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Abstract

The fluidization of cohesive powders has been extensively researched over the

years. When looking at literature on the fluidization of cohesive particles, one

will often find papers concerned with only micro- or only nano-sized powders.

It is, however, unclear whether they should be treated differently at all. In this

paper, we look at differences and similarities between cohesive powders across

the size range of several nanometres to 10s of micrometres. Classification of

fluidization behaviour based on particle size was found to be troublesome

since cohesive powders form agglomerates and using the properties of these

agglomerates introduces new problems. When looking at inter-particle forces,

it is found that van der Waals forces dominate across the entire size range that

is considered. Furthermore, when looking into agglomeration and modelling

thereof, it was found that there is a fundamental difference between the size

ranges in the way they agglomerate. Where the transition between the types of

agglomeration is located is, however, unknown. Finally, how models are made

and agglomerate sizes are measured is currently insufficient to accurately pre-

dict or measure their sizes consistently.
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1 | INTRODUCTION

The applications of micro- and nano-sized particles are
widespread: food,[1–4] biomedical applications,[5,6] water
treatment,[7,8] sensors,[9,10] and electronic devices[11,12] to
name only a few. With even more possible applications
being researched, the processing of these powders is a
field worth looking into. Gas–solid fluidization is often
the preferred option for processing powders.[13,14] In this

system, a gas flows through a bed of powder, creating
drag, which lifts the particles, resulting in a liquid-like
phase.[15,16] This process is relatively straightforward
when considering particles in a range of roughly 30 μm
to 1 mm, but becomes tougher when using smaller parti-
cles due to cohesive inter-particle forces starting to domi-
nate. A lot of studies have been published on the
fluidization of cohesive powders, but most of them are
focused on either micro- or nano-sized particles. It is
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unclear, however, whether a sharp distinction should be
made between the two and, if so, what the differences in
their fluidization behaviour are and what causes these
differences.

In this study, a review of literature on the character-
istics of cohesive powders in a fluidized bed is given,
with a focus on studies published in the last 20 years.
We touch upon the classification of fluidization behav-
iour based on particle properties and inter-particle
forces. We look at which forces dominate for micro- and
nano-sized particles as well as which equations are typi-
cally used to describe the forces on both scales. Addi-
tionally, formed agglomerates from powders in the two
size ranges are compared and models to predict their
sizes are discussed.

2 | POWDER CLASSIFICATION

Over the years, many ways of classifying powders, with
respect to their fluidization behaviour, have been devel-
oped. For the completeness of this work, a brief over-
view is given of the classifications of non-cohesive
powders.

2.1 | Particle size

Before any classification with respect to fluidization
behaviour can be done, we need to establish when a pow-
der is called ‘micro’ or ‘nano’. Wang et al. defined nano-
particles as ‘powdered materials with individual particles
in nanometre scale’.[17] This definition becomes problem-
atic, however, when considering a three-dimensional par-
ticle with a high aspect ratio, resulting in the particle
having dimensions at both micro- and nanoscale. Exam-
ples of this include carbon nanotubes[18,19] and
asbestos.[20,21]

In their 2011 report, the European Commission
stated: ‘Nanomaterial means a natural, incidental or
manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the num-
ber size distribution, one or more external dimensions is
in the size range 1–100 nm’.[22] This definition addresses
both the aspect ratio of individual particles as well as par-
ticle size distribution. It is known that powder consisting
of particles of different size ranges exhibits distinct, usu-
ally improved, fluidization behaviour, not only for cohe-
sive powders that consist of both nano- and, cohesive,
micro-sized particle,[23,24] but also of non-cohesive pow-
ders mixed with fine powder.[25–29] For this paper we will
use the following definition for nanopowder: A powder

that consists of primary particles of which at least one
external dimension is smaller than 100 nm, where it is
assumed that the average particle size can be used to
describe all the particles the powder consists of.

A definition like this for micropowders is not as sim-
ple, since it is not their size but their behaviour upon flu-
idization, which is of interest. We are only considering
cohesive particles, to avoid tediously restating this over
and over, the term ‘microparticles’ will, in this work,
exclusively refer to particles in the micro-size range that
fall in the Geldart type C classification (see Section 2.2),
typically being smaller than 30 μm. When trying to fluid-
ize these powders, they agglomerate and form channels,
often requiring additional equipment to initiate
fluidization.

