International
Standard

ISO 13317-5

Determination of particle size
distribution by gravitational liquid
sedimentation methods —

Part 5:
Photosedimentation techniques

Déterminatidn de la distribution granulométrique par les.
méthodes de kédimentation par gravité dans un liquide-~—

Partie 5: Techniques de photosédimentation

First-edition
2025-01

Reference number
SO 13317-5:2025(en)

© ISO 2025



https://standardsiso.com/api/?name=22fc97f18810c598ccd3e45aaffb3f2e

ISO 13317-5:2025(en)

COPYRIGHT PROTECTED DOCUMENT

© 1S0 2025

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401 o Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org
Published in Switzerland

© IS0 2025 - All rights reserved
ii


https://www.iso.org
https://standardsiso.com/api/?name=22fc97f18810c598ccd3e45aaffb3f2e

ISO 13317-5:2025(en)

Contents Page
Foreword
Introduction
1
2
3
4
5 M ementprinciple and instrumentaticg
5 General measurement PrinCiple .. ... )
5 Primary and derived measurement results..
5 DS RT 0 000 T<) 0N t= U (0) s UONNoSSSNON A
6 Measurement data and calculation of distribution function ... 2 | 13
6 Primary and derived Measurands ... g e
6 Intrinsically measured distribution funCtions ... s
6 Conversion to volume-weighted distribution functions
6 Determination of the start POSItION ... o e
6 Assumptions behind data analysis in photosedimentation ... ...
6.5.1 Assumptions related to Stokes law ..o Sl
6.5.2 Assumptions related to photometric particle guantification
6.¢ Working range with respect to particle size and concentration ...
6.6.1 Limits defined by the applicability of StOKESNAW.........c.ooviieen
6.6.2 Limits defined by the applicability of photometric detection ... fovcis 22
7 Performing size analyses
7.1 General.......
7.2 Sampling
7.3 Dispersion process and primary sample preparation......
74 Secondary sample preparation (saniple conditioning)
7.5 [NSErUMEeNT PrePaArAtION ..o Lo it
7.4 I LT T D0 A=) 00 =) o L O A
7.7 Data analysis
7.9 REPOTTIINIEZ e ket
8 Syistem qualification and quality CONEIOl ... | 28
8.1 LTS o TSy = U =) 0 0 T2 03 LT NS
8.2 L2 LY ey LTI 0 = N3 a £
8.3 Performancequalification
8.4 Measurentent uncertainty
Annex A [informative) Measurement POSITION ... | 33
Annex B [informative) Calculation of number-weighted particle size distribution ................|....... 37
Annex C (informative) Detailed multi-wavelength approach............c s 40
Annex D (informative) Guide to uncertainty determination ... ———————— 42
Annex E (informative) Beyond velocity and size determination............ s 47
BIDLEOGIAPIY ...t 50

© IS0 2025 - All rights reserved
iii


https://standardsiso.com/api/?name=22fc97f18810c598ccd3e45aaffb3f2e

ISO 13317-5:2025(en)

Foreword

[SO (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 procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1.In partlcular the different approval criteria needed for the dlfferent types
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respect thereof. As of the date of publication of this document, ISO had not Teceived ndgtice of (a)
which may be required to implement this document. However, implemefiters are cautioned that
ot represent the latest information, which may be obtained from the patent database ayailable at
prg /patents. ISO shall not be held responsible for identifying any or allysuch patent righty.
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blanation of the voluntary nature of standards, the meaning of ISO specific terms and e

ion (WTO) principlesin the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

ment was prepared by Technical Committee ISOATC 24, Particle characterization includifg sieving,
ittee SC 4, Particle characterization.

| parts in the ISO 13317 series can be found on the ISO website.

Any feedback or questions on this documenfshould be directed to the user’s national standards body. A

complete
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Introduction

The principles of gravitational photosedimentation and its potential use for the granulometric
characterization of particle systems have been known for several decades. Recent developments in
optoelectronics and data processing have boosted the commercial success and popularity of this
measurement technique, which is currently employed in manifold academic and industrial applications.

This documentis a partofthe ISO 13317 series that provides a general overview on the principles, techniques,
methods and underlying physics of particle size analysis by gravitational sedimentation. Photosedimentation
employs photometric signals (i.e. transmitted, reflected or scattered light) in order to monitor the changes
in the local particle concentratlon Wthh arise by the downward or upward partlcle migration under
gravity (ca an be directly
transfornmed to dlstrlbutlons of the sedimentation velocity, Wlthout referring to model assumptlo s or being
restricted by essential preconditions. Provided the applicability of Stokes’ law on particle mobilitl, one can
derive eqpiivalent diameters from the sedimentation velocities (the Stokes diameter) and the corrg¢sponding
particle s|ze distributions. Size fractions are then intrinsically weighted by photometric quantitieq (e.g. light
extinction or scattered light intensity), which is in contrast to the sedimentation techniques degcribed in
[SO 13317%-2, 1SO 13317-3 and ISO 13317-4. However, conversion into volume-weighted distributions is often
an integrated part of signal processing, which employs established models for light-particle interpctions. A
noteworthy feature of gravitational photosedimentation is its ability to finely(resolve details in the particle
distributipn functions. This is related to the physical fractionating of particle systems under gravity and
constitutgs an advantage compared to spectroscopic ensemble techniques:

Gravitatignal photosedimentation facilitates the granulometric characterization of dispersed [materials
of non-zero density contrast to the continuous phase, including solid particles and emulsion|droplets.
The availpble measurement range depends on dispersed and-continuous phase properties and| typically
amounts fo 200 nm to 100 pm for aqueous samples, whereas the sedimentation velocity can be quantified
for the rahge 0,6 pm/s to 10 mm/s. Also, the working range with regard to particle concentration i strongly
affected jy material properties and by particle size, yetiitis typically well below 1 vol%. The datp analysis
relies on the assumption that all particles have the saime density and comparable shape and do not undergo
chemical pr physical change in the continuous phase:

In additign, photosedimentation techniques thiat monitor gravity-induced concentration changes|along the
complete sample height, e.g. by position-scaiiing or time-resolved projection, facilitate the characferization
of dense [dispersion beyond particle size;”e.g. with respect to clarification, segregation, agglomeration,
consolidafion and physico-chemical \stability (see ISO/TR 13097). Gravitational photosedimentation
is equallyf applicable in determinifg particle density (see ISO 18747 series) as well as the formation of
sediment§ and cream layers.

© IS0 2025 - All rights reserved
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International Standard ISO 13317-5:2025(en)

Determination of particle size distribution by gravitational
liquid sedimentation methods —

Part 5:
Photosedimentation techniques

1 Scope

This docyment specifies principles and methods for the use of gravitational photosedimentation tgchniques
for the cHaracterization of dispersed phases of suspensions and emulsions. These techniques mgnitor the
gravity-ilduced phase separation of particulate materials dispersed in liquids by ¥ecording phptometric
signals (].e. intensity of transmitted or scattered light) as a function of either vertical p¢sition or
measurerfent time, or both.

This document does not cover particle migration by centrifugal, electric orimagnetic forces, or sedinentation
at high pgrticle concentrations (e.g. zone sedimentation). Moreover, it,does not cover the deternIlnation of
propertiep other than sedimentation velocity and particle size (i.e.dt does not cover particle concentration,
particle shape, particle density, zeta-potential or apparent viscosity).

Additionally, this document does not cover alternative techniques for gravitational sedimentation|including
balance bpsed and X-ray based techniques.

NOTE This document does not purport to address all the safety problems associated with its use.

2 Normative references

The folloying documents are referred to ifi the text in such a way that some or all of their content cpnstitutes
requiremgpnts of this document. For dated references, only the edition cited applies. For undated rgferences,
the latest|edition of the referenced document (including any amendments) applies.

IS0 927641, Representation of results of particle size analysis — Part 1: Graphical representation

3 Terms and definitions
For the pyrposes of this document, the following terms and definitions apply.

ISO and [EC maintain terminology databases for use in standardization at the following addresses

— ISO qnline browsing platform: available at https://www.iso.org/obp

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

3.1
sedimentation
directional motion of particles (3.7) in a viscous liquid under the action of gravity or centrifugal fields

Note 1 to entry: For a positive density contrast (3.17), sedimentation occurs in the direction of gravitational
acceleration; it is counter directed to this acceleration for a negative density contrast.

Note 2 to entry: A downward motion under gravity is also called “settling” or “falling”.

Note 3 to entry: An upward motion under gravity is also called “creaming” (e.g. droplets) or more generally, “rising” or
“floating”.

© IS0 2025 - All rights reserved
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[SOURCE:
3.2

ISO 13317-5:2025(en)

[SO 13317-1:2024, 3.1]

migration
directional motion of particles (3.7) in a viscous liquid under the action of a force field

Note 1 to entry: Migration in gravitational or centrifugal fields is called sedimentation (3.1).

[SOURCE:

3.3
terminal

[SO 13317-1:2024, 3.2]

sedimentation velocity

sedimentation (3.1) velocity in the case that gravity or centrifugal force is completely balanced by buoyancy

and drag
[SOURCE:

3.4
Stokes di
equivale
(3.3) as th

Note 1 to ¢
coated pa
approximg

Note 2 to 4
(3.15). Thi
Thus, the ¢

Note 3 to
apparent g
equivalent]

[SOURCE;

3.5
shape co
ratio of t

volume and apparent density (3.15)

[SOURCE;

3.6

hindran
ratio of t
its sedimsg

[SOURCE;
3.7

orce

[SO 13317-1:2024, 3.3]

meter
diameter of a sphere that has the same buoyant density (3.16) and terminal sedimentatid
e real particle in the same liquid under creeping flow (3.19) conditions

ntry: The general rule that the buoyant density is used for calculating the Stokes diameter app
ticles or multiconstituent particles (such as droplets in multiple emulsions). The buoyant den
ted with the skeleton density (3.14) for monoconstituent particles,

ntry: For porous particles, it is common use to compute particle'size based on the apparent part
s approach considers the stagnant liquid in the open pores.as intrinsic constituent of the disper
btained size values are hydrodynamic equivalent diameters.

entry: For close-packed agglomerates (3.8) or aggregates, the buoyant density can be repla
article density- with particle referring to the agglomerate or aggregate - in order to get the hyd
diameter.

ISO 13317-1:2024, 3.4]

'rection factor
e sedimentation velocity of a non-spherical particle to the one of a spherical particle of

[SO 13317-1:2024, 3.5}

e function
e terminal sédinientation velocity (3.3) of a particle (3.7) placed in well-mixed dispersion ¢
bntation yelocity in an infinite vessel for the absence of other particles

SO, 13317-1:2024, 3.6]

n velocity

ies also to
ity can be

cle density
sed phase.

red by the
Fodynamic

the same

livided by

particle

minute piece of matter with defined physical boundaries

[SOURCE:
3.8

IS0 26824:2022, 3.1.1, modified — Notes 1, 2 and 3 to entry have been deleted.]

agglomerate
cluster of particles (3.7) held together by weak or medium strong forces with an external surface area, which

is similar

to the sum of the surface areas of the individual particles

Note 1 to entry: The forces acting between the constituent particles of an agglomerate are relatively weak. They result,
for example, from van der Waals attraction or simple physical entanglement.

© IS0 2025 - All rights reserved
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Note 2 to entry: Agglomerates are also termed secondary particles and the original source particles are termed
primary particles.

[SOURCE: ISO 13317-1:2024, 3.8]

3.9

open pore

pore not totally enclosed by its walls and open to the surface either directly or by interconnecting with
other pores and therefore accessible to liquid

[SOURCE: ISO 15901-1:2016, 3.11, modified: “fluid” has been replaced with “liquid” in the definition.]

3.10
closed pdgre
pore totally enclosed by its walls and hence not interconnecting with other pores and not accessipl¢to liquids

[SOURCE:ISO 15901-1:2016, 3.10, modified: “fluids” has been replaced with “liquids” in the definitjon.]

