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Abstract: When dealing with powders, a fundamental knowledge of their physical parameters is
indispensable, with different methods and approaches proposed in literature. Results obtained
differ widely and it is important to define standards to be applied, both toward the methods of
investigation and the interpretation of experimental results. The present research intends to propose
such standards, while defining general rules to be respected. Firstly, the problem of defining the
particle size is inspected. It was found that describing the size of a particle is not as straightforward as
one might suspect. Factors of non-sphericity and size distributions make it impossible to put ‘size’ in
just one number. Whereas sieving can be used for coarser particles of a size in excess of about 50 µm,
instrumental techniques span a wide size range. For fine particles, the occurrence of cohesive forces
needs to be overcome and solvents, dispersants and sample mixing need to be applied. Secondly, the
shape of the particles is examined. By defining sphericity, irregularly shaped particles are described.
Finally, the density of particles, of particle assemblies and their voidage (volume fraction of voids)
and the different ways to investigate them are explored.

Keywords: particles; size; size distribution; density; bed voidage

1. Introduction

The design of fluid–solid processes often relies on using empirical correlations that
include characteristic powder properties such as the particle size and its size spread, the
particle shape and density and the bed voidage for particle assemblies [1–7]. Unfortunately,
most correlations do only provide predictions within a range of ±25%. The reasons
for this inaccuracy are not due to the lack of engineering skills, but in the complexity
of unambiguously defining and measuring even these fundamental particle parameters.
As a first guideline, ISO standards can be consulted. A first set of documents indeed
provides guidance on instrument qualification and particle size and its size distribution
measurements, whereas a second set deals with the representation of the results of the
particle size analysis. These standards are periodically reviewed and confirmed. Within the
first set of standards, we refer to the measurement techniques by gravitational methods [8],
by laser diffraction method [9] and by sieving analysis [10], among others. The second set
includes several parts of the ISO 9276 standard that specifically deal with the representation
of results of particle size analysis in Part 2 [11] and with the descriptive and quantitative
representation of particle shape and morphology in Part 6 [12]. Whereas in Part 2 particle
shape factors are not taken into account, Part 6 recognizes the ineffectiveness of averaging
the shape over all particles and restricts the methods to those that can be correlated with
physical properties in industrial applications. Although particle shape and morphology are
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normally three-dimensional problems, Part 6 provides most definitions for two-dimensions
considered a valid approach in using image analysis methods.

Since it is clear that numerous parameters affect the behavior of particles in different
applications, it is utterly important to apply the most appropriate measurement and
assessment methods for a specific application. This paper will hence review and discuss
the size, shape, density and voidage determination and interpretation, while providing
necessary recommendations.

2. Particle Size and Its Size Distribution (PSD)
2.1. The Average Particle Size

The determination of the particle size is often the first step in characterizing the
particle. For perfect spherical particles, a valid definition of their size would be the
diameter of the sphere. In industrial applications, however, perfect spherical particles
are seldom encountered. There is no universal definition for particle size when dealing
with non-spherical particles. A whole set of definitions is available, each appropriate in
specific applications. The most commonly used definitions are listed in Table 1. Additional
definitions, such as free-falling diameter, perimeter diameter, Feret’s and Martin’s diameter
are seldom used. In view of the growing importance of studying ultrafine airborne particles
or drug-delivering aerosols, among others, the aerodynamic and mobility particle diameters
are frequently used. The former one is defined as the diameter of a sphere of density
1000 kg/m3 (e.g., the density of water) which settles in still air at the same velocity as
the particle in question [13–15]. The latter classifies charged particles according to their
mobility in an electric field, followed by a particle counter to count particles of a specific
mobility [16].

Table 1. Definitions of the particle diameter (adapted from [17]).

Symbol Diameter Definition Equivalent Sphere Diameters

dA Sieve Largest sphere diameter that can pass through the square aperture of the sieve.
dv Volume Sphere diameter when particle and sphere volumes are equal.
ds Surface Sphere diameter when particle and sphere surfaces are equal.

dSV Surface to Volume Sphere diameter when the surface area to volume ratio of the sphere and the particle are equal.

2.2. The Particle Size Distribution

As stated before, the particles of a powder seldom have a uniform size, but are instead
characterized by a whole range of particle sizes, representing a size distribution. The
knowledge of this size distribution is often of great importance for evaluating powders, for
instance, in milled powders where the particle size should not exceed a certain threshold
size as determined by quality constraints.