2.2 | Geldart diagram

The most well-known classification for the fluidization
of powders, based on size and density, was proposed by
Geldart in 1973.[30] He performed fluidization experi-
ments with sieve fractions of several powders and
looked at minimum fluidization velocity, minimum
bubble velocity, bed voidage, and bed height expansion
to find the influence of particle properties on fluidiza-
tion behaviour. The resulting classification is shown in
Figure 1. Powders are classified as type A when they flu-
idize easily, give large bed expansions and start bubbling
at a superficial gas velocity far above the minimum flu-
idization velocity. Type B powders are also easy to fluid-
ize but start bubbling at, or close to, the minimum
fluidization velocity. Type C powders tend to stick
together and form plugs, agglomerates (sometimes
called clusters), and channels. In general, these powders
cannot be fluidized without the aid of assistance
methods. Type D powders are spoutable materials: upon

FIGURE 1 Geldart diagram (recreated from the work of

Geldart[30])
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the introduction of a gas flow a spouted bed can be
formed. This is not considered fluidization, since the
particles do not form a consistent phase with bed expan-
sion and/or bubbling. Whereas the boundaries between
type A and B and type B and D were calculated, the
shaded line, separating type A and type C powders, is
drawn based on empirical data.[30] The Geldart diagram
is still widely used, since it gives a reasonable prediction
of fluidization behaviour based on few, and easily acces-
sible, properties.

Particles of interest for this paper are all type C and
should therefore, according to the diagram, have the same
fluidization behaviour. However, the smallest sieve fraction
used by Geldart was 10–20 μm,[30] meaning smaller parti-
cles could show different behaviour upon fluidization. This
would then require an extension of the diagram to make an
accurate prediction of the fluidization behaviour of powders
within the type C size range possible.

2.3 | Extension of the Geldart
classification

Although Geldart’s diagram is a useful tool, it is not
always applicable to fine (micro-sized) and ultra-fine
(nano-sized) powders, some of which can be fluidized
without using assistance methods, despite the diagram
predicting the opposite.[31–33] Valverde and Castellanos
developed an extension of the Geldart diagram, as shown
in Figure 2. Solid-like to fluid-like to bubbling (SFB) and
solid-like to fluid-like to elutriation (SFE) are identified
as distinct fluidization regimes.[34] It is important to note
here that the dp on the x-axis of Figure 2 is not the diame-
ter of the primary particle but of pre-existing simple
agglomerates. The graph therefore uses the well-known
phenomena in fluidization of fine powders, that not the

primary particles but the formed agglomerates dominate
the fluidization behaviour.[31,35]

2.4 | Classification based on
inter-particle forces

The diagram proposed by Geldart shows the type of fluid-
ization that is expected to happen when air at atmo-
spheric pressure and ambient temperature is used as the
fluidizing gas. Grace was among the first to propose using
a generalization based on the Archimedes number[36]

(Ar) (the ratio between gravitational and viscous forces)
in order to include different gases and pressures, which
was later adopted by several other studies.[37,38] Using Ar,
the viscosity of the fluidization medium is included.

Ar¼
gd3ρf ρp�ρf

� �
μ2

ð1Þ

For the calculation of Ar for cohesive powders using d
and ρp as constants of the primary particle or of the
formed agglomerates will change the result. Most studies
do not explicitly mention which one to take,[37–39] some
use the primary particle properties.[36,40] Since the fluidi-
zation behaviour of fine powders is known to be domi-
nated by the formed agglomerates[31,35] one could argue
that, for fine powders, the properties of agglomerates
should be taken instead.

Recently, Mostoufi proposed a generalization that
includes predictions of the type of fluidization that
should be expected when assistance methods are used.
This diagram is based on the dimensionless inter-particle
force (φ) and Ar,[39] see Figure 3.

FIGURE 2 Extended Geldart diagram (recreated from the

work of Valverde and Castellanos[34]). SFB, solid-like to fluid-like to

bubbling. SFE, solid-like to fluid-like to elutriation
FIGURE 3 Geldart classification based on Archimedes

number (Ar) and dimensionless inter-particle forces (recreated

from the work of Mostoufi[39])
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where φ is defined as:

φ¼ FIP

FW�FB
ð2Þ

where FIP is the sum of all attractive inter-particle forces
minus the repulsive inter-particle forces which include
forces that are introduced by assistance methods. This is,
however, not straightforward, since there is a discussion
on which forces are relevant on which scale and on how
they should be calculated, as will be discussed in
Section 3. FW and FB are the forces resulting from the
weight of the particle and the buoyancy, respectively.
From this, it can be seen that using assistance methods to
fluidize cohesive powders will decrease the value of φ by
introducing a repulsive force that reduces the value of
FIP and therefore causes a transition from type C to type
A fluidization when enough repulsive force is introduced.
It is important to note that in Figure 3, the correlation
between primary particle size and fluidization type is
indirectly found in the Ar since agglomerate size depends
on primary particle size, as will be discussed in Section 4.
The dimensionless interparticle force (Equation (2)) is
also a function of primary particle size, as will be dis-
cussed in Section 3.