3.11
dynamic|viscosity
measure pf flow resistance for Newtonian liquids, calculated as the ratio of the'shear stress to the rate of
shear for Jaminar flow exposed to a pre-set shear stress or strain

[SOURCE:ISO 13317-1:2024, 3.11]

3.12
apparent viscosity
measure pf flow resistance for non-Newtonian liquids at a defined shear stress or strain, calculated as the
ratio of the shear stress to the shear rate

[SOURCE:|ISO 13317-1:2024, 3.12]

3.13
true density of the dispersed phase
ratio of nass to volume for a body solely consistifig of the dispersed phase without pores, voids, Inclusions
or surfacg fissures

[SOURCE:|ISO 13317-1:2024, 3.13]

3.14
skeleton [density
ratio betyveen sample mass ahd the volume of the sample including the volume of closed pores| (3.10) (if
present) hut excluding the volumes of open pores (3.9)

Note 1 to gntry: The skeleton density refers to solid particles (3.7) and is determined for samples of dry powder.
[SOURCE{ISO 133171:2024, 3.14]

3.15
apparent particle density
effective pafticle-density
ratio of mass to volume for a particle (3.7) including particulate inclusions, entrapped stagnant liquid and
gas in pores, voids and surface fissures as well as surfaces layers and coatings

Note 1 to entry: The apparent particle density is the density of a migrating entity and is calculated as the weighted
average of its constituents.

Note 2 to entry: The apparent particle density depends on wettability of open pores (3.9) and the kinetics of wetting or
replacement of pore liquid. Therefore, it is affected by sample preparation.

Note 3 to entry: The apparent particle density is not identical with the buoyant density (3.16). They deviate from each
other for porous particles and particle agglomerates (3.8) in particular.

[SOURCE: ISO 13317-1:2024, 3.15]

© IS0 2025 - All rights reserved
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buoyant density
ratio of mass to volume for a particle (3.7) including particulate inclusions, liquid and gas in closed pores and
voids as well as surfaces layers and coatings, but excluding the liquid continuous phase that penetrates open
pores (3.9)

Note 1 to entry: The buoyant density equals the (hypothetical) density of the continuous phase for which the
gravitational force acting on the immersed particle is counterbalanced by buoyancy.

Note 2 to entry: The buoyant density of a particle can be experimentally determined (see ISO 18747-1 and ISO 18747-2
for more information)

Note 3 to entry: The buoyant density of monoconstituent particles can be approximated with their skeleton density (3.14).

Note 4 to
emulsions]

Note 5 to

entry: The buoyant density of multiconstituent particles (e.g. coated pigments, droplets.a
can be approximated with the averaged skeleton densities of the single constituents.

entry: The buoyant density is affected by the adsorption of dissolved species at the particle s

therefore dlepends on the solvent and its composition.

Note 6 to 4

ntry: The buoyant density is not identical with the apparent particle density (3.15), particularly

particles ajnd particle agglomerates (3.8).

[SOURCE;

3.17
density ¢
difference

Note 1 to

[SO 13317-1:2024, 3.16]

ontrast
between the particle density and the density of the continuous phase

entry: For quantifying the density contrast, the buoyant:(particle) density (3.16) is used, but

particles, the apparent particle density (3.15) is more appropriate:

[SOURCE;
3.18

[SO 13317-1:2024, 3.17]

particle Reynolds number
n(less parameter expressing the ratio of inertial to viscous forces within a fluid flowing past a

dimensio
particle

Note 1 to 4

Note 2 to
diameters

Note 3 to d
[SOURCE:

3.19
creeping
type of fl

ntry: The particle Reynolds nttmber is based on the volume equivalent diameter.

entry: In other contexts, the definition of the particle Reynolds number can refer to different
or to the equivalent radiil

ntry: The particle-Reynolds number is a characteristic of the flow field and mobility of the partic

[SO 13317:1:2024, 3.18]

flow
wZthat is solely governed by viscous forces and not affected by inertial effects

f multiple

irface and

for porous

for porous

equivalent

o

Note 1 to entry: For moving particles (3.7) or for the flow past a particle, the creeping flow condition applies if the
particle Reynolds number (3.18) is well below 0,25.

[SOURCE:
3.20

[SO 13317-1:2024, 3.19]

Brownian motion
random motion of particles (3.7) caused by collisions with the molecules or atoms of the surrounding
continuous phase

Note 1 to entry: The trajectory of Brownian motion is not differentiable.

© IS0 2025 - All rights reserved
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Note 2 to entry: Brownian motion results on a macroscopic level in mass transport of the dispersed phase, e.g. in case
of diffusion, thermophoresis or photophoresis.

[SOURCE:
3.21

[SO 13317-1:2024, 3.20]

lower size limit
size of the smallest particles that are detectable and with a diffusional particle flux that is negligible
compared to the sedimentational particle flux

Note 1 to entry: The ratio of sedimentational flux to diffusional flux (also called Péclet number, Pe) should be > 1.

[SOURCE: 1SO 13317-1:2024, 3.21]
3.22
upper size limit
size of thle largest particle that satisfies the condition of creeping flow (3.19) and of whieh th¢ terminal
sedimentdtion velocity (3.3) is detectable
[SOURCE:ISO 13317-1:2024, 3.22]
3.23
type of qhantity
specificatfion of the physical property employed to quantify the individuakparticle (3.7) fractions
Note 1 to gntry: The type of quantity is a cumulable property of single particles or disperse systems, such s number,
mass, intepsity of scattered light (within the single scattering limit), dight extinction (within Lambert-Beer-limit),
refractive jndex increment or X-ray attenuation.
Note 2 to gntry: The type of quantity is indicated by a numerical o, character subscript when symbolising {he density
and cumulptive function of a size distribution. Moreover, the subscript also specifies distribution parametdrs, such as
median, mean and modal values or any quantiles.
Note 3 to gntry: The following conventions apply for the-subscript of geometric or gravimetric properties:
number: subscriptr=0
length: subscriptr=1
area: subscriptr =2
volume or mass: subscriptr=3
Note 4 to gntry: The following.conventions apply for the subscript of physical properties:
light extinction: subscript toq = “ext”
lightintensity: subscript toq = “int”
[SOURCE:150'13317-1:2024, 3.23]
3.24
sensitivity

change of instrument response with respect to changes in concentration or absolute quantity of particles
(3.7) in a specified size class

Note 1 to entry: A concentration or quantity can be given in relative or absolute values in dependence on the detection aim.

Note 2 to entry: Sensitivity depends on the type of quantity (3.23).

Note 3 to entry: Sensitivity is a function of size.

[SOURCE:

[SO 13317-1:2024, 3.24]
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limit of quantity detection
smallest quantity of specified particle size class for which the instrument response can be distinguished
from the background

Note 1 to entry: The limit of quantity detection depends on factors such as size range, precision, noise level, and
smoothing algorithms.

Note 2 to entry: The limit of quantity detection affects the lower size limit (3.21) and upper size limit (3.22).

[SOURCE:
3.26

[SO 13317-1:2024, 3.25]

measurefiient uncertainty
uncertainty of measurement
parametefr, associated with the result of a measurement that characterises the dispersion of'the vplues that

can reaso

£SOURCE:
measure|
4 Sym
For the pt
Ar
b
C
C

ext

Cm

ably be attributed to the measurand

ment uncertainty” has been added.]

bols and abbreviated terms

[rposes of this document, the following symbols apply.

Archimedes number

systematic deviation of measured value from true value
transformation coefficient, see Formula (27)
extinction cross section

concentration with respect to extensive property M
particle diffusion coefficient

extinction

gravitational acceleration

sedimentation distance

light intensity

coverage factor

extinction efficiency

ISO Guide 98-3:2008, 2.2.3, modified — Notes 1 to 3 to entry have been“deleted and| the term

dimensionless
varying

m0,5.so,

varying

m2.s—1

m-s2

dimensjonless

Boltzmann constant

optical pathlength

Ljas¢enko number

extensive property indicating the amount of dispersed phase
number of bias determinations

number of particles

© IS0 2025 - All rights reserved
6

J'K_l

dimensionless
varying
dimensionless

dimensionless


https://standardsiso.com/api/?name=22fc97f18810c598ccd3e45aaffb3f2e

Pe

Qtoq

Qtog

Rep
S
T
t
tobserv

tsed
U
u

|4

meas
Vsed

X
XsStokes
Xy

VA

Ap

)

Ne

Pp

Pc

Py

ISO 13317-5:2025(en)

number of replicate analyses

Péclet number

dimensionless

dimensionless

cumulative function of distributed quantity, index “toq” indicates the type ofdimensionless

quantity, in which the fractions are weighted

density function of distributed quantity, index “toq” indicates the type of quantity,varying

in which the fractions are weighted

particle Reynolds number

standard deviation

dimensionless

absolute temperature

time

time point of observation
sedimentation time

expanded uncertainty
uncertainty

measurement volume

terminal sedimentation velocity
particle size (equivalent diameter)
Stokes diameter

volume equivalent diameter
Cartesian coordinate in vertical direction, vertical position
density contrast

thickness

viscosity of the continuous phase
particle dengity

density'of the continuous phase

volume fraction

YVarving
J ts

K

S
varying

varying

m-s-1
m

m

m

m
kg-m3
m

Pa-s
kg-m3
kg-m3

dimens

In additio

app
c

cr
ext

int

n, the roliowing subindices are irrequently employed.

apparent
combined
critical
extinction

intensity

© IS0 2025 - All rights reserved
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lab laboratory

max maximum

meas measurement
psca partial scattering
ref reference

rel relative

rep repeatability

sca scattering

Rw reproducibility
toq type of quantity

Moreover] this document uses the following abbreviated terms.

CRM certified reference material
ILC interlaboratory comparison
NIR near infrared radiation
QCM quality control material

RM reference material

RTM representative test material
UVA ultraviolet A radiation

5 Meapsurement principle and instrumentation

5.1 General measurement principle

Gravitatignal photosedimentation allows the characterization of liquid disperse systems based on their
phase sepjaration under gravity. Unlike other sedimentation techniques, the phase separation is thonitored
photometrically as the-depletion or accumulation of particles at (a) defined vertical position(s) in the initially
well-mixdd sample.[};The measurement can be conducted at a fixed position or a continuously varying one
(scanningmode) ereven at multiple positions for the same measurement time, including the spatially resolved
measurerfent along the vertical axis. The observed quantity is the intensity of light transmitted through,
scattered| by or reflected at the sample. These quantities correlate with the local particle congentration
at the mefasurement position(s). Temporal and spatial changes in local particle concentration are entirely
attributed to gravitational sedimentation of the particles. The direction of sedimentary motion depends on
the density contrast (Ap) between the dispersed and continuous phase (see 3.17); the corresponding particle
motion is either called settling and falling (Ap > 0) or creaming, rising and floating (Ap < 0).

NOTE This document refers to photometric measurement techniques that monitor the gradual depletion or
accumulation of particles in the continuous phase, but not to techniques that observe the growth of sediment or
cream layers by photometric means (see ISO 6344-3 and ISO 8486-2). Moreover, the operational method requires an
initially homogeneous dispersion sample [so called homogeneous-start mode (HSM)]; any approach starting with a
thin dispersion layer on top or beneath a particle-free liquid (so called line-start mode) is beyond the applicability of
this document.

Figure 1 illustrates the measurement principle for the photometric monitoring of transmitted light (for a
scattering configuration, see Figure 3) The example assumes a bi-disperse particle system having a positive

© IS0 2025 - All rights reserved
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density contrast. At the beginning of the sedimentation analysis (¢t = 0), the sample is well-mixed, i.e. particles
of each size fractions are uniformly distributed along the vertical axis and the local particle concentration
is independent from position. However, gravity makes the particle settle downward with a size-dependent
velocity. This gives rise to four layers differing in particle concentration. A particle-free liquid layer at the
top (zone 1). In zone 2, the coarse particles settled out (segregation) within the time t_, ..., and only the
fine particles remain (c = c¢g;,,.). The particle content in the third layer does not change at all and composition
and concentration are not position dependent and remain at its initial value (¢ = ¢;pitia1 = Cine + Ceoarse)- 1he
sediments forms at the bottom (zone 4), where particles have a very high concentration. Composition is
not uniform. The sedimentation process is finished when all particles have settled and the formation of
the sediment is completed. Nevertheless, the analysis can be stopped when the last of the particles that
will migrate due to gravity have passed through the measurement zone [see Figure 1 a)]. In general,
measurements can be stopped when photometric signals have reached a stable value, which is associated

with the particle-free supernatant.
t=0 E=C o
a\ Y L Y X
|
|
|
|
X observ t
a) Homogenous mixing state and b) Formation of 4 zones and c) Evolution pf the
corfesponding concentration corresponding concentration photomeTic
profileatt=0 profile at ¢, sory concentration at the
measurement position
Key
X photometric concentration
Y pdsition
hgeq sgdimentation distance
t time
Eobserv tiﬂe point of observatipn
1 zdne 1 = particle-fre€supernatant
2 zdne 2 = depleted dispersion phase (due to loss of coarse particles)
3 zdne 3 = originaldispersion phase
4 zdne 4 = sediment
a Sddimentation cell.
b Lightbeam, with fixed or varying position.
c Measurement zone.
d Photometric sensor.