To deal with this problem, the distribution density, f (d), and the cumulative fraction,
F(d), are defined. They can be based on the number of particles, although linear (length),
square (surface area) or three-dimensional (volume or mass) based distributions are also
used. These density functions are indicated by f N(d) and FN(d) for the distribution by
numbers; fL(d) and FL(d) for the distribution by length; f s(d) and FS(d) for the distribution
by surface area; and f M(d) and FM(d) for a mass distribution. In these definitions, d is the
relevant particle size (see Table 1). The distribution by length is seldom used in practice,
but is given for reasons of completeness.

For the four possible distribution variants, the distribution density is used to predict
the chance that a specific particle size will fall within a certain size interval d ∈ {a, b}:

P[a ≤ d ≤ b] =
∫ b

a
f (d)dd, (1)

Or more general: f (d)dd is the probability of d falling within the infinitesimal interval
[d, d + dd].
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The cumulative fraction is defined as follows:

F(d) =
∫ d

−∞
f (d)dd, (2)

Since the cumulative fraction integrates the distribution density, the latter can be
calculated by taking the derivative of the former.

f (d) =
dF(d)

dd
, (3)

In most cases, the size distribution is obtained by experiments that yield a discrete
approximation of the distribution. In this approximation, the continuous distribution
density, f (d), is divided into I parts i = {1, . . . , i}, each with a range of sizes of ∆di, an
average size di and a value of the distribution f(di). In Equations (4)–(7), the definitions of
the discrete distribution densities and the cumulative fraction are given with j as the index
of the j-th part of the discrete distribution that corresponds with the value of di:

fN(di) =
ni

N∆di
, and FN(d) =

∫ d

0
fN(d)dd ∼=

j

∑
i

fN(di)∆di (4)

fL(di) =
li

L∆di
, and FL(d) =

∫ d

0
fL(d)dd ∼=

j

∑
i

fL(di)∆di (5)

fS(di) =
si

S∆di
, and FS(d) =

∫ d

0
fS(d)dd ∼=

j

∑
i

fS(di)∆di (6)

fM(di) =
mi

M∆di
, and FM(d) =

∫ d

0
fM(d)dd ∼=

j

∑
i

fM(di)∆di (7)

with ni, li, si, mi being the number, length, surface and mass in a size range i and N, L, S
and M the total number, length surface and mass.

The different types of distributions are related to each other, by introducing appropri-
ate geometrics shape factors k1, k2 and k3:

fL(d) = k1d fN(d) (8)

fS(d) = k2d 2 fN(d) (9)

fM(d) = k3d 3 fN(d) (10)

The cumulative distributions are also related to each other and can be based on a
continuous frequency distribution or on a discrete approximation:

FL(d) =
d∫

0

k1d fN(d)dd =

d∫
0

k1ddFN ∼=
j

∑
i

k1di fN(di)∆di (11)

FS(d) =
d∫

0

k2d 2 fN(d)dd =

d∫
0

k2d2dFN ∼=
j

∑
i

k2d 2
i fN(di)∆di (12)

FM(d) =
d∫

0

k3d 3 fN(d)dd =

d∫
0

k3d 3dFN ∼=
j

∑
i

k3d 3
i fN(di)∆di (13)
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If the discrete distribution is known, the shape factors can be determined as illus-
trated below:

fS∆di =
nisi

∑I
i nisi

=
N∆di fN(di)si

∑I
i N∆di fN(di)si

=
fN(di)si

∑I
i fN(di)si

(14)

Let si = πd2
i and combined with Equation (3) the shape factor k2 is the following:

k2 =
1

∑ d 2
i fN(di)∆di

(15)

The other shape factors are derived in a similar way:

k1 =
1

∑ di fN(di)∆di
(16)

k3 =
1

∑ d 3
i fN(di)∆di

(17)

The significance of using the correct base (length, area or volume) will be clarified in
the following example for a sieve analysis of a powder with data shown in Table 2.

Table 2. Results of a sieve analysis for particles with absolute density of 2 600 kg/m3.