2.5 | Limitations of the classification of
cohesive powders

Since cohesive powders form agglomerates, it is often
unclear whether the agglomerate size or the primary par-
ticle size should be used for predicting the fluidization
behaviour. Considering that the agglomerates dominate
the fluidization behaviour,[31,35] taking the agglomerate
properties seems to be the best option. This does, how-
ever, introduce other complications. First of all, agglom-
erates have large size distributions.[41–45] This might
seem trivial to point out since one can just use the aver-
age agglomerate size when classifying the powder; how-
ever, it is also known that mixtures of powders with
different sizes significantly change the fluidization
behaviour.[46–48] Second, using agglomerate size to pre-
dict fluidization behaviour is complicated further since
agglomerates are not evenly spread through the bed but
larger ones are more often found at the bottom whereas
smaller ones are found at the top.[49,50] Third, agglomer-
ate size was found to depend on fluidization time[51] (see
Section 4.2). Another complication appears when looking
at Equations (1) and (2). It is important to be aware that
assistance methods are commonly thought to break up
agglomerates (see Section 4.4), and therefore decreasing
the value of Ar. Assistance methods are also introducing

repulsive forces which will decrease the value of φ. Look-
ing at Figure 3, this makes assistance methods effective
in two ways when it comes to making type C powders
behave like type A ones. This can mean one of two
things: Either the introduction of assistance methods has
a high effectiveness for the improvement of fluidization
by decreasing both Ar and φ aspects, or the effect of the
assistance method is overestimated since it is introduced
twice using this method. This can either mean that the
primary particle size should be used to calculate Ar,
which contradicts the idea that agglomerates dominate
fluidization behaviour, or that this method is not valid
for accurately predicting assisted fluidization behaviour
of particles that form agglomerates.

3 | FORCES ACTING ON
PARTICLES

The different forces acting on particles in a fluidized bed
are the causes of the fluidization behaviour and resulting
agglomeration.[33,52] Therefore, we will highlight these
forces in this chapter. Forces acting between particles
directly, Figure 4, ones acting between particles and flu-
idization gas, and collisions are considered.

Agglomeration is the result of the interplay of cohe-
sive and repulsive forces.[41] The forces that are typically
considered to act between particles that form the agglom-
erates are[53,54]: gravity, drag force, van der Waals forces,
capillary force, electrostatic force, and forces due to colli-
sions. They will all be introduced shortly in this review;
for more extensive descriptions of the forces that domi-
nate fluidization, see the works of van Ommen et al.,
Tahmasebpoor et al., Seville and Willett, Leroch and
Wendland, and Endres et al.[13,54–58]

3.1 | Gravitational force

The most obvious force that must be overcome to fluidize
a powder is gravity or weight force. Since gravity acts on
the volume of a body, it can mostly be neglected for fine
powders whereas inter-particle attraction which works
on the particle surfaces becomes much more important.
Basically, at a scale of hundreds of micrometres, this sur-
face/volume effect becomes relevant, meaning that the
formed agglomerates have enough mass to experience
gravity as a significant force counteracting the gas flow.
For a spherical particle, the gravitational force can be cal-
culated by:

FW ¼ π

6
ρpgd

3
p ð3Þ

4 KAMPHORST ET AL.
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Note that in Equation (3), ρp and dp are the density and
diameter of the primary particle, respectively. When cal-
culating FW for agglomerates, the density and diameter
of the agglomerate should be taken instead.

Buoyancy is sometimes used in relation to agglomer-
ate size, but due to the low density of the fluidizing gas
compared to that of the particles, the effect of buoyancy
is low. When considering agglomerates, one could argue
that buoyancy should be taken into account, since the
agglomerates have an open structure and therefore a low
density. However, buoyancy usually is neglected when it
comes to particles/agglomerates in a gas.

A relation that is commonly used in literature related
to the weight force to the inter-particle force is the Bond
number.

Bo¼ΣFcohesive

FW
ð4Þ

When Bo>1, the powder is considered cohesive.[59] Note
here that, since FW scales with dp to the power three and
cohesive forces typically scale with a lower power, the
Bond number decreases with increasing particle size,
meaning the particles become less cohesive, which is in
agreement with the classifications discussed earlier.

