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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
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Introduction

Gravitational sedimentation particle size analysis methods are among those in current use for determining size
distribution of many powders. Typically, the gravitational methods apply to samples in the 0,5 um to 100 um size
range and where the sedimentation condition for a Reynolds number < 0,25 is satisfied.

No singlg method of size analysis can be specified to cover the many different types of material encourjtered, but it
is possible to recommend procedures that may be applied in the majority of cases. The purpase \of|this part of
ISO 13317 is to obtain uniformity in procedure for any gravitational method selected to facilitate-comparisons of
size anallysis made in different laboratories.

Gravitatipnal sedimentation methods may be undertaken:

— as pprt of a research project involving an investigation of the particle size distribution of a material;

— as phprt of a control procedure for the production of a material where the particle size distribution is important;

— as the basis of a contract for the supply of material specified to be within stated specification limits.

© ISO 2001 — All rights reserved \
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ISO 8213, Chemical products for industrial use — Sampling techniques — Solid chemical products in the form of
particles varying from powders to coarse lumps.

ISO 9276-1, Representation of results of particle size analysis — Part 1: Graphical representation.

ISO 13317-2, Determination of particle size distribution by gravitational liquid sedimentation methods — Part 2:
Fixed pipette method.

ISO 13317-3, Determination of particle size distribution by gravitational liquid sedimentation methods — Part 3:
X-ray gravitational technique.

ISO 14887, Sample preparation — Dispersing procedures for powders in liquids.
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3 Terms, definitions and symbols

3.1 Terms and definitions

For the purposes of this part of ISO 13317, the following terms and definitions apply.

3.1.1

terminal settling velocity
velocity of a particle through a still liquid at which the force due to gravity on the particle is balanced by the drag
exerted by the liquid

3.1.2
Stokes dial
equivalent

particle in the same liquid under creeping flow conditions

3.1.3

open pores

cavities tha

3.1.4
closed por
cavities tha

3.1.5
oversize

portion of th

3.1.6
undersize

portion of th

3.1.7
effective p
particle ma

3.1.8
true particl

particle mas

NOTE

1

meter

Epherical diameter of the particle that has the same density and terminal settling veloeity as

are connected to the external surface of the particle either directly or vialohe another

bs
are closed off by surrounding solid and are inaccessible to the external surface

e charge which has not passed through the apertures.of a stated sieve

e charge which has passed through the apertures of a stated sieve

hrticle density
s divided by the volume of liquid it displaces

le density
s divided by the volam€ it would occupy excluding all pores, closed or open, and surface fissu

rue particle density)is sometimes referred to as the absolute particle density.

the real

es
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3.2 Symbols

For the purposes of this part of ISO 13317, the following symbols apply.
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resolution, P,

Quantity Symbol Unit Derivative unit
Effective particle density Ps kg-m~3 g-cm3
Liquid density P kg-m—3 g-cm=3
True particle density (no porosity) Lo kg-m—3 g-cm=3
1

Liquid viscosity n Pa-s ml?‘a-s
Accelergtion due to gravity g m-s—2 -
Sedimer||tation distance h m mm
Sedimellntation time t S —
Stokes diameter Xst m jm
Upper Stokes diameter Xst U m ||Lm
Lower Sfokes diameter Xst L m ||Lm
Particle fliameter exiting measurement zone Xsth m ||Lm
Particle fliameter entering measurement zone XSt hah m ,Lm
Terminal settling velocity v m-s—1 um-s~1
Reynolds number Re dimensionless —
Grouped parameter Ky m-s |
Grouped parameter Ky m3.s-1 -
Hyperbdlic scan constant Kscan m-s —
Boltzmahn constant k JK1 L
Absolute temperature (Kelvin) T K —
Particle porosity £ dimensionless —
Eer;';\j(i:rtri:)er:1 ta(:ifonolri);;]id particle porosity filled with f dimensionless |
Fractionpl uncertainty of particle position due to fo di ionl B
thermal fiffusien diff Imensioniess
StatisticalCaverage positional change in one
directior‘rlm—targ'e—mntm—oﬁparm'erdue—m" AN T m
thermal diffusion
Thickness of measurement zone Ah,oe m um
Resolution ratio P dimensionless —
Minimum acceptable resolution Prmin dimensionless —
Zone-height-limited resolution Psone dimensionless —
Minimum  settling distance for acceptable h _ m

zone,Pmin um

© ISO 2001 - All rights reserved
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4 Principles

4.1 General

Gravitational sedimentation methods are based on the settling velocity, under a gravitational field, of particles in a
liquid. The relationship between settling velocity and particle size reduces to the Stokes equation (1) at low
Reynolds numbers. The Reynolds number should not exceed 0,25 if the inaccuracy in determining the value of
Stokes diameter is not to exceed 3 %.