Sieve Size (mm) Average Size (mm) Sieve Mass (g) Mass Fraction

0.04–0.06 0.05 0.1 0.03
0.06–0.10 0.08 0.4 0.11
0.010–0.18 0.14 0.7 0.19
0.18–0.30 0.24 0.9 0.25
0.30–0.42 0.36 0.7 0.19
0.42–0.59 0.5 0.5 0.14
0.59–0.83 0.71 0.2 0.06
0.83–1.00 0.92 0.1 0.03

Total 3.6 1

The volume occupied by the particles is obtained as the ratio of the sieve mass and
the absolute density of the particle. The number of particles, n, is obtained by dividing the
volume by the volume of one particle, π

6 d3 with d as the sieve size opening. Additionally,
the total particle surface area for a given size is obtained by nπd2. The results are shown in
Figure 1.
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Figure 2 shows that the number and surface area distributions are significantly affected
by the smaller particles being present. This is expected, since a small mass of fines contains
a large number of particles with a high surface area.
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The distribution results can be fitted to a function. A popular fitting equation is the two-
parameter log-normal function [18]. Its positive skew describes the commonly encountered
phenomenon that more fine particles are measured than larger ones as illustrated in
Figure 2.

The log-normal distribution and its cumulative counterpart are given in
Equations (18) and (19):

f (d, µ, σ) =
1

dσ
√

2π
exp

(
− ln(d− µ)2

2σ

)
(18)

F(d, µ, σ) =
1
2
+

1
2

erf
(

ln d− µ√
2σ2

)
(19)

with µ and σ as the mean and standard deviations of the natural logarithm of the particle
size and erf as the error function.

The log-normal distribution function is illustrated in Figures 3 and 4 for different
values of µ and σ.
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The distribution function is often written in the form of Equation (20), developed by
Svarovsky [18]. In this form, the mode dm (the size with maximum distribution density) is
used as a parameter instead of the mean.

F(d, dm, σ) = a exp
(
−b ln2

(
d

dm

))
(20)

with

a =
1

dm

√
b
π

exp
(
−1
4b

)
, b =

1
2 ln2(σ)

Instead of trying to fit the distribution data, it is also possible to summarize them in
some key numbers such as the mean, modus, median and spread.
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Because of this wide variety of definitions, the calculation of the mean can be some-
what confusing. In general, the calculation of the mean is defined as in Equation (21).

g
(

d
)
=

∞∫
0

g(d) f (d)dd ∼=
I

∑
i

g(di) f (di)∆di (21)

with di as the average size in an increment range of size ∆di.
Depending on the application, different functions of g(d) are used, as listed in Table 3.

Table 3. Different means and distribution functions.

Mean g(d) Formula

Arithmetic d da =
∞
∑
i

di f (di)∆di

Quadratic d2
dq =

√
∞
∑
i

d 2
i f (di)∆di

Cubic d3
dc = 3

√
∞
∑
i

d 3
i f (di)∆di

Geometric Log(d) dg = 10∑∞
i log(di) f (di)∆di

Harmonic d−1
dh =

(
∞
∑
i

d−1
i f (di)∆di

)−1

Other indicators of the average particle size in a powder are the modus and mean.
The modus (dm) is, as already stated, the most commonly found size in the distribution. As
opposed to the mean and the modus, the median (d50%) is most easily identified using the
cumulative fraction, F(d), where it corresponds to the 50 %-value.

An indication of the size distribution is given by the spread, σ, and the relative spread,
σ/d50%, with the following definitions:

σ =
d84% − d16%

2
(22)

σ

d50%
=

d84% − d16%

2d50%
(23)

In Equations (22) and (23), d84% and d16% correspond with the particle size with a
cumulative fraction F(d) equal to 84 % and 16 %, respectively. Some particle size analyzers
(e.g., laser diffraction) use a slightly different definition with the spread evaluated between
d90% and d10%.

The mean, median, modus and spread are illustrated by a sieving test. A sand mixture
was sieved and analyzed with the results presented in Table 4.

Table 4. Size distribution of a sieved sand.

Sieve Aperture (µm) Size dA (µm) Weight% in Range ∆di

600–500 550 0.5
500–420 460 11.6
420–350 385 11.25
350–300 325 14.45
300–250 275 20.8
250–210 230 13.85
210–180 195 12.5
180–150 165 11.9
150–125 137 3.15
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Based on this data, using Equation (7), the distribution and cumulative fraction
was calculated. The results from these calculations are presented in Figures 5 and 6.
Additionally, the different kinds of means, the median, the modus and the spread were
calculated. Note that the size range ∆di is not uniform.
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modus, dm; and da, dq, dc, dh, dg as arithmetic, quadratic, cubic, harmonic and geometric means.
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The spread σ is 197 µm while the relative spread σ/d50% equals 0.79.

