively. With these definitions, Formula (B.1) can be

rewritten as

. *Bp|p’(1-0)+pS]
p*(1—¢)+p5

(B.10)

Att¢nuation is defined to be the imaginary part of the wavenumber k, so a can be determined from

Forfmula (B.10) by computing the imaginary component of k2:

0(=L-Im(k2)
20

Combining Formulae (B.10) and (B.11) yields
o= [wcﬁp J (P*E—P'P)(l—q))R
[p*(1-6)+pG]" +(oR)

(B.11)

(B.12)

NOTE Technically, Formula (B.12) is derived for slurry that ceghtains monodisperse particles. Forf the explicit

solution to polydisperse suspensions, see Reference [40].

B.4 PSD model

Asspming that the volume-weighted PSD can beldescribed as a log-normal distribution, then
fradtion between sizes x,-1 and x; is given by

9, =03 (Xn)_Q3 (Xn—l)

Thg cumulative log-normal distribution Q3(x) can be calculated by the built-in function logng
NOTE1 Inordertoconformtdothe definitions used here, the correctfunction callis LOGNORMDIST(]
NOTE 2 The Geometrije Standard Deviation (GSD) of the PSD is equal to exp(s).

In the example shewn in Table B.3, a set of 41 logarithmically-spaced particle diameters is
Colgimn A: {x1 =1,00 x 10-8 m; x2 = 1,20 x 10-8 m; x3 = 1,44 x 108 m, ..., x41 = 1,47 x 101
diatleters definea set of 40 size intervals (i.e. size classes) where the average particle size X|
clags is the geometric mean:

X = /x

fhe volume

(B.13)
rmdist.

’(,LN(XSO),S)-

defined in
m}. These
L, of the nth

(B.14)

Using an arbitrary initial guess of x50 = 1 x 10-7 m and s = 0,40, the trial cumulative PSD is

calculated

in Column B using the lognormdist function to evaluate Q3(x,) at each particle size. The set of {¢,} is
determined from Formula (B.13) in Column C, and the geometric mean diameter of each size class in

Column D is calculated from Formula (B.14).

© IS0 2017 - All rights reserved
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Table B.3 — Partial listing of initial entries in the spreadsheet

B.5 Inve

Following
model [For

rsion

A B C D
1 x P(x) 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 0,0003 2,11E-04 2,272E-08
8 2,99E-08 0,0013 1,00E-03 2,726E-08
9 3,58E-08 0,0051 3,89E-03 3,271E-08
10 4,30E-08 0,0174 1,23E-02 3,925E-08
11 5,16E-08 0,0490 3,16E-02 4,710E-08
12 6,19E-08 0,1154 6,63E-02 5,652E408
13 7,43E-08 0,2289 1,13E-01 6,783E/08
14 8,92E-08 0,3871 1,58E-01 8,139E-08
15 1,07E-07 0,5671 1,80E-01 9,767E-08
NOTE The sum of Column C over all 40 values must be equial to 1.

the scheme outlined in ISO 20998-2:2013, Annexes D and F, one can use the coupled pH
mula (B.12)] to estimate the attenuation spectrum expected from the trial PSD. The phys
constants @ised in this calculation are listed in Table B.4.

Table B.4 — Physical constants for alumina in water example

é 0,1

p 997 kg/m3
P’ 3970 kg/m3
c 1497 m/s

c’ 7776 m/s

n 8,91E-04 Pa s

ase
ical

hne-
C in

Table B.5 shows a portion of the spreadsheet used for this calculation. The mean radius in Row 7 is
half of the fliameterstransposed from Column D in Table B.3, and Row 8 is the transpose of Column
Table B.3. Columns F and G contain the measured attenuation spectrum from Table B.1.
Fabte-B-5—PartiaHisti £ s it bt
G H I J K

7 mean radius: 5,477E-09| 6,573E-09| 7,887E-09

8 vol fraction: 5,340E-08| 5,758E-07| 5,059E-06

9

10 |freq o expt o model Weighted attenuation

(MHz) (dB/cm) (dB/cm)

11 3,00 11,73 4,29| 2,617E-09| 4,049E-08| 5,100E-07

12 3,69 16,53 6,24| 3,943E-09| 6,098E-08| 7,677E-07

13 4,53 22,48 9,03| 5940E-09| 9,182E-08| 1,155E-06
18
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Thd
wei

F G H I J K
14 5,57 31,05 12,98| 8946E-09| 1,382E-07| 1,738E-06
15 6,84 42,49 18,54| 1,347E-08| 2,080E-07| 2,614E-06
16 8,40 55,22 26,30| 2,028E-08| 3,129E-07| 3,929E-06
17 10,32 74,80 37,01| 3,051E-08| 4,705E-07| 5,903E-06
18 12,69 95,53 51,64| 4,589E-08| 7,072E-07| 8,863E-06
19 15,59 122,62 71,40| 6,899E-08| 1,062E-06| 1,330E-05
20 19,15 153,08 97,76| 1,037E-07| 1,505E-06] 1,094E.05
21 23,53 193,79 132,48| 1,557E-07| 2,393E-06| 2,988E-05
22 28,91 234,99 177,58| 2,338E-07| 3,587E-06| 4,472E-09
23 35,53 290,83 235,39| 3,507E-07| 5,373E-06{.6,687E-05
24 43,653| 344,715 308,44| 5,256E-07| 8,041E{06) 9,987E-05
25 53,637| 401,735 399,46 7,872E-07| 1,202B-05| 1,489E-04
26 65905| 488964 511,31| 1,178E-06| _1(795E-05| 2,218E-04
27 80,979| 563,609 646,86| 1,760E-06|\2,676E-05| 3,296E-04
28 99,5/ 653,738 808,96| 2,627E-06| 3,982E-05| 4,889E-04

attenuation coefficient at a given frequency is theJsum of contributions from each
bhted by the corresponding volume fraction. Forzexample, cell J11 in Table B.5 is ca

multiplying the volume fraction in ]8 by the attentiation predicted by Formula (B.12) for

rad
the
attd

resfilts for other frequencies are calculated'in rows 12-28. Predicted attenuation values in co
pared with the measured attenuation spectrum shown in column G by calculating the

con
squ

Using the “Solver” tool'in the spreadsheet, the error signal is minimised by adjusting th

x50
the)
(ho
the
dist

hre (RMS) error:
1|« )
Eqms =% Z(Gn _Hn)
n=1

and s (and also)¢ in cases where the concentration is unknown), subject to the cong
/ remain positive. An effective scheme is to adjust x50 (holding s constant) first, then
ding x5pconstant), then to adjust both values simultaneously. After Solver converges on
PSD can*be read from Columns A and B (cumulative distribution) or Columns D and C (
ribution) as described in B.4.

size class,
culated by
e particle

us shown in cell ]7 at the frequency shown in-gell F11, at the stated volume concentration of 10 %. If
concentration is unknown, it may be used_ asd free parameter in the fitting procedure. The expected
nuation at 3 MHz, shown in cell H11, is the sum of the cells in the range 111:AV11 (row 11), and the

umn H are
root mean

(B.15)

b values of
traint that
to adjust s
a solution,
lifferential

B.6 Results

In this example, the solver converged on x50 = 2,234 x 10-7 m and s = 0,404. The fitted attenuation model
and the measured attenuation spectrum are compared in Figure B.2 and Table B.6. For comparison,
Figure B.2 includes a calculation of the attenuation from the viscous loss model using the same PSD and
concentration.
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