Stokesian sedimentation analyses depend on the applicability of Stokes law. This law defines the relationship

between P rticte-stze—and-the—chat g m :lcig:lt (vvit:lill the StsSpPet |di||u ﬂwu') of-the palt;b:c as—afanctionof the time
that the particle has fallen after reaching its terminal velocity.
_|(ps = pr)oxéit
187
Note that hg,, is defined so that it increases as the particle falls to lower positions in the.sedimentation vegsel. This
equation mpy be expressed such that the Stokesian diameter of the particle may be\inferred from the distance it
has fallen in a given time, t.
187 h
Xsp = fl—— el )
(ps —p1) 9t

Sedimentatjon techniques may be classified as either incremental or.cumulative. Incremental methods arg used to
determine the solids concentration (or suspension density) of a thin layer at a known height and time. Climulative
methods arge used to determine the rate at which solids settlecfrom the suspension. In both methods, the powder
may be intfoduced either as a thin layer on top of a calumn of liquid (the line-start technique), or uniformly
dispersed gt the start of the analysis (the homogeneous téchnique). The cumulative method is not part of this part
of 1SO 133[17. The incremental homogeneous technique is more often used in gravitational sedimentation
(Figure 1) and is described in this part of ISO 133177 The line-start technique is more applicable to centrifugal
sedimentatipon and is part of ISO 13318-2.
4.2 Calcplation of particle size
Stokes diameters are calculated accerding to equation (2).
4.3 Calcplation of cumuldatiye mass percentage
The cumul@tive mass peregntage according to the particle concentration gradient in the gravitational pipette

method and in the gravitational X-ray method shall be determined according to 1SO 13317-2 and ISQ

respectively.

4.4 Effeq

t oflimeasurement zone height on resolution

13317-3

Information

on the effect of measurement zone height on resolution is given in annex A.

© ISO 2001 - All rights reserved
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Figure 1 — Homogeneous, incremental;’gravitational sedimentation

is expreg

sed)to solve the Stokesian diameter of the particle

Xst

:quV

is

®3)

(4)

(5)

Since the terminal settling velocity is constant and attained quickly, hg,, = vty the particle diameter can be
estimated from the distance the particle falls during a given time:

Xst

_ / Kahfai
ttall
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Upper size limit is defined by the largest particle having the terminal settling velocity which satisfies the condition
Re < 0,25. The Reynolds number is the ratio of inertial to viscous forces on the settling particle and is defined by the
following equation:

P1V Xst
n

Re = (7)

Stokes equation is valid only under conditions of creeping (laminar) flow, for which the Reynolds number is less
than 0,1 (see annex B). Its predictions are increasingly inaccurate at higher Reynolds numbers. The inaccuracy in
determining xSt from vis 3% at a Reynolds number of 0,25; beyond this, Stokes law does not prowde a good

estimate of pat ticte-size-based-on-sedimentation vcluul.y ouuculuuuu 6;25-forRein c:qua.uuu \l), auwnlg or v, and
substituting|in equation (5) yields the recommended upper size limit of validity for the gravitational sedimentation
method as:
0,25K; 77
Xstu F 3 (8)
Pl
EXAMPLE A gravitational sedimentation measurement is carried out at 293,15, using solid quart spheres
(ps = 2 650 kg- m—3) in 1-propanol (pI =804 kg- -m~3 and n = 2,256 mPa-s). From equation(4);"K; = 2,24 x 10% m-s,|and from
equation (8),[the maximum particle size for which Stokes law may be used (with an error.of\ess than 3 %)is Xgry = L6 um, for
which v=6,43 mm-s1.
5.2 Lower size limit
The lower pize limit to which gravitational sedimentation methods;*can be applied is controlled by temperature
variation, dausing circulatory currents in the suspension, by-flocculation of particles during the prqgress of
sedimentatipn and by diffusion or Brownian motion of the very Small particles.
Note that charged particles in weak electrolytes have associated with them an electrical double layer. When these
particles seftle, the double layer is distorted with the result that an electrical field is set up which opposeps motion.
These elecfro-viscous effects can be reduced by the use of non-ionic liquids, where possible.
Information|on the accuracy of Stokes law as a function of Reynolds number is given in annex B.
5.2.1 Thefmal diffusion (Brownian motion)
The randonp collisions of the molecules making up the liquid with a particle cause differences in the pressyre on the
particle from one part of the sufface to another such that the particle is displaced (Brownian motion). The[equation
which reprgsents the statistical average change in position for a particle of diameter x along any one difection of
motion in the absence of other forces (such as gravity) is:
K2 tiau
Ahgitt T Tza €)
Xst
where
2kT
Ky = (10)
3nn