2.3. Particle Size and Size Distribution Measurements
2.3.1. Common Instrumental Techniques

Different methods of measurement can be used, as depicted in Figure 7 [19–23].
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Each method covers a characteristic size range within which measurement is possible.
These ranges partly overlap, as is shown in Figure 8. However, the results for measuring
the same sample vary considerably. In some of the techniques, except imaging-based
ones, the PSD is affected by the random orientation of particles during measurements.
In principle, image analysis is preferred to provide physically relevant particle sizes of
well-dispersed, irregularly shaped particles.
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Each method provides different sizes and PSD types, as illustrated in Table 5.
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Table 5. Instrumental of particle size measurements.

Method Approx. Size (µm) Size Type Basis of the Size
Distribution

Sieving (wet/dry)
25–4000

5–120
dA MassWoven mesh

Electro-formed mesh

Microscopy
0.8–150
0.001–5

dz, dF, dM
dSH, dCH

NumberOptical
Electron

Gravity sedimentation 2–100 dSt, df Mass
Centrifugal sedimentation 0.01–10 dSt, df Mass

Elutriation (dry) 5–100
dSt, df

Mass
Centrifugal elutriation (dry) 2–50 Mass

Impactors (dry) 0.3–50 Mass or number

Coulter Counter (electrical resistance) 0.8–200 dv Number
Fraunhofer diffraction (laser) 1–2000 Specific diameter Volume

Mie light scattering (laser) 0.1–40 Specific diameter Volume
Photon correlation spectroscopy 0.003–3 Specific diameter Number

Doppler phase shift (laser) 1–104 Specific diameter Mean only

2.3.2. Parameters Affecting the Instrumental Particle Size Measurement

Although the particle size analysis is expected to accurately measure the particle size
distribution in any size range, repeat measurements often differ. It is imperative to respect
rules regarding the sample preparation, the measurement procedure and the analyzers
themselves. Standard methods should hence be used. Instrument specifications should be
accounted for and the results’ presentation should be standardized. Various ISO standards
were already referred to in the introduction of the paper. An extensive research of Zhang
et al. [25] investigated the major parameters to be considered. The main conclusions of the
study are highlighted below and consider parameters of Table 6.

Table 6. Parameters affecting the instrumental particle size measurement (adapted from [25]).

Parameters

Powder sample Particle density, particle refractive index and weight of the sample
Solvent Type, density, refractive index and viscosity

Dispersant Organic/anorganic, concentration

Dispersion Ultrasonication bath or tip (position, size, material), suspension
volume, power, frequency and ultrasonication duration

Although demi-water is mostly used for insoluble materials, its pH needs to be pH-
adapted to be in line with the zeta-potential of the particles. Denser insoluble particles will
need to use organic liquids of appropriate density as solvents. Iso-propanol and aromatics
are frequently used. Alcohols promote the de-agglomeration of particles. Acetone or
aromatics tend to provoke particle adhesion on the cell wall, thus hampering measurement
reproducibility. Normally, a 25 vol% of iso-propanol is selected.

Different particles and different solvents call for different dispersants. Polyphos-
phates are commonly applied for insoluble materials, with hexa-metaphosphate as the
most effective, although it loses its activity within 24 h. The type of dispersant and its
concentration should reduce the zeta-potential, preferably to below −60 mV, and should
avoid obscuration and sedimentation. Normally, a concentration of 100 ppm would lower
the zeta-potential to below ~60 mV. An over-dosage could however lead to particle ag-
glomeration rather than dispersion. Low-molecular-weight organic dispersants, such as
Daxad 11G [26], are valid alternatives and can be applied at concentrations of about 1 wt%.
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Beside using dispersants, particle samples should be mechanically de-agglomerated
during the measurement by either ultrasonic or mechanical mixing. The mixing energy
input should be limited to avoid particle attrition or disintegration. Both mechanical and
ultrasonic mixing are provided in commercial equipment. The sonication output power is
normally set at about 200 to 300 W, and the sonication duration has a limited effect only if
exceeding 0.5 to 1 min.