The grey area between the light beam and the sensor depicts the measurement zone.
SOURCE: Reproduced with the permission of LUM GmbH®.

Figure 1 — Phase separation due to sedimentation for a bi-disperse sample with positive density
contrast and its monitoring via light transmission

Within the scope of this document, the techniques should only be applied to dilute samples, in which
particles settle or rise independently from each other (i.e. no hydrodynamic hindrance, see Reference [2]
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and ISO 13317-1). This condition offers a chance to quantify individual particle properties, such as size. Yet
in principle, photosedimentation techniques also allow the characterization of concentrated samples, e.g. for
the purpose of dispersion separation or stability analysis (see Annex E).

5.2 Primary and derived measurement results

The primary measurement data of photosedimentometer are optical signals from the sample contained in
a transparent measurement cell (e.g. cuvette). Such signals are either the intensities of transmitted light or
scattered light, which are frequently presented as normalized values (e.g. transmittance, relative scattering
intensity). In general, they may be registered either as functions of time at a (multiple) vertical cell position(s)
or at vertical position(s) at a fixed time(s). Several types of original measurement results are possible:

time
time

time

COUTSE Of the optical Signal ata cConstant vertical position of the Sedimentation ceil;
courses of the optical signal at few vertical positions of the sedimentation cell;

courses of the optical signal at different positions obtained by vertical, séanning

sedinpentation cell (allows reconstruction of vertical profiles if scanning rate is faster than rat

sepat]

time-
cours

Hence, th
or verticall profiles for a specified time [see Figure 2 a) and b)].

S

Key

Bl
AII
BII

sed

ation);

resolved vertical profiles of the optical signal along the measurement; cell (i.e. simultan
es of the optical signals at multiple, finely resolved vertical positions):

bre are two principal types of original measurement results; time courses for a specifie

hlong the
e of phase

Pous time

l position

S c
—-r 2 1
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| \

|
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|

|

|

|

|

}

tsed A" B” hsed vmin v ax sed
a) Primary measurement: b) Primary measurement: c) Derived result:
(Qptical signal vs. Optical signal along Particle concentrati¢n vs.

sedimentation time vertical position sedimentation velogcity
sdattering signal
trinsmissign $ignal
cymulated-particle concentration
tifne; atwhich the fastest particles have completely passed the vertical measurement position
time, atwhi west partl \Y ZOon X W measurement position

distance in the direction of sedimentation, below which the liquid is completely depleted of the fastest particles

distance in the direction of sedimentation, below which the liquid is free of particles

particle concentration

sedimentation distance

signal
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teed sedimentation time

1Y sedimentation velocity

sed
The real signal shape of the schematic curves depends on several factors, including particle size distribution, particle
shape, wavelength or refractive indices.

Figure 2 — Primary and derived measurement signals of gravitational photosedimentation

The primary optical signals correlate with the particle concentration but are also affected by the optical
configuration of the instrument, the optical properties of the measurement cell and the optical properties
of the dispersion medium. The quantification of particle fractions, i.e. for photosedimentometer applications
within this document, requires a signal transformation to get rid of the signal contributions not caused by
particles [see 6.1).

— Trangmitted signal intensity is first converted into sample transmission and finally intojextingtion.
— Scattered intensity is converted into relative excess scattering signals or excess Rayleigh ratiq.

The transformed signals are considered to be proportional to the particle concentration, which is prerequisite
for the qupntification of particle fractions. The evolution of signals with time or vertical position is due to the
sedimentptional separation and segregation of the dispersed phase as shown in)Figure 1. It reflectls changes
in the composition of the dispersed phase and thus the quantities of particlefractions that have jyst left the
measurerfient zone. Those fractions migrate with a sedimentation veloeity, which is identical tq the ratio
of sedimgntation distance to measurement time and which can be further transformed into an gquivalent
diameter,|the Stokes diameter (see 6.1). Hence, time-curves or prefiles of transmitted or scatter¢d signals
can be copsidered as scaled sum functions of the velocity or particle size distribution [see Figure 7 c}].

5.3 Insfrumentation

Typical pliotosedimentometers essentially consist of a yértically aligned measurement cell (or sedifnentation
column), h unit for adjusting to a constant temperature in the measurement cell (e.g. water bath, contact
cooling ahd heating), an illuminating light source or sources operating at different wavelengths, optical
detection|system(s) and an electronic signal processing unit.

Key

a Incident beam.
b Transmission detector.
¢ Scattering detector.

Figure 3 — Transmission and scattering setup

The most important feature for grouping photosedimentometer is whether they employ transmitted
light[31.[4] or scattered light[2] for monitoring phase separation. The former has the advantage of a defined
measurement volume, which simplifies the “extraction” of particle-induced signal contributions. On the other
hand, it principally requires a certain minimum sample opacity and turbidity and allows the quantification
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of separate particle fractions, i.e. for the determination of velocity distribution or particle size distribution,
only if opacity keeps below a critical threshold. Scattered light allows the monitoring of phase separation
for fully transparent samples (i.e. low particle concentrations) and, in the case of backscattered (reflected)
light, for opaque samples. However, the reliable quantification of separate particle fractions from scattered
light requires low optical concentrations.

NOTE1 Photosedimentometers used for the quantification of separate particle fractions, i.e. for the determination
of the velocity distribution or the particle size distribution, are typically operated in transmission mode.

The optical detection system may be comprised of one (or more) detector(s) at fixed vertical position(s) or a
movable detector, which scans the sample along the vertical axis. The width of the illuminating light beam(s)
can be adjusted to ensure optlmum signal-to- n01se ratio. An alternatlve is spatially resolved detectors (e.g.
a linear hanges at each
vertical plosition (STEP Technology[Z]) For this purpose, the measurement cell is 1llum1nated wilth a two-
dimensiofal beam. In practice, each type of detection system can be attributed a certain ventical fesolution
Ah, which|affects the minimum resolution of the distribution functions (see Annex A).

[lluminatfon in photosedimentometers employs radiation from the optical domain jhcluding vidible light,
UVA and NIR:

— atong, fixed wavelength (or a very narrow part of the spectrum);

— atmultiple, fixed wavelengths;

— with ppectral resolution (i.e. for a large number of consecutive wayelengths).
the first two are the most frequently used.

pl part of a photosedimentometer is the measuremernt-cell, in which the liquid dispersion{sample is
gravitational phase separation. Measurement cells for transmission measurements ar¢g typically
rectangular in cross-section with the light beam perpendicularly passing two parallel windows}, whereas

characterjistics are the height and the optical path (diameter) of the measurement cell. The height|limits the
htion distance and thus the maximum«§édimentation velocity, which can be accessed fpr a given
time resojlution. The optical path affects the o¥erall turbidity of the sample and thus restricts the particle
concentrdtion, at which the measurements tiust be run. In some cases, instruments employ diffgrent cells
(cell heights, path lengths, and material) te'increase flexibility regarding measurable samples. Ir] addition,
it also setk an upper limit for particle size'because the photometric principle of particle quantification relies
on a largd number of particles in the measurement zone, otherwise signals would reflect stochastjc number
variation$ of illuminated particlées. On the other hand, to avoid hydrodynamic wall effects, the width should
be at leasf 10 times larger thand the coarsest expected particles.[21.[6]

NOTE 2 |For the sake of illustration, a transmission configuration can be assumed with a measuremgnt volume
of 10 mm path x 2 mm (width of beam) x 1 mm (height of beam) intended to analyse a sample of 10 um spheres at a
volume frdction of 0,1.%, This coincides with approximately 38 200 illuminated particles and, by means|of Poisson
statistics, fhe relative,'standard deviation of this number can be estimated as 0,5 %. For 200 nm and 100 um nm
spheres, the samevolume fraction yields an average number of 5x10° and 38 illuminated particles, respedtively. The
corresponflingrelative standard deviation amounts to 0,01 % and 16 %, respectively.
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max
max

= ~=
A, N
a) Cap-like lid design, which allows for b) Stopper-type lid, which completely
an air buffer above the liquid sample displaces the air above the'\liquid samnple
Key
hnax ~ mpximum sedimentation distance, i.e. height of the liquid column
a Sqmple.
b’ MEniscus, i.e. air-sample interface (illustration assumes a lyophilic wall material).
b” Lid-sample interface.
¢ Alr.
& C4p-like lid.
d” Stppper-type lid.
e D¢gassing channel.
Figure 4 — Different types of lids
Another fepature of the measurement cell is-whether the lid covers the top of the cell and leaves an dir-sample
interface [or whether the lid touches the-sample surface (Figure 4). The latter requires an agpropriate
lid desigr], but has the advantage thatithe top level of the sample (thus the sedimentation distance to the
measurerpent position) remains cofistant and independent from the operator. The sample volumg is rather
fixed, as the air must be completély displaced from the zone below the lid (sample volume in the ajr outflow
and the ghp between lid and wall is ideally negligible). The second lid-type is simpler in design and allows
more fleyibility for measureéiment parameters, yet requires the top level of the sample to be properly
identified| for each sample(see 6.4).
6 Meapurement data and calculation of distribution function
6.1 Primary and derived measurands

The primary measurement results of gravitational photosedimentation are the measured dependencies of
photometric signals from the sample on measurement time or vertical position or, more generally, a list of
photometric data corresponding to a list of couples specifying time and position.
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The photometric signals are the intensities of either transmitted or scattered light (I, ., s or I, respectively).
The transmitted signals at a given vertical cell position are normalized with corresponding signals from the
pure liquid containing no particles. This is often achieved more practically by using the transmission value
of the supernatant of a completely separated sample; with the user being aware of the approximate time
necessary for all particles to sediment:

I

trans,sample

E =—In(Tgmple )=—In 1)

I trans,supernatant
where
E is the (natural) extinction;
Tample  is the sample transmission.

The nornpalization (background correction) with the signal of the particle free liquid‘eliminates the
influence$ of the optical setup (e.g. irradiance, photodetector, etc.) and the measurementcell (refl¢ctance at
inner and|outer walls). Similar reasons require normalization of the scattered signal;

Isca,re _ Isca,samlple _Isca,med (2)
sca,ref
where
Iscambd scattering signal of the dispersion medium/pure liquid;
Iscaref scattering signal of a reference liquid/dispersion;
Licare relative excess scattering intensity;

Isca sampre  Scattering signal of sample.

Gravitatignal photosedimentation starts with a‘uniform distribution of particles within the samp|le volume
(see 5.1).|Accordingly, the initial profiles of photometric signals are also uniform over the entife sample
height. Sfibsequent changes of the photometric signals reflect changes in local particle congentration
and are que to phase separation. Within the scope of this document, photosedimentation is gpplied to
measurerhent conditions, for which phase separation is solely caused by sedimentation of particleqd, whereas
convective flow or Brownian motion'may be excluded. In this event, each couple of measurement time and
vertical ppsition can be associated’with particles that have just passed the measurement zone after having
started af the top (settling particles) or bottom (rising particles). These particles migrate with the|following
sedimentption velocity (see Eigure 1):

h
Vsed %d (3)

NOTE1 |[Forcreaming or rising particles, the relevant travelling distance h,4 is defined as vertical disfance from
the bottonr of the vessel. Therefore, a negative sign is assigned to the velocity.

The sedimentation velocity depends on the density contrast between particles and the continuous phase,
viscosity of the continuous phase as well as on the particle size. For spherical particles of diameter x,
Formula (4) applies, which is named after Stokes based on Reference [7], in the event of creeping flow
conditions:

_9(Po=pPc)

Vsed = 1877 (4)
c
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gravitational acceleration;
dynamic viscosity of the continuous phase;
density of the continuous phase;

density of the particle.

In the case of non-spherical particles, the sedimentation velocity depends on the particles’ alignment in
space. Its orientation-averaged value is smaller than the sedimentation velocity of a volume-equivalent

sphere. T

he ratio hetween the two velacity values is referred to as the shape correction factor

In a typic
factor. Th
sediment

XStoke

where thd

particle density for the case of particles having fine, open pores.