Note that this is the statistical average of the changes in position in one direction for a large number of particles;
some of the particles will travel farther from the starting point than this and some will travel a shorter distance than
the average. If both gravity and thermal diffusion are considered, then a spherical particle that travels a distance,
h¢q» downward in time, tgy, could be:

a) a particle whose vertical thermal motion averaged out to zero and whose diameter is correctly determined from
equation (6);

© ISO 2001 - All rights reserved
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b) a particle whose vertical thermal motion increased the vertical distance travelled and whose diameter is
smaller than the value computed from equation (6);

c) a particle whose vertical thermal motion decreased the vertical distance travelled and whose diameter is larger
than the value computed from equation (6).

The ratio of distances travelled due to thermal motion and sedimentation is, from (6) and (9):

1/2
Ahg; K
faitr = hd'ﬁ :KJ = ] (11)
fall r XDLt fort .

The lowdr size limit Stokesian sedimentation analysis is generally taken as the size for which f;£50,1. Using this
value ang solving equation (11) for x gives

2
ve,| = 5100 KEK2 12)
' tall

EXAMPLE Using the same materials and temperature as the example given in\5.2, gravitational sedimentation occurs
over a pefiod of ., 1800 s (30 min). From equation (10) K2 = 3,81 x 10719 m3.s~! and, from equation (12), the smallest particle
size for which the thermal broadening is less than 10 % of the sedimentation distance-is xg;| = 0,64 pm.

5.3 Particle shape

At a low Reynolds number, the orientation of non-spherical particles is random, so a single particle will have a low
range of |settling velocities. As the Reynolds number increasgs, particles tend to align to give maximum drag and
thus will gettle at the slowest of the range of velocities possible with random orientation, so a particular particle may
have a Igw or high velocity depending on its orientation,

5.4 Particle porosity

It is recdmmended that the effective particle~density be determined where possible, i.e. the particlel density be
determingd in the suspending liquid, plus dispersant that will be used in the sizing measurement. This will
compengdate for the presence of any clesed porosity and also for open porosity to the extent that the chosen liquid
penetratgs the open porosity. For particles that are non-porous and of known composition, a density value may be
taken frgm a handbook or determined experimentally. Information on the effect of open pores on the terminal
velocity qf spherical particles jis\given in annex D.

6 Test conditions

6.1 Temperature

The anallysis temperature affects the liquid density and viscosity and, less significantly, the solid density values in
the Stokes equafion. Consequently, It IS also important that the sample temperature be maintained within narrow
limits for the duration of the analysis. It is recommended that the temperature of the sedimentation vessel be kept
constant to within =1 K, since the viscosity of some liquids can change significantly with temperature. If the
temperature varies more than + 1 K, then it is recommended that the temperature be noted at the beginning and at
the end of the analysis and that the average value be used for viscosity calculation. To minimize convection
currents, it is recommended that the rate of change of temperature be maintained at less than + 0,05 K-min—1.

The temperature of the suspension may be controlled or the agitated suspension may be left standing until
temperature equilibrium is attained. Temperature control requirements increase with increasing fineness of the
powder. The lower size limit is due, in part, to the longer sedimentation times required for fine particles and the
requirement to maintain stable conditions in the sedimenting suspension.

© 1SO 2001 - All rights reserved 7
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The sedimentation vessel should provide for a covered system to minimize evaporation of the upper layer of the
sedimentation liquid which would give rise to convection currents.

6.2 Concentration of suspension

Stokes equation applies to the sedimentation of a single spherical particle settling relatively slowly in a liquid of
infinite extent. These requirements are never fulfilled in a sedimentation analysis where particles are separated
from each other and the vessel walls by finite distances. This provides for a mutual affect of the particles on each
other and also by neighbouring surfaces. In order to minimize these effects, low concentrations are recommended,
for example 0,2 % volume concentration. If the recommended maximum concentration has to be exceeded, then

ana|yses should-be carried-out-at two or more-concentrations-in-order to-determine-if the concentration-e

ffects are

negligible. \

6.3 Sedi

The vessel
Unstable cq
the walls, b
flow of liqui
be vertical,

6.4 Tran

The time fequired for a particle to reach its steady (terminal)swvelocity is negligible, but excessiv
pn times should be avoided. Prior to particles attaining their terminal velocity, there are other local

sedimentati
velocity flug
allowed to 9

7 Samp

Controlled
The samplg
Sample pre

8 Preps

8.1 Deng

The density

density of the particles in accordance with ISO 787-10.