The particle refractive index considerably affects the sizing results, although results
for a refractive index in excess of 1.8 to 2 hardly affect the results. Particle refractive index
values are listed in several handbooks such as [26].

The amount of sample is critical, with excess sample leading to agglomeration. A
concentration of 2 g/L is recommended.

These findings and recommendations were confirmed by several researchers with
respect to the medium of suspension and dispersant [27,28]. Vdovic et al. [29] investigated
the effects of sample pre-treatment with dispersant. Storti and Balsamo [30] investigated
the effect of dispersing methods for sands, whereas Schulte and Lehmkuhl [31] assessed
the differences in results by the Mie and Fraunhofer theory. Yang et al. [32] found minor
differences of PSD results between the laser diffraction sieve–pipette method.

Although each technique has its own basis (mass, number, volume) where it yields
the most reliable data, results will be fairly comparable if presented on the same basis and
scale in a logarithmic or normalized distribution, even for very wide PSD [33–35].

2.3.3. Comparing the Common Particle Size Analyzers

Some particle analyzers were tested for 2 powders, i.e., Al2O3 (3 130 kg/m3) and SiC
(3 960 kg/m3), with additional properties given in Table 7 [25]. Ten measurements were
carried out. The results and coefficients of variation are given in Table 8.

Table 7. Sample properties and optimum dispersants.

SiC Al2O3

refractive index (−) 2.65 1.76
dispersant and concentration (wt%) tri-sodium phosphate 0.025 sodium hexametaphosphate 0.05

ζ-potential (mV) −64 −97.5

Table 8. Comparison of results for Al2O3 and SiC, adapted from [25].

Al2O3
X-ray

Sedimentation
Photo-

Sedimentation Light Obscuration Electrical Sensing
Zone Laser Diffraction

d10 (µm) (0.95) (0.95) 1.16 1.16 0.71
CV (%) 2.80 14.20 5.80 8.30 35.9

d50 (µm) 1.81 1.69 2.88 2.16 2.10
CV (%) 3.00 12.60 7.20 4.80 12.70

d90 (µm) 3.68 4.13 4.89 4.07 4.69
CV (%) 5.20 41.80 3.20 4.60 9.60

SiC X-ray
Sedimentation

Photo-
Sedimentation Light Obscuration Electrical Sensing

Zone Laser Diffraction

d10 (µm) (0.11) (0.16) 0.63 (0.20) (0.24)
CV (%) (15.20) (27.20) 3.50 (21.30) 34.50

d50 (µm) 0.47 0.47 1.02 0.68 0.64
CV (%) 21.70 39.40 6.90 10.40 18.00

d90 (µm) 1.92 1.60 3.12 2.71 1.96
CV (%) 10.80 34.70 17.70 14.50 31.20

The coefficients of variation of d50 are generally less than 10%, except for photo-
sedimentation with a ~20% relative accuracy.
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3. Particle Shape

It was already clear from the multiple particle size definitions in the previous section
that perfectly spherical particles are a curiosity. However, correctly quantifying the shape of
particles in practice proves to be quite difficult. A commonly used concept is the sphericity,
ψ (−), of a particle.

ψ =
surface area of a sphere with the same volume as the particle

surface area of the particle
(24)

It can be shown that
ψ =

dsv

dv
(25)

For particles with regular shapes, the sphericity can theoretically be calculated from
the geometry using Equation (25). Some correlations are given in Table 9.

Table 9. Sphericities for regular shapes ([36], pp. 5–54; [37], p. 928).

Shape Relative Proportions ψ

Spheroid

1 : 1 : 2 0.93
1 : 2 : 2 0.92
1 : 1 : 4 0.78
1 : 4 : 4 0.70
1 : 2 : 4 0.79

Cylinder Height = 0.5 × diameter 0.83
Height = 0.25 × diameter 0.69

Cube - 0.81

For non-regularly shaped particles, both the volume diameter (dv) and the surface to
volume diameter (dsv) have to be determined experimentally.

The volume diameter can be calculated with following formula:

dv =

[
6M

ρpπn

]1/3
(26)

with M being the total mass (kg) and n the number of particles in the examined powder and
ρp, the particle density (kg/m3), which will be discussed in detail in the following section.