NOTE 2
data sheet
continuou

The trang
on a coup

6.2 Int

Photosed
Figure 1),

extinction [see Formula (1)] or (scatteredlight) intensity [see Formula (2)]. Their use as a qu
descriptign of polydispersity is commenly based on the idea that all particles contribute to light

and scatt

E o< Npart /Apeam < € - Lo<ey 7L (Lambert-Beer law for monodisperse samples)

I

Sca,re

where

Apean] _€r0ss-section of the light beam;

hl scenario of particle size analysis, particle shape remains an unknown or at least non=g
erefore, Formula (4) is used to define the equivalent diameter for particle sizge-ana
htion techniques, the Stokes diameter:

_ 1877(:‘/sed

= /—
g(pp ~—Pc )

appropriate particle density p,, is either the buoyant density for.tlie general case or thg

The buoyant density is commonly approximated by the skeleten,density, which is frequently r
5. Such an approximation can be critical in the case of the adSorbed layers of molecules and ion
phase because relevant data of the layer (e.g. thickness and‘composition) are typically not know

formation of sedimentation velocity into a spherical equivalent diameter [see Formula
e of assumptions, which are discussed in 6.5 (see.also ISO 13317-1).

rinsically measured distribution functions

mentation quantifies the polydispersity of particle systems by means of photometric si

bred intensity independently~from one another and that their contributions superpose lif

o< Noart < €y Mias < €y “Vineas (Single scattering for monodisperse samples)

part

Cn
Cy
E

I

sca,re

L

Npart

%4

meas

juantified
ysis with

(5)

apparent

bported on
s from the
n.

[5)] relies

bnals (see

Accordingly, the intrinsic types of\quantity of photosedimentation measurements are thus (light)

Aantitative
extinction
early:

(6)

(7)

particle number concentration;
particle volume concentration;
(natural) extinction;
| scattering intensity;
length of the optical path;
number of illuminated particles in the measurement zone;

volume of the measurement zone.
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This idea only holds true for relatively low sample opacities (corresponding to low particle concentrations).
Relatively high sample opacities coincide with nonlinear photometric effects (e.g. multiple scattering or
attenuation of scattered light), which leads to underestimating the quantity of coarse particles. Figure 5
illustrates such effects during the sedimentation of glass beads measured in two different cells distinguished
by the optical path length. One ensures a sufficiently low obscuration for the homogeneous suspension, so
that Lambert-Beer law [see Formula (6)] applies. The other results in an unacceptably high obscuration at
the start of the sedimentation process, so that the derived velocity distribution lacks information on the
coarsest particles and underestimates the median sedimentation velocity.

Z Z
0 0
=
3 A 5
10 - 10 -
134 | 15
2Q - ] 20 -
25 -
30 - 30 -
3% - 35 -
4Q - sed 0. 40
45 {7’ T T 45 \
0 20 40 60 80 100 1_ 0 -
a) Acceptable initial transmittance b) Initial transmittance too low
(0,8{wt% in 2 mm cell; apparent median (0,8 wt% in 10 mm cell; apparent meldian
velocity: 40 um/s) velocity: 36 um/s)
Key
lians  transmitted light signal (normalized to-clean air), in %
Lieq sddimentation time
Z vdrtical coordinate, in mm
NOTE The arrows indicate the evolution of the transmission profiles, which were recorded with an interfval of 80 s.
Figure 5 — Profiles of transmitted intensity for sedimentation of glass beads
If Formulpe (6) and.[7] apply, the time-curves and profiles in Figure 1 a) and Figure 1 b) can be fregarded,
respectively, as scaled distribution functions. Together with Formula (3), it can be stated:
E (hseq t)
Qext (Vsed ) -~ =< (8)
Hinitial
I 1 (hsed 't)
Qint (Vsed ) =2 (9)
Isca,rel (t=0)
hsed

with vgeq =

The two photometric quantities (extinction and scattering intensity) do not reflect only particle
concentration, but also depend on various optical particle properties (e.g. shape and refractive index) and
employed instrumentation parameters (e.g. wavelength and aperture angle). This must be considered,
when comparing different photosedimentometers or different measurement techniques. For instance,
the extinction-weighted distribution of a given sample can significantly change, when the light source is
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switched from NIR to UVA, in particular if this switch coincides with a qualitative change regarding light
absorption.

6.3 Conversion to volume-weighted distribution functions

The intrinsically measured extinction or intensity weighted distribution functions can be converted into
volume-weighted functions (for the conversion to number-weighted function, see Annex B), if the relationship
between the sedimentation velocity of a particle (or its Stokes diameter) and its photometric response can
be quantified by adequate models. The photometric response can be expressed by various quantities.

These pat
more spe
of the light source and the refractive index of the liquid (continuous phase) tocbe-known, since the w
in the liqu

The conve
assumpti
waves.[8l
optical re
requires
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The start
number o

where Q|

This resu

In genera
or less sig
oscillatio
spectral ljng, or both, but also by the deviation from a spherical shape. For coarse particles > >
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dQexc[X)=

I volume and photometric response (i.e,extinction level or scattering intensity):

ction cross-section (C,,,): attenuated light flux divided by irradiating light intensity.

il scattering cross-section (Cpg,

|l scattering efficiency (K, ,): partial scattering cross-section divided by the particle’s projg

rifically on their (complex) refractive index. In each case, the computation requires the w

id constitutes the length scale for the interaction between lightand particles.

bn of spherical particles and the applicability of Mie’s solution for the scattering of electr¢
91 The latter includes that the functional relationship:bétween Stokes diameter (xg;qye

Hetails of the optical setup (e.g. aperture angle ov scattering angle) and the knowlec
indices of particles and continuous phase at thégiven wavelength.

ng point of the procedure is the relationship among the contributions of a given size f|

— Cext(x)dQO(x) — Kext(x)/XdQ3(X)
[Cext(x)dQo(x)  [Kexe(xfd0s(x)

p Cexe and K, can be replaced by Q;, Cpsc, and K, respectively.

ts in the following expressions for the conversion step:
X/ K oy (X) dQeye (%) X/Kpsca(x)innt(X)
[ %/ et (06 A () [ %/ K pseal() dQine ()

, all optiealcross-sections and efficiencies are non-monotonic functions of particle size ¥
nificantoscillations, depending on the material properties and optical configurations. I

)=

Q3(x)=

}\s are/largely dampened by either the aperture of the detection optics or the broaden

): scattered light intensity in a certain direction multiplied with
complete solid angle and divided by irradiating light intensity.

cted area.

ameters generally depend on size and shape of the particles, but also on'their optical properties,

hvelength
pvelength

entional procedure for converting the intrinsically measure@d distributions functions relfies on the

magnetic
) and the

sponse (i.e. Cyp and Cpq,) remains unaffected by patticle shape. This kind of optical computations

ge of the

raction to

(10)

(11)

vith more
practice,
ng of the
1 um, the

2 dK desca

ext

Coxt (X),Cpsca (X))o x* or —==,—=——=0 forx>>1pum

dx dx

which means that the intrinsically measured distribution functions are essentially area-weighted.
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NOTE The calculation assumes a detector aperture of 14°.

Figure|6 — Mie calculation of size dependency of optical eross-sections and efficiencies fqr glass
beads and iron.balls

An alternptive to the conventional method based on;Férmula (11) has been proposed by Weichert[L for the
case of pijotometric sedimentation monitoring at multiple wavelengths. That procedure does not|assume a
specific particle shape, nor does it require the dptical properties of the particles. However, it reljes on the
applicability of a dimensionless scaling law, which can limit the spectral range, and a high signgl-to-noise
ratio in tHe photometric signals (see AnneX C).

Volume-weighted size distribution, in principle, can be further converted into a number-based pafticle size
distributipn or the extinction-weighted distribution functions are directly converted to numberjweighted
ones (Anrex B).

6.4 Determination ofthe start position

For the callculation of sedimentation velocity [see Formula (3)], the maximum sedimentation distarce, which
is deternjined by the detector position and the top level (for settling particles) or cell bottom (for rising
particles)| must beknown. The vertical positions of the measurement zone and the cell bottom dep¢nd on the
specific ipstrumentation and are typically well-documented by the manufacturer. In contrast, the position
of the topTlevel is an adjustable parameter depending on sample volume, and hence must be determined for

each individuatsedimentationrmeasurement:

In principle, there are two principal cell configurations that determine the top level (see Figure 4).
— The interface between the liquid dispersion and air (meniscus).

— The liquid dispersion touching the cell lid or upper wall.

The latter can mean that the geometry (including wall positions) is well described, but not necessarily.
Inaccuracies can occur if the sample enters into the space between wall and lid. This results in larger
sedimentation distances for that particle fraction and, correspondingly, a more tailored size distribution
for the fines. On the other hand, free meniscus positions inevitably coincide with variations of the top level.
Moreover, menisci are curved surfaces, where the central position commonly lies below the upper line of
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a thin liquid layer attached to the cell wall by capillary forces [see Figure 7 a)]. This effect hampers the
accurate determination of the meniscus position by visual or photometric means. A photometric detection
of the top level is generally possible if the sedimentometer provides a spatially resolved photometric signal
along the vertical axis. Ideally, menisci would cause a rectangular minimum in the photometric signal,
while an interface between the liquid dispersion and an opaque lid would result in a step function. However,
diffraction and finite aperture of the optical systems smoothes such profiles and causes some degree of
uncertainty on the exact position of the central top level (see Figure 7). This kind of determination of the top
level is frequently used and should be guided by the instrument software.

-

trans traps

a) Air-liquid interface, i.e. vaulted surface b) Lid-liquid interface, i.e. flat interface
(capillgry ascension at the wall causes a signal (the smooth transition in the signal profile
minimym, which is superposed by diffraction) is mainly due to diffraction)

Key
lirans  Intdnsity of the transmitted light signal
Z verfical coordinate

This figurg is not drawn to scale (indicated meniscus-curvature applies to lyophilic walls; indicated signal pr¢files apply
to non-opdque liquids).

NOTE The two principal types of starit position shown in this figure correspond to those shown in Figyre 4.
Figure 7 — Projection of top level in the profiles of the transmitted signals

Apart frgm using fixed, dnstrumentation-specific values of the start position or their extracfion from
photometfric signal profiles, a different approach can be used. This relies on the measurement of phptometric
profiles ahd employs.aésimple routine for signal processing called front-tracking. Front-tracking detects the
time-dep¢ndent laCation of the sedimentation front (i.e. the interface between supernatant and dispersion
phase), which jssthe vertical position, at which the signal exceeds or falls below a transmission threshold.
This posifion{gradually shifts with time; its linear regression intercepts the ordinate at the starft position

(see Figuitel8).

© IS0 2025 - All rights reserved
19


https://standardsiso.com/api/?name=22fc97f18810c598ccd3e45aaffb3f2e

ISO 13317-5:2025(en)

Z
-5
0 4
5
10 -
15 A
| | r’+
20 | A
30 —
[ | |
2=
35 | tsed Ithreshold
40 K
45 T T T T _5 . : T T
0 20 40 60 80 100 7 0 1000 2000 _3-000 4000 |te
a) Evolution of profiles of the transmitted b) Extrapolation of start-position (z,,.) from time
signals (I,,.,,s) with indication of a signal curves of the sedimentation front positioIs (for
threshqld (I;,,esno14) Used for front tracking varying threshold values of the signal int¢nsity)
Key
1 threshold line (at Iy esh014), @long which the motion of the sedimentation front is observed
2 btarting point with start position z, ., used to calculate the sedimentation distance
Linreshora  fhreshold value, for which the motion of the sedimentatien front is observed
Livans fransmitted light signal (normalized to clean air), in %
teed bedimentation time, in s
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Zgtart btart position, in mm
Figure 8 — Derivation of start position from so called front tracking
This alterjnative procedure has-the twofold advantage that the unsharpness of photometric projgction can
be ignored and that errors dn clocking can be largely compensated. “Clocking error” refers to pituations
in which the phase separation has already started before the measurement time is running or] in which
the homojgenization of particles in the measurement cell is stopped with time delay after triggering the
measurerent. The former yields a calculated start position beneath the geometric top level] whereas
the oppogite appli€s for the latter. Similarly, the procedure can also compensate for lacking temperature
adjustmeft in the-initial phase of phase separation. On the other hand, the start position can be dgtermined
by the sg-called direct boundary method (DBM) approach developed for analytical ultracentrifugation.
[11],[12] Fof details, refer to ISO 13318-1.

6.5 Assumptions behind data analysis in photosedimentation

6.5.1 Assumptions related to Stokes law

Stokes’ formula for the sedimentation velocity of fine particles [see Formula (4)] relies on a couple of
assumptions, which relate to the following:

— particle motion:

always in steady-state; balance among gravity, buoyancy and hydrodynamic drag; under creeping flow
(3.19); no viscous interaction with neighbouring particles and walls;
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— particle properties:

spherical shape; smooth and rigid surface; homogenous density; inert with respect to liquid;

— liquid properties:

incompressible, Newtonian.

The individual effects are discussed in detail in ISO 13317-1, and References [2] and [6].