3.2 | Drag force

The drag force creates lift which, when exceeding the
gravitational pull, makes particles or agglomerates fluid-
ize. While particles or agglomerates are fluidized, the
drag force is usually assumed to be equal to the buoyant
weight.[60,61]

The general expression for drag force, using Stokes
law in the laminar regime, is given by:

FD ¼ 3πμdpu ð5Þ

For particles lifted by a gas flow in the laminar regime in
a suspension of alike particles, the equation can be
generalized[62]:

FD ¼ 3uπμε�3:8dp ð6Þ

where ε is the void fraction of the bed, which is assumed
to be independent of u.[62] This equation is semi-
empirical and was confirmed by experiments. The inclu-
sion of ε is needed to correct for the change in interstitial
gas velocity due to the presence of particles.

Apart from creating the needed lift for the particles to
fluidize, drag can also break larger agglomerates into
smaller ones.[63]

3.3 | Van der Waals force

The van der Waals forces are caused by electric dipoles in
atoms/molecules, which result in an adhesive force.[54,64]

To describe this attraction for particles, Hamaker devel-
oped a simple model for two spheres of equal radius,
which is frequently used today:

FvdW ¼AH �dp
24H2

0

ð7Þ

where AH is the Hamaker constant, dp is the primary par-
ticle size, and H0 is the minimum inter-particle distance.
This distance varies from different sources and assump-
tions while values between �0.17[65] to �0.4 nm[66] and
even larger can be found in the literature.

It is important to note that the Hamaker constant,
and therefore the resulting van der Waals force, is a func-
tion of particle size, particle geometry, material, and tem-
perature.[67] This means that for processes at elevated
temperatures, like particle coating,[68] the fluidization
behaviour might be affected. This effect has been shown

FIGURE 4 Forces acting between

particles. vdW, van der Waals

KAMPHORST ET AL. 5
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in publications, although it cannot account for all of the
differences found in fluidization behaviour at high
temperatures.[69,70]

When talking about van der Waals forces between
formed agglomerates, Equation (7) cannot be applied
directly. However, several approaches to calculate FvdW

between agglomerates are found in the literature. First of
all, when one assumes agglomerates are very dilute and
only a few particles are in direct contact, the van der
Waals force between them can be calculated as[71]:

FvdW ¼N � AH �dp
24H2

0

ð8Þ

where N is the number of shared particles. The fact that
Equation (8) predicts a stronger van der Waals force for
bigger particles is, however, inconsistent with the obser-
vation made by Matsuda et al. that agglomerates made
up of smaller primary nanoparticles are stronger than
ones made up of larger nanoparticles.[41,72] However, it is
important to note that the number of particles in contact
is not equal for different-sized nanoparticles but depends
on multiple factors of agglomerate formation.

The second approach is to assume agglomerates are
microsized particles with asperities dasp, giving the
relation[61,73]:

FvdW ¼AH �dasp
24H2

0

ð9Þ

where dasp is usually taken as 0.1–0.2 μm.[60,61]

Equation (9) is known to overestimate the attractive force
between agglomerates made up of nanoparticles due to
the assumption that the asperity has no porosity.[41]

To address the shortcomings of the other equations,
de Martín and van Ommen proposed Equation (10) to
calculate the van der Waals force between two porous
agglomerates made up of nanoparticles,[41] which they
use to calculate the size of complex agglomerates (see
Section 5).

FvdW ¼
AH �da ρa=ρp

� �2
24z2eq

ð10Þ

where d� and ρ� are the diameter and density of the
agglomerates, respectively. zeq represents an equivalent
distance defined as:

zeq ¼H0þk1 � rms ð11Þ

where k1 is a coefficient relating the maximum vertical
distance between any point of the asperity and the

horizontal plane to rms and rms is the root mean square
of the surface roughness.[74]

In conclusion, for calculation of the van der Waals
force between agglomerates, Equation (9) is thought to
be suitable for agglomerates made up of micro-sized pri-
mary particles and Equation (10) is likely most suited for
agglomerates made up of nanoparticles. It is important to
note that these equations consider the fact that agglomer-
ates are built up out of smaller particles but do not take
the structure of formed agglomerates into account.
Rather, they describe that fact by general property values
such as density or porosity.