The surface-to-volume ratio can be determined with a pressure-drop experiment. In
this experiment, the powder is put in a circular tube through which a gas is blown at low
flow rates and the occurring pressure gradients are measured. For a low Reynolds, the
Carman-Kozeny equation relates the measured pressure gradient to the bed voidage:

If

Re =
ρgνdsv

µ
< 2 (27)

Then
∆p
L

= 150
(1− ε)2

ε3
µν

d2
sv

(28)

with ∆p being the pressure drop (Pa), L the bed depth (m), ε the bed voidage (-), µ the gas
viscosity (Pa s) and ν the superficial velocity (m/s).

The sphericity of some common materials is listed in Table 10.



Standards 2021, 1 31

Table 10. Sphericity of some common materials.

Material ψ

Crushed coal 0.75
Crushed sandstone 0.8–0.9

Sand (average) 0.75
Round sand 0.83

Flint sand, jagged 0.65
Crushed glass 0.65
Common salt 0.84

Most crushed materials 0.6–0.8

4. Particle Density and Bed Voidage

The knowledge of particle and bed density is in many applications a requisite with
the obvious examples of fixed beds, fluidized beds and compaction processes.

The particle density, ρp (kg/m3), bed bulk density, ρB (kg/m3), density of the fluid
occupying the intra- and interparticle empty space, ρg, and bed voidage, ε (−), are corre-
lated by:

ρB = ερg + (1− ε)ρp with ρg ≈ 0, ε = 1− ρB/ρp (29)

The approximation that ρg is nearly zero is justified for a gas as fluid.
The particle density in Equation (29) should not be confused with the absolute or

skeletal density, ρabs (kg/m3), of the material out of which the particle is composed. Due to
a possible internal porous structure of the particle, the particle density will often be lower
than the absolute density. Sometimes the particle density is denoted with other names such
as hydrodynamic, apparent, envelope, effective or piece density [38,39].

4.1. Particle Density

An accurate measuring of the particle density can be quite difficult, especially if the
particle is highly porous, as illustrated in Figure 9. This is exemplified by the disrupting
influence of humidity on measurements. In a humid atmosphere, water will adsorb in the
porous with the amount of condensed liquid being a function of relative humidity, pore
diameter and surface tension.
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In the case of porous particles, the particle density is a ratio of the mass to the hydro-
dynamic envelope bounding particle volume, ρp = M/Vp.

In general, 7 methods or measuring devices can be distinguished to determine the
particle density: (i) caking end-point measurements, (ii) mercury porosimeters, (iii) compar-
ative measurements, (iv) gas flow measurements, (v) powder displacement measurements,
(vi) minimum fluidization velocity measurements and (vii) photographic measurements.

(1) Caking end-point measurements are sometimes performed in the petrochemical
industry for rapid and cheap estimations of pore volume. In these measurements,
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the investigated powder is put in a vibrating flask and a liquid with low viscosity
or volatility (for example, water) is added incrementally. As long as the liquid is
absorbed into the microscopic pores, the powder remains free-flowing. If the pores
are completely filled, any surplus of liquid will coat the surface of the particles and
cause the formation of liquid bridges, i.e., caking. This surplus depends on pore
size and the surface tension. A complete filling-up of the pores is often impossible
due to surface tension constraints. As a result, the caking end-point measurement
method tends to overestimate the particle density. If the pore volume is determined,
the particle density can be calculated with:

ρp =
1

x + 1/ρabs
(30)

with x as the specific pore volume (m3/kg).

The absolute density (ρabs) can be measured with a balance (absolute mass) and
pycnometer (absolute volume).

(2) In a porosimeter, mercury under high pressure is forced into to the pores of the
particles. Eventually, the pore size can be determined. As in the caking end-point
method, the particle density is determined from Equation (30). A major setback of
this measuring method is its high cost.

(3) The particle density can also be determined in the comparative method by examining
the tapped bulk density, ρBT, of both the sample and a control powder. Then, applying
Equation (31) yields the particle density of the investigated sample powder.