Some of the assumptions listed can be addressed by proper sample preparation (see subclauses 7.3 and 7.4).
For instance, solvents should show Newtonian behaviour, must not promote dissolution or swelling and
may contain dlspersmg agents that impede partlcle agglomeration.[6] Other assumptions set limits on the

working

avoid either viscous or hydrodynamic particle 1nteract10ns or both). Assumptions on the morphal

structura
true whe

Formula
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6.6 Working range with respect to particle size and concentration
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properties of the particles (in particular shape, surface and density) are deliberately c
h transforming the sedimentation velocity into an equivalent diameter, the Stokes dia

5).

ssumptions related to photometric particle quantification

ently from each other to light extinction and scattered intensity” and that their con
e linearly, which can be briefly expressed by Formulae (6) and (7). Their validity is restf

pmetric measurement principle is based on the idea.bhat at each instant, a population
measured. That means that the measurement zone should contain a sufficiently larg
es in order to keep the stochastic number variations of illuminated particles very
5 practical limits to the size and concentratignh of particles that can be analysed with
mentometer.

imits defined by the applicability of Stokes law

rmula (4) applies to the creeping flow definition, which is ensured for fine particles with
number (Re,) below 0,251 The corresponding thresholds for Archimedes and Ljascenkq

jon (e.g. to
pgical and
bnsidered
meter, by

ontribute
[ributions
icted to a

the two-dimensional space spanned by particle size and patticle concentration and thyis defines
the working range of photosedimentation (see 6.6).

averaged
e number
low. This
a specific

a particle
numbers

(13)

eritical Archimedes number, below which creeping flow can be assumed;

gravitational acceleration;

critical LjaS¢enko number, below which creeping flow can be assumed;
sedimentation velocity, below which creeping flow can be assumed;
particle size, below which creeping flow can be assumed;

dynamic viscosity of the continuous phase;

kinematic viscosity of the continuous phase;
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Pe density of the continuous phase;
Pp density of the particle.

Obviously, the corresponding limits to particle size or sedimentation velocity depend on the density contrast
and liquid viscosity:

2
ngﬁ and Vsedggm (14)
\/ g(Ap/p.) Vave (Ap/pe)

In principle, the user should also be aware of a lower size limit, below which particle sedimentation is
significantly superposed by Brownian motion. This limit is defined via a critical Péclet number:[13]

3
"sedhsed — TCgApX hs

Pe= ed <200 (15)
D, 6kpT
[382-k T
thus: ¢ >3/—— B~ (16)
gAphsed
where

Ar,. critical Archimedes number, below which creeping flow canbe assumed;

Dp particle diffusion coefficient;
g gravitational acceleration;
hsq | sedimentation distance;

kg Boltzmann constant;

T temperature;

Veed sedimentation velocity;
X particle size;
Ap density contrast.

The typicpl value is in the order’of 200 nm (this value applies to Ap = 2 000 kg/m3 and hg,q = 1 cin at room
temperatfire).

Stokes’ d¢rivation of particle drag and sedimentation velocity assumes isolated particles. This cfiterion is
approximptely met-when the volume fraction of the dispersed phase (including immobilised, staghant fluid
in the porles) remains below 0,5 %:

Py S‘|>.005 (17)

6.6.2 Limits defined by the applicability of photometric detection

The photometric quantification of particle fractions requires sufficiently high signals (well above the noise
level) and the validity of linear superposition of the individual particles’ contributions to scattering and
extinction. For extinction-based photosedimentometers, this is usually ensured when the transmitted
signal (Tsympie) for the unseparated sample is lower than 80 % and larger than 10 % of the supernatant’s
transmittance:

0,1 Tgmple <0,8 (18)
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C K
with —In(Tgmple ) =@y ;Xt I
p X

The volume fraction can be then expressed as function of particle size and optical pathlength:

In(1,25) X

: Sy <
L Keoxe (X)

In(10)  x op V149 x 1,535  x

Py
L Kexe (X) L Key (x) L Key (x)

w [N
w|N

(19)

The left hand side of this relation defines minimum particle concentration in the measurement zone and
allows an estimation of the limit of quantity detection. In case of a scattering setup, the following are needed:

—a relatively high scattering signal as compared to the signal of the dispersion medium alone;

—a rathef high transmittance of light through the cell.

Isca,sample 23O'Isca,med and Ts

>0,8. (20)

ample

This allows the formulation of the upper concentration limit:

 In(1,25)  «x L0149 x

oy <1 or ¢
g L Keq(¥) 77 L Kege (%)

(21

Setups in |perfect reflection mode are not recommended for the quantification of particle fractions

As outlingd in 5.3 and 6.5.2, another condition for the operation of photosedimentometer is that the average
number of illuminated particles shall be large enough to keep stochastic number fluctuations to ajlow level.
According to Poisson statistics, the relative standard deviatien“of this number, thus on the extingtion level
or scatterfing intensity, can be assessed as the reciprocal square root of the average particle numbé¢r:

1 1 nx
s =S =S = = = (22)
N rel|™ °E,rel = I, rel \/Npart \/(DV . 6-gp LA o
V_' mea$
P
Keeping this relative standard deviation belew a critical threshold sy . ., leads to:
3
- X
oy 21— (23)
D SN rel L Apeas

Formulae|(13) to (23) define theaccessible working range for gravitational photosedimentation, which must
be deter:};ined for each material and optical configuration separately. The working range can be Qroadened

by modifying the wavelength or optical pathlength of the measurement cell. An example of th¢ working
range is provided in Figuve 9.
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Figure 9 — Example of the working range (filled area) of gravitational photosedimentg

7 Perf

7.1 General

Size anal

0,001 .
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le size, in um

size limit due to creeping-flow condition
size limit, below which Brownian motion affects particle size analysis
concentration limit, beyond which Lambert-Beer law (Formula (6)) fails (here: Ty, < 0,1)

concentration limit related to signal noise (here: T, e

>0,8)
concentration limit, beyond which particle mutually affect theirysedimentation
oncentration limit, beyond which particle number fluctuations adversely affect the signal quality

Figure 9 shows an example of the working range (filled;area) of gravitational photosedimentatio
ersed in water; transmission optics with 670 nm wavelength, 14° aperture and beam of 2 mm?
v and high particle concentration (10 mm and 2 mm, respectively); and for a measurement distar

prming size analyses

yses with gravitatieral photosedimentation follow the principles described in more

h for: glass
; different
ce of 4 cm.

tion

detail in

Clause 7 ¢f ISO 13317-1:2024-. It starts with a clear specification of the analytical objective(s), including the

relevant
regarding
the differ

7.2 Sar

btate of dispefsion, the target measurands and their acceptable uncertainty. Pre-con

bnt steps(of ' granulometric analysis (see 7.2 to 7.8).

hpling

bideration

sample preparation or material properties employed in data analysis are essentially followed by

The first step in size analysis consists of taking a representative sample from the powder or liquid dispersion
by using adequate sampling techniques and sample splitting (see ISO 14488). Minimum values for sample mass
or volume can be derived from the accessible working range of gravitational photosedimentation (see 6.6).

7.3 Dis

persion process and primary sample preparation

Sample preparation constitutes a crucial step in granulometric analyses because it adjusts or affects the
state of dispersion and thus the measured quantity. Errors and uncertainty in particle size analysis are most
commonly caused by improper sample preparation.

The purpose of primary sample preparation consists in producing stock or master suspensions or emulsions,
which have experienced a specified dispersion process and are thus defined with respect to their state of
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dispersion. Hence, primary sample preparation typically modifies the original sample in order to ensure
a reproducible granulometric state. Such a master sample can be further divided to conduct multiple
measurements with one or different instruments, or comparative analyses with different granulometric
techniques.

Powders must first be suspended into an appropriate liquid and then dispersed in it, which includes both
distributive and disruptive processes (ISO/TS 22107). The process of suspending can be supported by
wetting agents and the liquid may contain dispersing agents, which help to maintain colloidal stability. The
liquid should primarily ensure the chemical stability as well as prevent alterations of the physical state (e.g.
swelling or shrinkage, dissolution, and agglomeration) of the dispersed phase and its sedimentation (i.e.
the density contrast must not vanish). In addition, the liquid should behave indifferent to the measurement
cell. Reference [6] llsts 11qu1ds and dlspers1ng agents which have proved successful for a couple of solid
materials : should be
sufficient]y transparent for the 111um1nat10n used for the photosedlmentatlon measurement.

If the original material is a liquid dispersion, the original continuous phase (dispersion medium) fis usually
maintaingd, although it is possible to replace it with a different solvent. In some situations) it can pe helpful
or necessfry to adjust the density contrast by adding indifferent solutes to the original eontinuou$ phase or
a mix of dfifferent liquids.

Independgnt from the initial state of the material, the dispersion process consfitutes an essential ¢lement of
sample pifeparation and can determine the size of the particulate entities that are probed by sedirentation
analysis. [it is therefore important to describe the dispersion process,‘i.e. the dispersion techmique, the
intensity pf treatment and the dispersion energy (ISO/TS 22107). These“parameters should be sglected to
best matdh the state of the particulate material at the relevant proc€ss, product application or test|scenario.

7.4 Sedondary sample preparation (sample conditioning)

The master samples typically require further processing before the measurement can take place. The
purpose i to adapt the sample to the measurement conditions without affecting the particle size digtribution.
Secondary sample preparation can involve, e.g.

— sample splitting and producing aliquots;

— adjuskment of viscosity or density«f the liquid dispersion medium;
— thermal equilibration of the sample.

It is mairlly driven by specific.requirements of the instrumentation (e.g. sample volume, workjing range
with resgect to particle coneentration) and the analytical objectives (e.g. evaluation of the temperature
sensitivity).

The most|typical task-is the adjustment of particle concentration via dilution, notably for performing the
analysis ih the permissible working range (see 6.6).

7.5 Instrument preparation

Before starting an analysis, the instrument must be readied for operation. Recommendations and
instructions of the instrument producer should be followed. They can include a thermal equilibration of
the measurement zone for the intended measurement temperature, the specification of measurement
parameters in the instrument software (e.g. temperature, wavelength, temporal resolution of signals)
and the selection of suitable measurement cells, which can differ with regard to volume, pathlength of
measurement zone or solvent resistance. Typically, such procedures are described in detail in the manuals of
the specific sedimentometer types. Optimum measurement conditions depend on both the instrumentation
and sample, hence their determination can require preliminary experiments.

In a broader sense, instrument preparation also includes regular performance qualification (see 8.3).
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7.6 Measurement

As explained in 5.1, gravitational photosedimentation starts with homogeneously mixed samples.

Conseque

ntly, the measurements conform to the following, general scheme.

a) Thoroughly mix the thermally equilibrated sample in order to ensure a homogenous spatial distribution
of the particles.

b) Immediately start the measurement (i.e. with minimal time delay) after homogenization has been

comp

leted.

c¢) Allow the instrument to photometrically monitor the gravity-induced classification of the particle system.

design). T

Ensure tHat the temperature, measurement date and time, as well as baseline values ofthe sensq

are recor
means. [t
standard

among tﬂte individual results is less than 5 %. Such repeated analyses yield statistical measur

uncertai

quality and plausibility checks.

Such testg$ can refer to:

— thep
whic

— initia] and final signals:
usuallly one can test the plausibility for the start ofthe measurement (minimum transmittance,
scatt¢ring signal) and the finished sedimentationprocess (maximum transmittance, minimum
signall); additionally, the requirements expréssed by Formulae (18) and (20) must be chec}

signa

— type

visual inspection or concentrationyprofiles allow the classification into settling or creaming; fd
size dnalysis, this should agreewith expectation based on material properties:

— shap¢ of time curves or concentration profiles:

time

concgntration profilesaré monotonic for all monoconstituent disperse systems and for multi-c

samp

curvds and profileStindicate the presence of at least two dispersed phases with different di

sedi

separjate analysis of both sedimentation processes is principally possible.