Vall-to-wall distances should be at least 5 mm to reduce wall effects to an acceptable level,

mentation vessel

Shall be vertical to avoid convection and be free from vibration to avoid disturbances on particlg
nditions have been attributed to the walls of the sedimentation vessel, or elements (e.g. stirr

H displaced by the sedimenting particles tends to be along vertically inclined surfaces. The ve

Sient flow

tuations due to the sudden cessation of the initial*agitation. These transient eddies and flows
ubside.

ling
Eampling is a necessary condition, for obtaining representative sample results for sedimentat

shall be taken according to 1ISO'8213. The sample division shall be according to the future IS
paration — Sample splitting.

ration for a sedimentation analysis

ity of liquid’and particles

of the liquid at the measuring temperature shall be determined in accordance with ISO 758(

b settling.
er) within

ing slightly out of vertical. Even for vertical elements there is an inherent instability because the return

5sel shall

otherwise convection currents are set up, flowing up the walls that are sheltered from sedimenting
particles. These currents produce errors in the estimated size distribution.

ely short

shall be

on tests.
O 14488,

and the

AL

8.2 Rem

Al
vt

As indicated in 5.1, for a given liquid the largest particle of the analysis sample should not exceed a certain value.
The size distribution of the oversize fraction can be found by repeating the analysis using a more viscous liquid
such that the coarsest particle present in the sample is less than that given by the limiting Reynolds number.

Oversize particles can be removed, by wet or dry sieving (see ISO 2591-1). Wet sieving should be carried out with
the sedimentation liquid. Record the percentage residue on the sieve or sieves. The data from the sieve analysis,
carried out on a separate portion of the laboratory sample, should be combined with the sedimentation data.
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8.3 Selection of suspending liquid

-1:2001(E)

Many powders may not always form a good dispersion in the suspending liquid alone. A suitable dispersing agent
may be necessary to inhibit the formation of flocs or agglomerates during sedimentation. This agent may be
incorporated in the suspending liquid or added directly to the powder. The suspending liquid shall have negligible

reactivity
a)

b)
too |

with the sample and shall satisfy the following criteria:

ong for the finer particles and not too short for the coarsest particles;

the liquid shall have a sufficiently different density from that of the test powder to permit use of the method,

the liquid shall have a viscosity to accomplish the analysis within an acceptable analysis time. It should not be

the |
doeg

c)

the |
per

d)

8.4 Di

If the pa
agent sh
dispersin

9 Tes

9.1 Te

Perform

for dupli
diameter
tolerancq

quid shall not swell or shrink the particles. If such an effect occurs it should be determinedith
not exceed 5 % diameter;

quid shall not cause the sample to go into solution. If such an effect occurs it shall\not exceed

1 kg of liquid.

spersion of sample

ticles do not readily wet in the liquid or if they form flocs under guiescent conditions, then 4§
ould be added to the system. See ISO 14887 for assistance in’ identifying and applying
g agent.

ts in duplicate and validation

sts in duplicate

ests in duplicate on representative analysis,samples taken from the same laboratory sample.

cate analyses should normally differ less than 2 % for the proportions of mass at the sa
This figure would be expected to. hold for the Certified Reference Materials proposed in 9
may be required for other sample(types with narrower distributions.

9.2 Validation

The che
the test 1
made wi

king at regular intervals, of both operator procedure and instrument performance is essentia
esults. The frequenc€y,of checking is a matter for each laboratory to determine. Primary validg
th any suitable cerfified reference material. The total measurement procedure is examine

referenc
subsequ

the Xgq
material.

It is rec
Bureau

material is _.analysed, including the sampling, the sample dispersion, the measureme
nt calculationi The validation procedure will meet the standard if the mean value of the x,,
btained from three independent measurements lies within the certified range of values of th

mmended that validation be carried out where possible using Certified Reference Materig

At the effect

5 g powder

. dispersing
a suitable

The results
ime Stokes
.2. A wider

to validate
tion can be
l when the
nt and the
the x5, and
e reference

Is from the

Gaithersburg MD. A record of all validation activities shall be maintained?).

1)

ogy (NIST),

Information on the types and sources of certified material standards available for calibrating or checking the operation of

particle sizing instruments is available on the website of the Particle Technology Forum — a division of the American Institute of

Chemical

Engineers — at http://www.erc.ufl.edu/ptf/partstds.htm
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10 Reporting of results

The data shall be presented in graphical, or graphical and tabular form. Results will typically be presented as
Stokes diameter versus cumulative distribution by mass reported to the nearest 0,1 %. In the case of a plot, the
diameters will be placed on the abscissa and the cumulative mass percentage on the ordinate. The representation
of results should conform to ISO 9276-1.