ρpX = k
ρBTX

ρBTC
ρpc (31)

with ρBTX and ρBTC as the tapped bulk density of the sample and the control powder
and ρpC and ρpX as the particle density of the sample and control powder. Since
the control powder might have a different particle shape than that of the unknown
powder, a shape factor k is introduced, with illustrative values as given below:

• k = 1 for identically shaped sample particles and control particles
• k ≈ 0.82 for rounded or spherical sample particles and angular control particles
• k ≈ 1/0.82 for angular sample particles and spherical or rounded control particles

(4) In the adapted gas flow technique of Ergun, the particle density is determined by
comparing the pressure drop over a bed with minimum voidage to a bed with a
maximum voidage. Maximum voidage can be achieved by fluidizing the sample and
letting it gently settle. The resulting bed can next be tapped for a sufficient length
of time to reach the state of minimal voidage. In both situations, the bed height
LA (aerated) and LT (tapped) is measured. Additionally, the pressure drop, ∆p, is
recorded for at least four different gas velocities. Next, the pressure drop is plotted
against the superficial velocity (v) and the slope within the laminar flow regime
(Re < 2) is measured. With these values, the particle density can be calculated using a
rearranged form of Equation (28), i.e., the Ergun equation in the laminar flow regime,
with L, the bed length (m), ε the bed voidage (-) and µ the gas viscosity (Pa s).

(5) Rearranged, the slopes of the graphs SA and SB for the two beds are

SA =

[
∆p
v

]
T
=

150µ

d2
sv

LA
(1− εA)

2

ε3
A

(32)

ST =

[
∆p
v

]
T
=

150µ

d2
sv

LT
(1− εT)

2

ε3
T

(33)

LA

LT
=

ρBT

ρBA
(34)
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1− εA =
ρBA

ρP
(35)

1− εT =
ρBT

ρP
(36)

Dividing Equation (32) by Equation (33) and substituting LA, LT, εA and εT, yields:

SA

ST
=

ρBA

ρBT

(
ρP − ρBT

ρP − ρBA

)3
(37)

ρP can be calculated with:

Y =
SA

ST

ρBT

ρBA
(38)

ρP =
ρBT −Y1/3ρBA

1−Y1/3 (39)

Since the method requires an accurate measurement of the pressure drop, caution
should be made when dealing with cohesive powders as channeling is likely to occur.

(6) In the powder displacement method, the particle density is measured by comparing
the tapped bulk density of a control powder with a mixture of the control and
the sample powder. This technique is specific because the fine powder is used as
pycnometric fluid to fill the open pores in the investigated particles. As such, the
pycnometric powder must be free-flowing, non-porous and sufficiently smaller than
the sample particles. If the latter condition is not fulfilled, the comparison between
the control powder and the mixture of control and sample powder will give erroneous
results. This test can be performed in the apparatus illustrated in Figure 10b. If the
control tapped bulk density is ρBTC, up to 20 wt% of the larger unknown porous
particles is mixed with the control powder and tapped in the cup of Figure 10b.
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Figure 10. Measurement of aerated and tapped bulk density (adapted from [40,41]).

Additional control powder is added and tapped to completely fill the cup. The
resulting mixture is weighed and as such, the added mass of control powder, Mc, is
determined. With this, the particle density of the unknown particles, ρpX, is determined
with Equation (40):

ρpx =
Mx

(V −Mc/ρBTC)
(40)

with Mx being the mass of sample in the mixture and V the volume of the cup.
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(7) Additionally, the minimum fluidization velocity is related to the particle density in
the Ergun equation:

ρp =

[
1.75
ε3

MF

[
dsvνMFρg

µ

]2

+
150(1− εMF)

ε3
MF

[
dsvνMFρg

µ

]]
µ2

d3
svρgg

+ ρg (41)

with the subscript MF denoting the conditions at minimum fluidization velocity.

The voidage εMF itself is dependent on the particle density as follows:

εMF = 1− ρBMF

ρp
(42)

The solution of Equations (41) and (42) is found via an iterative procedure.
This technique proposed is only valid for spherical particles. Also, accurate values of

size dsv are required. The latter is not troublesome for spherical particles since the sieve
size da in that case equals the surface-to-volume ratio, dsv.

ρp =

[
1.75

ψε3
MF

[
xsvνMFρg

µ

]2
+

150(1− εMF)

ψ2ε3
MF

[
xsvνMFρg

µ

]]
µ2

x3
svρgg

+ ρg

(8) Finally, for reasons of completeness, the photographic technique is mentioned here.
For a full description, the reader is advised to review the description given by Li and
Iskander [42] and Grace and Ebneyamini [43]. A summary of the techniques is given
in Table 11.