7.7 Dataanalysis

€ prevented

MechanicWWw rations ol the measurement cell and temperature gradients in the cell mus
during thle analysis (e.g. by placing the instrument on a balance table or by proper instrumenft and cell

he cell temperature should be kept constant, measured and recorded.

led and saved together with the measurement data, either by the instrument software o
is recommended to perform measurements of 6 samples and determinethé arithmetic
deviation. Under routine conditions, measurements of 3 samples are ‘acceptable if the

y due to stochastic variations of the measurement conditions. They cannot replace test

psition of the liquid surface:

s” should keep constant over time;

bf separation:

Curves of local congentration, of dispersed particles should be monotonic for all types of

les if the sign<of the density contrast agrees for all dispersed constituents; non-monot

entational motion; the data analysis of Clause 6 does not apply to such a situation, even t

I system,
" by other
mean and
deviation
es for the
5 of signal

should not change with time (e.g. due to evaporation)and should correctly detected (if applicable);

maximum
cattering
ed; “final

r particle

material;
nstituent
onic time
rection of
hough the

Gravitational photosedimentation techniques monitor the sedimentation-induced phase separation in
an initially homogeneous liquid dispersion by measuring transmitted or scattered light of the sample.
Correspondingly, each data set of the measurement comprises at least 3 parameters: time elapsed after
having stopped mixing, position of the measurement zone and the photometric signal. The analysis of these

data sets

can be considered as a tiered process.

a) Calculation of sedimentation velocities:
From time and position of the data sets based on the physical definition of velocity; it does not require
model parameters, yet assumes that the value of the observed quantity is attributed to a time point and
space point (i.e. no smearing).
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Calculation of particle sizes (i.e. Stokes diameters):

From the sedimentation velocity; typically, by assuming spherical particles, a Newtonian liquid, creeping
flow condition and an absence of concentration effects; this transformation requires knowledge of the
dynamic viscosity (1.), density contrast (Ap) and gravitational acceleration (see 6.1).

Computation of the distribution function with respect to the intrinsic type of quantity (see. 6.2); it does
not require model parameters

Computation of the distribution function with respect to another type of quantity:

From the distribution function with respect to the intrinsic type of quantity and particle size based on
a model that correlates particle size with the observed quantity (see 6.3); this computation frequently
requires further model parameters (e.g. the wavelength of radiation and refractive index).

Distributions of sedimentation velocity (weighted by extinction or scattered intensity) can;be derived
from the [measured data without additional model parameters. In contrast, the computatioh df particle
distributipns always requires information on the measurement conditions and the materidl|propgrties, like
density cntrast, refractive index, etc. Nowadays, users find a large number of the required parameters in
databaseg of the instrument software. In addition, there are several books with tabulated values of material
propertiep (e.g. see References [14] and [15]). Parameters like particle density, liquid'density, liquid viscosity
or refractjve index can be measured by means of established and standardised techniques (e.g. see [SO 18747

series, ISQ 15212-1, ISO 2555, ISO 3219 series, and ISO 280).

The data gnalysis also includes a calculation of the different measures of uncertainty as described|in 8.4.

7.8 Reporting

Measurerhent reports shall:

— allow fpr a reproduction of the analysis;

— visuallly emphasize the most important results;

— observg the international conventions in particle characterization as set out in ISO 9276-1.

The test feport should refer to ISO/IEC 17025-The test report shall include the following informatjon:

a)
b)
<)
d)
e)
f)
g)
h)
i)

k)

D)

a refgrence to this document, includingthe date of publication, i.e. ISO 13317-5:2024;
file name of the digitally saved measurement data;

namd and contact informatiomnrof the customer;

name and address of testing laboratory;

namg¢ of operator;

date ¢f testing;

file nimelof report, link to storage of experimental data and unique report identifier (where applicable);
samp fictentifrer) ¢ et ter tomr fstom) ity |

additional information about sample (e.g. particle shape, agglomeration state, density contrast of
particles and liquid, viscosity and type of continuous phase, volume concentration, optical properties if
necessary or safety information);

[SO standard applied for testing and any other operation not specified in this document which can have
influenced the result;

instrument type (photosedimentometer based on extinction or scattering) and identifier as well as
software version used;

sampling place and conditions (if applicable);
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m) sample preparation:

1) either continuous phase (dispersion medium) or dilutant, or both: composition (solvent as well as
wetting and dispersing agents) and relevant properties (density, viscosity, refractive index);

2) either dispersion or homogenization, or both, process and instrumentation, including condition
(temperature, energy, time, volume, etc.), if applicable;

n) characteristic parameter for the “average” particle size and its uncertainty, including its unambiguous
specification (type of location parameter — e.g. median, mode, arithmetic mean or harmonic mean —
and indication of the type of quantity — e.g. weighted by extinction or intensity, volume or particle
number) and details of uncertainty evaluation (e.g. number of replicate analyses, standard deviations
for in-group-variation and among group variations, intermediate precision);

o) inforpation about polymodality (e.g. bimodal, central size of modes; polydispersity (e,g| index of
polydispersity); graphical representation if available;

p) if size quantities depend on particle concentration, size values must be indicated for the lowest
concgntration or the value extrapolated to infinite dilution;

q) princfple of used algorithms (including references, e.g. software module andwersion) for calqulation of
the distribution function;

r) conditions of measurement:
1) particle concentration, if known;
2) spdimentation time;
3) temperature of sample during measurement;
4) npeasurement cells and sample volume;

5)

<

ravelength(s) of illuminating light source(s);

s) any Iviations from the procedure;
t) any unusual features observed;
u) date ¢freport;

v) namg, position of the person releasing the report.

8 System qualification and quality control

8.1 General remarks

The meadurenient of the particle velocity by means of photosedimentation is based on first prin¢iples and
does not fequire cahbratlon by the user with an RM of a spec1f1ed Veloc1ty or size. Experlmentally obtained
sedimentati ned ing on the
1nput quantities grav1tat10nal acceleratlon (g) den51ty contrast (Ap) and 11qu1d v1sc051ty (r]C) As summarized
in Figure 10, measured values of particle velocity and its transformation into particle size deviate from the
true value due to errors that are related to sample preparation (see subclauses 7.2 to 7.4), instrument design
and status quo, measurement procedure, skill of operator and environment conditions. The sources of
uncertainty can be of random or systematic nature. Correspondingly, one distinguishes between precision
and trueness when assessing the performance of a technical realization of sedimentation analysers. Trueness
can be estimated via the systematic deviations of measured size values from the true ones (e.g. known for
CRMs). Whereas precision can be quantified from the variation among measurements that are performed
for a sufficiently stable QCM and repeated within short time interval. QCMs are RMs of proven homogeneity
and stability (including CRMs). Trueness and precision determine the accuracy of the specific sedimentation
technique. Quantitative expressions of instrument performance characteristics (performance validation)
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are the measurement uncertainty estimate based on bias and the standard uncertainty (deviation) according
to Reference [16]. It is a quantitative expression of measurement accuracy.

Figure 10 — Interrelations between error types, performartce characteristics used to estim
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is a necessary qualifying attribute for a sediinentation measuring technique. Yet from 3
L of the end-user, especially in industry, ¥eproducibility and robustness are more imp
applications.

, ISO TS 4807 is intended to support users of reference materials (RMs) for particle siz

of homogeneous composition and uniform particle density. Spherical particles an
al size distribution.facilitate the comparison among different sedimentation technique

s with regardste-the sensitivity for fine and coarse particle detection. According to IS(
ld meet a few minimum requirements for a given instrumental configuration. Thes
ty of Brownian motion and hydrodynamic wall effects (see ISO 13317-1) as well as the 4
sion. In'case of CRMs, the certificate should:

to-the'distribution of Stokes diameters and clearly indicate this;

y suitable RMs. Specific. RMs for sedimentation-based particle sizing shall consist of nx

ate them

practical
brtant for

b analysis
n-porous

narrow,
s, but are

requisite. Polydjsperse RMs are particularly advantageous for the evaluation of sedifnentation

13317-1,
e are the
bsence of

b)

distribution or modal size of extinction-weighted distribution);

9
d)

e)

indicate the material properties used for data analysis (e.g. particle density);
reveal the type of sedimentation technique used in the certification process;

specify the procedures of sample preparation.

specify the kind of distribution parameter and the type of quantity (e.g. median of volume-weighted

The comparison among different sedimentation techniques and the conversion of a measured distribution
function to a different type of quantity can require additional material properties (e.g. the attenuation

coefficien

t or refractive index) and be restricted to spherical particles.
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RMs shall be specified regarding useable test liquids and temperature of use. The test liquids (e.g. pure
water) should ensure a fast wetting and easy dispersion of the particles (in the case of powder). The test
liquids shall preserve the state of dispersion during the time of use, i.e. no swelling, shrinking, dissolution,
flocculation or agglomeration (see ISO 14887). Some RM are available as ready-to-use suspensions, which
only require a slight re-dispersion of deposited particles before being directly analysed. They avoid, e.g. the
risk of destabilization by diluting or segregation due to sampling. If RMs are employed to test the instrument
performance for specific materials, they should match the expected size range and resemble the material
properties (i.e. particle density and, if relevant, also refractive index).

Qualification tests with CRMs allow for the evaluation of an instrument’s bias. The measurement result
must not significantly differ from the certified value, taking into consideration both the uncertainty of the
certified value of CRM and the measurement uncertainty.[17]

8.3 Pe1|formance qualification

Performapce qualification of a photosedimentation method shall be implemented on ajtegular [pasis and
shall be performed in accordance to manufacturer’s recommendations. Time intervals shoulld reflect
the quality requirements of the organization, where the sedimentation method,is employed]| National
regulatiops may apply. Beside a general careful visual inspection, performance, gualification shquld cover
the full range of equipment capabilities. Additionally, qualification shall be-performed after each major
change of{the instrument (such as repairs, change of location, etc.) or in case-of-doubt regarding the validity
of measuffement results. Data of performance measurements accessed periodically are often plottgd in time
order (se¢ the Shewhart control chart, Figure D.1) to allow for a fast evadluation of instrument qualification
and data frends.

8.4 Mepsurement uncertainty

The true [value of the sedimentation velocity for a sample.is impossible to know due to deviati¢gns in the
measurerfient and preparation method. Achieving accurate sedimentation velocity measurements and the
respectivg calculated particle size distribution requires*adherence to “standard theory” (see 6.5) which will
minimize|introduced errors. Different sources of systematic and random errors in photosedimentgtion have
been idenfified, which cause a loss of accuracy and thus an increase in the measurement uncertainfy. Known
sources of error for photosedimentation analysis are:

— techrlical uncertainties in determining the sedimentation time and sedimentation distpnce, e.g.
determination of meniscus position;

— anonthomogeneous mixing state at the start of sedimentation;
— convgctive flow due to temperature gradients;

— signal noise;

— adhegion of partieles at walls;

— air bybbles at'walls, tubing, or adhering to particles.

The most|significant contribution to the uncertainty is hg4, due to a lack in an exact spatial and|temporal
start of tlesedimrentatiomexperimrent—The deat start positionr s associated- with thre-irstamtat-which the
homogeneous mixing ends and phase separation starts. In practice, a time gap can be encountered between
mixing and starting the measurement clock, which means that at the “official” time zero, phase separation
has already started, which is equivalent to a shift of the start position. The exact position of air-liquid
interfaces (menisci) is difficult to determine due to the curvature of the liquid surface when the cell lid is
not in contact with the liquid (see 5.3 and Figure 4). In the case of creaming, a deviation can result, if the cell
bottom is not perfectly flat. Uncertainty in the start position has a relatively high impact on the uncertainty
of the sedimentation velocity and particle size.

The uncertainty of a measurement indicates the extent sources of error have on the measured value. It
quantifies an interval associated with the measured value that characterizes the deviation from the true
value and where the true value lies within some degree of probability (see Figure D.2). The basic uncertainty
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estimation is given in detail in ISO Guide 98-3. Several documents build on ISO Guide 98-3 with the aim to
simplify the calculation (see Annex D and ISO 21748). The uncertainty that is related to repeatability can be
estimated by repeating the velocity determination n-times (n = 6) for a given stable sample. Ideally, these
measurements take place under the same measurement conditions within a short time interval, typically
within a day. The individual results v; (j = 1...n) yield an arithmetic mean velocity v,.,, and a standard
deviation s, under these measurement conditions. The latter constitutes an estimate of the repeatability

uncertamty U [see Formula (24)] also called short-term precision (see Annex D).

Upep =Sy = _Z(Vj ~Vmean )2 (24)

Systemat; eflecting
the truengss of a device (see Figure 10). The corresponding investigations require a CRM. While repeatability
addresseg the variation of results for a coherent set of measurements (i.e. identical sample,lingtrument,
skilled operator, measurement procedure) and expresses the corresponding random error unider these
conditionf, reproducibility asks for the measurand obtained under less defined conditions (e.g| different
operatord, larger time differences between measurements, different batches of chemicals) but|the same
methodolpgy.