The report should include:

— areference to this part of ISO 13317,

— the narpe of the testing establishment;

— the datp of the test;

— auniqye report identification;

— operatgr identification;

— instrunjent type used,;

— test sample identification;

— the powder, its density and mass, where applicable;

— the sugpending liquid, its temperature, density, viscosity and yolume, where applicable;
— the dispersing agent and its concentration;

— the method of dispersion of the suspension, including the time of dispersion;
— the mefhod of treatment of the test sample (dfying, de-agglomeration), if any;

— any other operations not specified in this part of ISO 13317 which might have influenced the results.

10 © IS0 2001 — All rights reserved
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(informative)

The effect of measurement zone height

1:2001(E)

The detector in a sedimentation analyser measures the particle concentration in a thin horizontal slice of a column
of sedimenting particles. This concentration does not distinguish between the large particles and the smaller ones,

so the th
defined 4
differenc

IDZOI'

where
h i
Ahi
Substitut
the samg

I:’ZOI'

The resolution ratio acceptable for Stokesian analysis is generally taken as 14 [2l. Equation (A.2) can be
to deternpine the distance to the bottom of the:measurement zone as a function of the measurement slig
and the resolution:
h = AhZOf’leP2
zone,P 2P_1
The minjmum distance forsacceptable resolution (P, =14) in the gravitational sedimentation me
N, 0ne pmip = 7,26 Ah,one IS equation is valid whether the method uses a fixed position for the measur
or scans|the zone upward‘at an ever-decreasing rate (a "hyperbolic scan") so that the position of the dé
varies with time as;

hZOﬂ

ckerthemeasurementwindow-thefower-theresotution—Thezone=height=timitedresotution (P:
is the ratio of the diameters for particles just exiting the bottom of the measurement zone
e between that diameter and that for particles just entering the top (Xg; y,4n) Of the measuremen

Xst,h
Xst,h — Xst,h-Ah

e

5 the height (to the bottom of the measurement zone);
5 the thickness of the measurement zone [1. 2],

ng for xg; from equation (6) and noting that the time at which the concentration measuremen
at the top and bottom of the slice, gives:

_ Jh
e =
\/7 - \/h_ Ahzone

— Kscan
t

e

one) €an be
st p) to the
[ zone.

(A.1)

[ is made is

(A.2)

rearranged
e thickness

(A.3)

thod is the
ement zone
ttector zone

(A.4)

The time at which the detector passes h,qne pmin IS the limit of scan time for which resolution is acceptable, so:

Llimit

K scan K scan

zone,Pmin 7a26Ahzone

T K

(A.5)

Substituting this as tg, in equation (12) yields the lower limit of particle size for which gravitational measurement is
acceptable for instruments using the hyperbolic scan method:

XstL,Pmin = i/

726 KZK,Ah,one

K scan
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EXAMPLE A gravitational sedimentation measurement is carried out at 293,15 K using solid quartz spheres
(ps = 2 650 kgm~3) in 1-propanol (p =804 kg-m~3 and 7= 2,256 mPa-s). Measurement zone of height Ah, . =100 um is
scanned upward at an ever-decreasing rate with a hyperbolic scan constant K., = 2 m-s. From equation (A.3) and (A.5), the
height at which the resolution drops below 14 is h, .o i = 726 tm and the time the detector reaches this point is t;;, = 2755 s
(49,3 min). From equation (A.6), the minimum particle size for which resolution and thermal broadening are acceptable is
Xst L pmin = 0,58 m.
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Annex B
(informative)

Accuracy of Stokes law as a function of Reynolds number

In Figure B.1, the calculated particle size, making the assumption that Stokes law applies, is ratioed to the
measured particle size for a range of Reynolds numbers. At a low Reynolds number, the particles settle in random

orientatiq
maximun
Thus the
diameter
viscosity
for a Rey

x 100, %

Calculated particle size
Measured-particlesize

; ; ate to give
) resistance to motion. Stokes law underestimates the drag coefficient as the Reynolds numbef increases.
measured size will be larger than that estimated by using Stokes law. It would be nécessary to apply

corrections at a higher Reynolds number, otherwise the determined diameter will vary-with fluid density or
(11, The gravitational methods are recommended to apply to samples where the sedimentatipn condition
nolds number < 0,25 is satisfied for the largest size of particle in the test portion,
100 \\
90 \\
80
10 N
160 - 1
10~ 2 5 10~ 2 5 0 2 5 10
Reynolds number, Re
Figure B.1 — Accuracy of Stokes law as a function of Reynolds number
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