Table 11. Summary of methods for measurement of apparent density of particles.

Method Relative Equipment Cost Suitable Types of Powder in Rank Order According
to Geldart’s Classification

Caking end-point Negligible A
Mercury porosimeters Very high D, B, A

Comparative Low B, A
Gas flow Low A, B

Powder displacement Low D, B
Minimum fluidization velocity Low D, B, A spherical

Photographic High B, D, A

4.2. Bulk Density

The bulk density relates the mass of a powder to its bulk volume. With this definition,
the bulk density is dependent on the size, size distribution, shape and the state of com-
paction of the particles. The latter can be thought of as non-material dependent, but rather
as an operating or measuring condition. As such, caution must be taken that the same
standardized measurement method is applied when comparing different bulk densities.

The state of compaction of the particles gives way to four categories of bulk densities:
aerated or most loosely packed bulk density ρBLP, poured bulk density ρBP, tapped bulk
density ρBT and compacted bulk density ρBC. For identical powders (equal composition,
size, size distribution and shape), the values of the different categories of bulk density are
obviously in the following order:

ρBLP < ρBP < ρBT < ρBC

Most often, only the aerated and the tapped bulked density are used.
The ratio of the tapped to the aerated bulk density is called the Hausner ratio, ρBT/ρLP,

and gives a measure of the powder flowability vs. cohesivity. For instance, powders with
strong interparticle forces will exhibit a relatively open structure if little or no work is
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done on the powder. However, tapping will compact them to a dense structure which
corresponds to a high Hausner ratio. On the other hand, free-flowing powders with little
or no interparticle forces will exhibit low values of the Hausner ratio. According to the
Hausner ratio (RH), powders can be classified in different categories:

• RH < 1.25: Group A, B, or D
• RH > 1.4: Group C
• 1.25 < RH < 1.4: Transition group AC

Both the aerated and the tapped bulk densities can be measured with the apparatus
depicted in Figure 10. In Figure 10a, the aerated bulk density is determined by pouring
the powder through a vibrating sieve which subsequently falls through the vibrating and
stationary chutes into a cylindrical cup. The filling of the cup should take about 20–30 s.
Any excess powder on top is removed and the cup is weighed. With the known mass of
the powder, the aerated density is calculated. Next, an extension piece is attached to the
full cup, as illustrated in Figure 10b. Subsequently, the cup is tapped 480 times whilst extra
powder is added to fill the cup completely. After tapping, the extension is removed and
excess powder on top of the cup is scraped off. Finally, the mass of the tapped powder is
weighed and the tapped bulk density is calculated.

4.3. Bed Voidage

The bed voidage ε can be evaluated with Equation (29) if the particle and bulk densities
ρP and ρB are known, but some general remarks about influencing factors can be made.

Factors that influence voidage are:

• The compaction state: Obviously, a tapped bed will have a smaller voidage than
an aerated bed. Two extreme conditions, assuming random packing, are used as
a reference: ‘loose’ packing with the maximum voidage and ‘dense’ packing with
minimum voidage.

• The particle shape: The voidage increases with decreasing sphericity. This is illustrated
in Figure 11.
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• The particle size: For loosely packed beds, the voidage decreases with increasing
particle size. The densely packed bed voidage, on the other hand, is quite insensitive
to size. This is illustrated in Figure 12.
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Figure 12. Variation of packed bed voidage vs. particle size for spherical particles and sand. The
particle size distribution is narrow in both cases.

• The particle size distribution: The voidage decreases with increasing spread.
• The particle and wall roughness: The voidage increases with increasing

surface roughness.

5. Conclusions

The design of fluid–solid processes relies on the accurate measurement of particle
properties (size, size distribution, absolute and bulk density and shape).

The research discussed methods to define and measure these properties.
Particle size and its size spread is commonly measured by instrumental techniques.

Recommendations towards sample size, selected solvents and dispersants and suspension
mixing were defined. Size distribution functions are strongly affected by the quantity of
fine particles present in the sample.

The particle shape is expressed as its sphericity. Although it is difficult to measure the
sphericity, microscopic imaging or pressure drop measurements across a fixed particle bed
can be used.

The absolute, apparent and bulk density of particles and powders can be determined
by seven different methods. The bulk density determines the voidage of a particle assembly.
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