Reprodudibility refers to data obtained over the course of different days. Performance qualificatign, such as
control charts and ILC (see Clause D.4), can be used to estimate reproducibility uncertainty ug,, agshown in
Formula (|25):

1 = 2
URw FSv = Z(VI _Vmean) (25)
m-1
=1
Reprodudjbility can be determined over a long period (26zmonths). Reproducibility covers nonj-intended
variation |of test conditions, which act as systematic errors for a single set of measurements (ji.e. under
repeatabillity conditions). In general, reproducibility refers to the complete analytical method indluding all

steps of simple preparation.

The combjined uncertainty, u is calculated as thé'square root of the sum of the squares for each of the sources
of uncertginty. The combined uncertainty, u,Spans a range around the arithmetic mean as it is baged on the
standard deviation and therefore covers ofily 68,3 % of all measurement results, when normally digtributed.
To increage that probability, a numerical factor k (coverage factor) is used as a multiplier to u. and pstimates
the expanded combined uncertainty #/xas shown in Formula (26):

“Up . (26)

For the s¢dimentation velegity, a coverage factor of k = 2 is usually used (which has a probability 95 %,
normal djstribution) to ealculate the expanded uncertainty U..

The combjined sediméntation velocity uncertainty is an expression for the performance characteristic of the
photosed|mentation method. It is the first step necessary to get the particle size uncertainty. The combined
and expanded uricertainty of particle size values can be computed experimentally in a similar fashion to the
sedimenthtion veloc1ty Alternatlvely, itis p0551ble to estimate the full combmed uncertamty in palrticle size
from the umcer ' ' sed 10 Xsokes according
to Formula (4). Uncertamty in transformmg the measurand can be attrlbuted to the uncertamty of the input
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quantities, which are the density contrast (Ap), the viscosity of continuous phase (1) and the gravitational
acceleration (g). Their impact can be consolidated into a transformation factor C as shown in Formula (27):

[8n.
C= gA/; with Xgiokes =C \/Vsed (27)
The relative uncertainty of the multiplication factor C reads:
(28)

u() _ \/u(nc)z Lu(9) u(ap)’

c an;  4g°  4A’p
The combdned vnceriainty ol the sive valye v 1o [ing obtainedb estandard-uncertainties in
multiplief € and sedimentation velocity, i.e. u(C) and u.(vy.q). The following expression for‘the relative

combined uncertainty of the Stokes diameter can be derived:

Ue (XEtokes ) _\/U(C)Z + Ue (Vsed )2

(29)

Xstokes c? 4‘Vszed

Multiplying by the coverage factor k acquires the expanded combined size uncertainty.
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Annex A
(informative)

Measurement position

A.1 General considerations on the measurement position

The verti . the start
position, it defines the sedimentation distance h.4, at which the temporal or spatial changes inlécgl particle
concentrdtion are monitored. The measurement principle does not specify the sedimentation distance
and undef ideal conditions, there is no need to do so. Measurement practice, however, has'showh that the
sedimentftion distance should not be either too small or too large. There are a couple ofissues that arise,
when the|sedimentation distance is too small

— Types of error that are related to sample state at the beginning of the measurement (temperatufe, mixing
state]initial convective flow etc.) can become fairly significant (see Clausé A.2).

— If the| start position needs to be measured (see 6.4), the uncertainty<of this measurement cgntributes
to the uncertainty in sedimentation distance, thus to the ones of sedimentation velocity apd Stokes
diameter (see Clause A.2).

— The dmearing effect of Brownian motion is particularly present at low sedimentation distgnces (see
6.6.1]. However, its practical relevance is restricted to particles < <1 pm.

— Smal] sedimentation distances reduce the resolution of measured particle size distribyition due
to the¢ finite width of the measurement zone (see-Clause A.3) and imperfect optical projectjon of the
concgntration profile (see Clause A.4).

— The thaximum sedimentation velocity and the corresponding maximum Stokes diameter that can be
reliably quantified can be unacceptably(low, i.e. lower than the really existing values of thle particle
systems.

Moreover] users should also avoid a teolarge sedimentation distance:

— The rheasurement time requiréd to reliably detect the finest particles, i.e. the ultimate declime of local
parti¢le concentration to.Zero, can become impractically large.

— A large measurement-time, which follows from a large sedimentation distance, can pronounce effects
that gre related by-aw'improper selection of the liquid dispersion phase (e.g. swelling of partidles, liquid
evaporation).

The sedifentation distance can be influenced by the start position (e.g. via the filling heiglt) or the
measurerhent_position. The latter can be either fixed to a default or an adjustable positign, it can
systematically change during the measurement (scanning mode) or it can be freely selectable by sqftware or
users if the complete concentration profile is recorded in each time step. Hence, the proper selection of the
measurement position is a task of manufacturers (either instrument design or device control, or both) and
operators.

A.2 Initial sample state and uncertainty of start position

The principle of gravitational photosedimentation consists in the photometric monitoring of the local
particle concentration over time or along the complete sample height, or both (see 5.1). For the data signal
evaluation, it is assumed that particles move only due to gravity, that the velocity of this motion remains
constant for the whole measurement and that the process starts with a completely homogeneous mixture
[see Figure 1 a)]. In practice, the latter condition can be warranted for dispersed phases of submicrometre
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particles, for which sedimentation velocities typically amount to (considerably) less than 1 mm per minute,
but it can be highly challenging to be fulfilled for particles in the micrometre range.

EXAMPLE Glass beads (lime-soda glass) of 1 um diameter settle in water (25 °C) with a velocity of 55 pm per
minute, whereas 50 pm glass beads settle with 2 mm per second.

Homogeneous mixing is usually achieved by slight agitation up to the moment of starting the measurement,
yet the convective flows also need some time (seconds or less) to fade. In conclusion, the real sample state
at the beginning of the measurement can significantly deviate from the ideal assumptions; there can
already have occurred a segregation of the dispersed phase or the onset of pure sedimentational motion
is delayed. This is equivalently to an uncertainty in the start time t, of a measurement. A further critical
issue in photosedimentation is the determination of the start position - at least for the situation illustrated
in Figure 7 a). This leads to an uncertainty in the start position zy (see 6.4). Both types of uncertainty are
relevant fpr the sedimentation velocity:

A ed _7=%0

Veed 3 Al
sed 1AL -t (A1)

where

z  is th¢ measurement position;

At is th¢ measurement time.

The unceftainty in sedimentation velocity is related to the ones-0f the positions and the measurenjent time:

dz 0z, OAt
WeegF—F—+ Vg — A.2
sedIPAt - Ar 0 A (4-2)
and for thle Stokes diameter:
6XStolAes — 1 6Vsed (A.3)
XStokps 2 Vsed
The unceftainty in measurement position z and clock time t can be neglected:
) ) ) Ot
Vsed - Z0 + dAL _ Z0 + Vsed 0 [A.4-)

Vsed hsed At hsed hsed

Hence, the relative error ifi-sedimentation velocity decreases with growing sedimentation distange; it rises
when thelsedimentatioriyelocities increases.

EXAMPLE Assumg’an uncertainty of 1 s for the start time and 0,1 mm for the start position, whidgh apply to
the photogedimentation of glass beads in water. At a sedimentation distance of 3 mm, the relative uncgrtainty in
sedimentafion, velocity amounts to 3 % and 16 % for 1 pm beads and 20 um, respectively. For hg,4 = 10/mm these
values arefreduced to 1 % and 5 %, respectively.

There can be a further contribution to uncertainty, the source of which is related to the initial phase of
sedimentation. That is when the sample temperature, resulting from conditioning (see 7) deviates from the
measurement temperature that is controlled by the instrument. In this event, particles settle faster or more
slowly in the initial phases of measurement than at later phases, so that the velocity and size of the coarsest
particles is either over- or underrated.

A.3 Width of the measurement zone

The measurement volume is located at a certain distance hg.4 from the start position, but it also has a certain
width Ah in vertical direction as to ensure sufficiently high photometric signals. This means that temporal
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changes in measurement signal at hg,4 do not only refer to the nominal sedimentation velocity as shown in

Formula (A.5):
hged
Vsed = S;
and its corresponding Stokes diameter as shown in Formula (A.6):

Xstokes =C " VVsed

but to narrow fraction of differently sized particles as shown in Formulae (A.7) and (A.8):

XStokJs -\/1—%AT] -+ Xstokes -\/1+%A11

An =1

where An

Hence, thE finite width of the measurement zone creates additional polydispersity to the meas

distributi
indicated
as shown

Ax/x

In general, the finite width causes measured particle size distributions to appear broader than

The appa

nominal Jtokes diameters for all sedimentation distaiices within the width Ah. This yields:

Qapp(

The smedring effect is more prondunced the larger the relative width An and less broad the pa

distributi

logarithnjic standard deviatieh g, is increased by more than 25 % as shown in Formula (A.11):

1
A77cr,25% zEo-ln (

A4 Im

The photgrhetric quantification of local particle concentration assumes that the light signals recei

(A.5)

(A.6)

ah
h

sed

denotes the relative width of the measurement volume.

n; a monodisperse sample is measured as polydisperse with“the full distribution
by Formula (A.7), which also defines the achievable resolutionAx of the particle size di
in Formula (A.9):

:An/(\/l—%m] +\/1+%An)mj<lm7

rent distribution function (Q,,,(x)) is the average over the cumulative distribution funct

X, /1+%An
2

=—"— [ xo®dx (

pn is. For log-normal ‘distribution, a critical zone width can be estimated above Y

perfectoptical projection

(A.7)

(A.8)

ured size
width as
btribution

(A9)

they are.
ion of the

\.10)

rticle size
vhich the

\.11)

ved at the

detector are only originated by particles in the measurement zone (i.e. irom the thin vertical slice around
the nominal the measurement position). However, small deviation from a parallel light beam, scattered
light or light diffraction at a sharp sedimentation front can cause spatial and temporal changes in the
photometric signals, which are caused by particles from outside the nominal measurement zone, and they
modify the signals originating from particles in the measurement zone. A particular effect is broadening
of a sharp sedimentation front (i.e. the transition from particle-free supernatant to the dispersion phase)
in the photometric signal by light diffraction. The sharpness of a sedimentation front reflects the degree
of polydispersity, but is also affected by the sedimentation distance. Small ones coincide with a relatively
narrow transition zone between supernatant and original dispersion phase (zones 1 and 3 of Figure 1,
respectively), for which reason the diffraction-related broadening of the PSD is particularly significant and
can even exceed the effect of the finite width of the measurement zone.
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A.5 Rule of thumb for the measurement position

The most critical situation is a sedimentation distance that is too small. It leads to an overestimation of the
distribution width and can sometimes also affect the mean particle size. The artificial broadening reduces
the achievable resolution, with respect to details of the PSD, and can be significant for quasi-monodisperse
materials or particle systems with multiple narrow size fractions. In order to minimize such effects, it is
recommended to work with sedimentation distances above 10 mm.
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Annex B
(informative)

Calculation of number-weighted particle size distribution

B.1 Numerical scheme

Starting
volume and photometric response (i.e. extinction level or scattering intensity) as shown in Foymul

ext( )dQO(x) _ XZKext(X)dQO(X)

dQeyt[X) = = (B.1)
e (0)d0y(x) [P K ey (x)dQo(x)
where Q.{;, Coye and K, can be replaced by Q;, 50, and Kyq,, respectively.
This results in expressions for the conversion step as shown in Formulae (B,2).and (B.3):
-1
d C x) d0o:..(x
on( _ ext(X) Qext( ) or dQO(X)Z psca( )_1 th( ) (B.Z)
ICext dQext( ) J.Cpsca(x) innt(X)
XK eg(¥)] dQee(x) dQine (%) /FFK poca (%)
dQO() ): |: : ext :| - ext or dQ ( ) int /I: psca ] (B.3)
J.[X Kext(x)] dQex (X) J.det |:X Kpsca(x)]

In general, all optical cross-sections and efficiencies:are non-monotonic functions of particle size yith more
or less significant oscillations, depending on matérial properties and optical configurations. In practice,
oscillations are largely damped by either the aperture of the detection optics or the broadenjng of the
spectral lIlne, or both, but also by the deviation of spherical shape. For coarse particles > > 1 pmn one can
frequently employ the simplification (see Figure 6) shown in Formulae (B.4):
dK ., dK

ext psca

Cext (§),Cpsca (x)oc x% or —E P 0 forx >> 1 pum (B.4)
dx dx

Hence, Qf,, and Q,,, are area:weighted (surface-weighted) size distributions and can be convg¢rted into
number-weighted size distributions via:

X_ZdQext(X) dant /X
IX_ZdQext(X) J.dant X)/X

Under the eéndition shown in Formula (B.4), the velocity-weighted size distributions cam also be
transfornped, regarding the validity of Stokes’ Formula (4), as shown in Formula (B.6): T

V_ldQext(V) dQine(v )/
'[V_ldQext(V) delnt

dQy(¥)= or dQy(x)= (for x >> 1 um) (B.5)

dQy(v)= or dQy(v)= (forx >> 1 pum) (B.6)

B.2 Limits of deriving number-weighted PSDs from gravitational
photosedimentation

The determination of number-weighted PSDs by photosedimentation is not just a matter of mathematics
as suggested by Formula (B.2). It also requires consideration on the applicability of the underlying model
equations and on the error propagation when converting photometric quantities into particle numbers.
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a) Bxtinction efficiency vs. particle size b) Cumulative distribution functign
Key
X particle size, in pm
K. extipction efficiency, dimensionless
Q(x) cunpulative distribution function, dimensionless
1 momnochromatic illumination (630 nm), zero aperture
2 monochromatic illumination (630 nm), aperture angle = 7°
3 monochromatic illumination (630 nm), aperture angle = 14°
4 polychromatic illumination (median: 630 nm, standard deviation: 66 nm), zero aperture
a Q5(%) for data analysis with correct value of the aperture angle (14°).
b’ Q5(%) for data analysis with incorrect value of the aperture angle (7°).
¢ Q5(%) for data analysis with erroneously assuming zero aperture angle.
a’ Qo(¥) for data analysis with correct value of the aperture angle (14°).
b Qo (%) for data analysis with incorrect value of the aperture angle (7°).
¢ Qo(¥) for data analysis with erroneously assuming zero aperture angle.
Figure Bj1 — Impact of optical settings‘en the extinction efficiency of glass beads dispersed in water
and the consequences for analysing photosedimentation data
The computation of volume-weighted PSDs (see 6.3) or number-weighted ones relies on an agpropriate
model that relates particle size’(more specifically the Stokes diameter) with the extinction or $cattering
propertiep of single particleS (e.g. the extinction cross-section C,,,). Most frequently, these models are
based on|the Mie solution of light scattering on spheres or on the approximation in Formula {B.4). The
latter wotks fine in the(Size range > 5 pm for a lot of materials, especially when being opaque at thg relevant
wavelength (e.g. metals, natural minerals, etc.) and can be even used for non-spherical particles. This holds
true independent-from instrumental parameters such as light wavelength and optical aperture.|However,
the approximation in Formula (B.4) fails for fine particles considerably below 10 pm, where the ¢xtinction
efficiency| is-a nonlinear function of particle size and significantly affected by source of illumination (i.e.
wavelengtir distribution) and optical aperture [See FIgure B.1 a)] as Well as by the shape and refractive index

of particles. Although most particle systems consist of non-spherical particles, the data processing employs
the Mie solution, for which reason the shape of the derived number-weighted size distributions is typically
biased. Moreover, incorrect values of the model parameters constitute another source of such kind of bias.
This is illustrated in Figure B.1 b).

Beside inadequate model equations or incorrect values of model parameters, another practical issue can be
encountered when computing number-weighted PSDs from photosedimentation: the error propagation with
regard to the uncertainty in particle quantities. Uncertainties in the extinction weights (8(AQ) or 8q,,) of
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a given size fraction lead to uncertainties in their volume weights (6¢5) and number frequencies (8q,)[18! as
shown in Formula (B.7) and (B.8):

3
q3= 3X /Cext(x) 6
J.X /Cext(x)dQext
C (x)_1
66[ — ext
’ jcext(x)_l dQeXt

Since C,,(x) is a rising function [e.g. Figure 6 a)], uncertainties at the fine edge of a measured extinction-

weighted PSD should be expected to be magnified at conversion, whereas uncertainties at the coarse edge
are diminished-{see-EisureB-2)

Qext (B.7)

-0q ot (B.8)

ished-{see-Figure B2}
Q v,
1 100
0,9 )
0,8 ‘
0,7 10 | : L |
0 1 Fig 3 ]
) 1 (. 2 4
0,4 3 1 . 7}
0’3 2 > "“"Wrﬁ“ jf
0’ 2 ‘ —— 1 O T Ty
0,1 YNV
0 0,1
1 10 x 0:0,10,2030405060,70809 | 0
a) Bxtinction efficiency vs. particle size b) Cumulative distribution functign
Key
X particle size, in pm
Q cunjulative weights, dimensionless
V, relative standard deviation of the quantiles ffom replicate analyses, dimensionless
1 extinction-weighted particle size distrjbution
2 volyme-weighted particle size distribution
3 number-weighted particle size-distribution
Figure B2 — Impact of conversion on the repeatability of quantiles; for photosedimentation data of
SiC particles in water
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Annex C
(informative)

Detailed multi-wavelength approach

Some photosedimentometers allow to monitor the changes in local particle concentration via an optical
setup employing multiple wavelengths. That means that the particle system can be described by a set
of extinction-weighted PSDs, each of them corresponding to one of wavelengths employed (see 6.2). In

general, 4
propagati
[see Figuy
perfectly
NOTE

Prerequis

hese distributions differ slightly because the relationship between a particle’s impad
on (e.g. its extinction cross-section) and its size (i.e. Stokes diameter) is affected by 'w
e C.1 a)]. When converting to volume-weighted PSDs, one can expect that all distribution
match as they reflect the same sedimentation process.

Formula (18) (see 6.6.2) must be fulfilled for all wavelength.

ite for the conversion is the availability of adequate optical models and-the accurate K

of the mdterials' optical properties, i.e. the (complex) refractive indices of particles and liquid d

medium,

which are functions of wavelength. In practice, both requirementS’are rarely fulfilled,

t on light
pvelength
functions

nowledge
ispersion
for which

reason the application of a multiple wavelength setup results in (slightly)-different solutions for the volume-
weighted|PSDs [see Figure C.1 b)].

Ko Q)

1 1 —=F

8 /// v}’;/
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' 4"/ l/
0,6 iy atay 0,6 a4
ER) /2 Ty “f"\‘?’-.\.c':.g:‘,b a 'q’, a
ST e i
0.4 /I 0,4 5/ < ------- 1
, /’/’l . ‘/('/ o
0‘2 :._.'// 0’2 ,’/,;/ ’;‘;r b 2
) 5~ /,;’/
s 3 | /t’f 252 3
0 0 =
oL 1 10 100 X 1 10 x
a) Extinction efficiency vs. b) Exemplary result of multi-wavelength photo-
particle size sedimentation, conventional approach

Key
X pdrticle size, inpm
Koyt extinction-efficiency, dimensionless
Q(x) cymulative distribution function, dimensionless
1 mpnochromatic illumination (470 nm), aperture angle = 14°
2 monochromatic illumination (630 nm), aperture angle = 14°
3 monochromatic illumination (870 nm), aperture angle = 14°
a Extinction-weighted PSD.
b

Volume-weighted PSD.

Figure C.1 — Wavelength dependency of extinction efficiency and volume-weighted PSDs from

photosedimentation; for glass beads in water

However, multi-wavelength measurements allow to replace the conventional route of data analysis as
described in subclauses 6.2 and 6.3 by an alternative method, which simultaneously processes the primary
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measurement signals or the extinction-weighted PSDs of all wavelengths. This way of data processing does
not need a specific optical model, nor does it require values for the optical properties. It only assumes the
following relationship for the optical efficiency functions [see Figure C.2 a)]:

Kext/sca(x'/l):funCt-(X/;L) (C.1)
and that spectral functions of the refractive indices are similarly shaped for particles and liquid dispersion

medium. This approach has been proposed by Weichert al.l19.[19] for the case of photometric centrifugal
sedimentation (see ISO 13318-2) and can be easily transferred gravitational photosedimentation.[20]

Figure C.2 b) shows results from multi-wavelength measurements. They prove good conformity between
the conventional approach of employing optical models and the Weichert algorithm.

Q,()
Kext 1
5 T 3R 1 019 T
0,8 -
4 - : 3 - 0,7 -
LAy 3
A 0,6 1
3 - ¥
[} 0,5 -
1
24| i 04 1
i 0,3 -
c F|
1 4 i dCiJ L o AN 0,2 7
K4 S 0,1 -
0 + ’ 0 T T T T
01 10 100 x/a 850 950 1050 1150 1250 X
a) Extinction efficiency vs. dimensionless b) Measurement results for multi-wavelgngth ap-
particle size, various materials proach and classical analysis based on Mje theory
and material properties
Key
X pdrticle size, in um
Kot extinction efficiency, dimensionless
Qs(x)  cymulative distribution function,.dimensionless
A whvelength, in pm
1 mpnochromatic illuminatien.(470 nm), aperture angle = 14°
2 mpnochromatic illumination (630 nm), aperture angle = 14°
3 mpnochromatic illuthination (870 nm), aperture angle = 14°
i dgrived from photosedimentation by employing a model for particle extinction and providing thg refractive
indices of dispersed and continuous phase (for 870 nm data)
ii dgrived fret"a multi-wavelength measurement without referring to an optical model and material pfoperties
a Glass/head in water.
b SiCC particles in water.
¢ Steel balls in water.
NOTE Measurement data were obtained for a silica sample with LUMiReader operating at 870 nm, 630 nm and 470 nm.

SOURCE: Reproduced with the permission of Dr. Lerche KG®©.

Figure C.2 — Background and performance of the multi-wavelength particle size analysis (which
does not refer to an optical model)
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Annex D
(informative)

Guide to uncertainty determination

D.1 General

damental

uncertainty estimation is detailed in ISO Guide 98-3 covering a bottom-up approach that\neressitates

estimating the uncertainty for each source of error, component by component. This proceSs)car
consumirlg and challenging in determining all of the sources of error.

be time-

To simplify this approach several documents have expanded upon the principles of ISO°Guide 98-B. Instead
of quantifying all uncertainty components individually, these methods involve measuring samplef in a way
that combines all uncertainties. One such approach is outlined in the NordTest.Guide NT TR 537, which

employs |ong-term reproducibility measurements and reproducibility bia§_measurements to

estimate

combined uncertainties. Unlike the GUM method, if errors are discovered it is difficult to unbundle the

source of|the error from the results. Although this method offers convenience and can be perfoj

med by a

single labpratory, it requires the use of CRM samples to accurately determine the bias. In cases where a CRM
is unavailable for the specific measurand, an alternative option isyan ILC. In an ILC, different lalhoratories

use the sgme method to measure the sample of interest, and the €stimate of uncertainty is then

alculated

as the mdan standard deviation of all participants in the interlaboratory test. However, organizing an ILC
can be chjllenging, and can result in an overestimate of biasquncertainty. Despite these potential challenges,
using apgropriate methods for uncertainty estimation is<grucial to ensure accurate and reliable [results in

scientific jneasurements.

D.2 Available methods for uncertainty.estimation in sedimentation experimepts

An exemplary procedure for computing the full combined uncertainty experimentally from grajvitational

photosed|mentation experiments using.the NT method and 1 000 nm silica nanoparticles can

be found

in Annex|[D of ISO 13317-1:2024 and, more completely, in Reference [21]. These examples indicate how a

lab can e§timate a value of uncertdinty for both the sedimentation velocity and the Stokes diamg

ter of the

particles pased on the gravitational photosedimentation method. A brief summary of the factors hecessary

for deterthining the combined‘uncertainty by the NT method will be described in this annex.

Another yseful estimation-of the uncertainty of a sample based on long-term measurements can be

alculated

by regulalrly taking meastirements of a sample over a long time frame as a proficiency qualification. This

particula method isyeften used for continuous production of samples in batches. Plotting the nj
values agpinst theirrun date and evaluating the mean value, the standard deviation, twofold and|

chart is the Shewhart control chart as shown in Figure D.1.
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Figure D:1 — Shewhart control chart

periments for deriving precision, trueness and reproducibility based o
up method

value, measurement error and uncertainty range are described in Figure D.2.[22] A full e

accofiding to Figure 10 is a measure of random errors and represented by the standard

Figure D.1 shows a Shewhart control chart, wherein the performance velocity data (in un[/min) are

ty control

jew of the terims used in describing the relationship between the true value of a s;mple, the

planation

Heviation,
eatability

eadth of the results normally distributed around the mean value. Precision under rep

36 tha co collad choyt oy e noicinyy and wafarce 0 tha clocanmnce of ooy e fronn

condition
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replicate

measurements, i.e. the same operator, determined within consecutive measurements (i.e. measurements
without significant time delays between measurements), and with the same photosedimentation device.
Repeatability tests can be checked to determine the significance of any systematic errors through evaluating
the trueness of a method by determining the bias, the mean measured values of the CRM compared with the
certified value of the CRM.
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