The influence of van der Waals forces depends
strongly on the surface properties of the particles. Pow-
ders with polar (hydrophilic) surfaces strongly bind water
to their surface, resulting in a strong attractive van der
Waals force which is determined by their surface
hydroxyl groups.[54,56,75] For the most commonly used
nanopowders in research (TiO2, SiO2, and Al2O3) a signif-
icant increase in minimum fluidization velocity is found
when polar powder is used instead of apolar powder,
which can be attributed to the strong van der Waals
interactions of the hydroxyl groups and water mole-
cules.[56] In addition, surface roughness of the contact
area is considered essential to evaluate van der Waals
force between particles.[58,76] For numerical simulations,
the Hamaker model is vastly extended to address effects
of surface roughness, such as modifications for asperities
on a flat rough surface[77] or submerged below the
surface,[74] and a generic model incorporating asperities
at multiple scales.[78]

For simulating the dynamics of cohesive particles,
due to the presence of singularity in the Hamaker model,
certain modified forms have been proposed to avoid the
numerical divergence. As aforementioned, it generally
assumes that adhesion force plateaus at a minimum con-
tact distance in the order of asperity, that is f vdW ¼ f H0ð Þ
for H ≤H0. More rigorously, the Hamaker correlation
can be modified assuming the deformation is negligible.
For example, Galvin and Benyahia[79] proposed an alter-
native to the Hamaker model that allows to avoid the
numerical singularity:

FvdW ¼AH2rirj riþ rjþ s
� �

3s2 riþ rjþ s
� �2 s 2riþ2rjþ s

� �
riþ rjþ s
� �2� ri� rj

� �2�1

" #2
ð12Þ

where s is defined as the distance between their surface,
ri and rj are the radius of paired particle i and j,
respectively.

For softer particles bigger than 10 μm, Johnson
et al.[80] proposed the Johnson–Kendall–Roberts (JKR)

6 KAMPHORST ET AL.
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model that accounts for the influence of van der Waals
forces with a surface energy density γs. Different from the
Hamaker model, in which particle deformation during
contact is negligible when sufficiently small particles are
concerned, the JKR model is contact-dependent and used
for the modelling of adhesive granular flows where
agglomeration occurs:

FJKR ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πγsE

�a3
p

ð13Þ

δ¼ a2

R� �4

ffiffiffiffiffiffiffiffiffi
πaγs
E�

r
ð14Þ

where γs is surface energy, E� and R� are the equivalent
Young’s modulus and equivalent radius, respectively,
and a is the contact radius. The Hamaker constant is
material-specific and can be correlated to the surface
energy γs through the force required to break an adhesive
contact:

AH ¼ 24πγsH
2
0 ð15Þ

The JKR model has also shown to be sufficient to
predict the dynamics of relatively large primary
particles.[81,82] Besides, according to the JKR theory, a
‘pull-off’ force, Fp, can be derived for the adhesion
between particles.

van der Waals forces can be also modelled semi-
empirically. To reduce the computational cost in numeri-
cal simulations, Weber et al. simplified the van der Waals
forces with a square-well potential and validated using a
hard-sphere discrete framework to capture rapid granular
flows.[83] Nevertheless, mappings between the con-
structed square-well and the particle properties are
required to enable more generic applications. Similarly,
Liu et al. proposed a square-force model which conserves
the characteristic cohesive energy and maximal cohesive
force over the Hamaker model, as a simple yet reasonable
substitute for more rigorous models.[84]

3.4 | Capillary forces

For polar particles, water molecules will adsorb to the
particle surfaces. When these particles get close to each
other, the water on their surfaces will form a meniscus
between them, which introduces an additional attractive
force, the capillary force. Hydrophobic particles will have
less water adsorbed on their surface, leading to a smaller
capillary force.[85]

The capillary force, for a simple two-sphere case, can
be expressed as[86]:

Fcap ¼ 2πγl�πl2ΔP ð16Þ

where γ is the surface tension of the liquid, l is the azi-
muthal radius, and ΔP is the pressure difference between
the phases. This pressure difference is often calculated
using the Young–Laplace and Kelvin equations.[57,86,87]

The Kelvin equation was however found to only be valid
for particles larger than 1 μm.[88] For smaller particles,
some of the assumptions made are no longer valid and
new models are needed to describe the forces. The reason
for this is twofold. First of all, for micro-sized particles, it
can be assumed that the radius of the water meniscus is
constant since the radius of the particle is significantly
larger than that of the meniscus.[88] For particles smaller
than 1 μm this assumption no longer holds. Also, for
nanoparticles, the distance between the particles signifi-
cantly influences the resulting capillary force,[89] whereas
this is not so much the case for microparticles. Second, at
the nano-scale, the adsorbed water on the particle surface
can no longer be treated as a continuum, but individual
water molecules should be considered.[88,90] This also
means there is no distinct phase boundary between the
water and surrounding gas anymore when one considers
this small scale, making accurate modelling of capillary
forces on nano-sized particles difficult. Simulations using
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)[91] have shown good results in estimating the
capillary force of nanoparticles.[57,90] Alternatively, attempts
carried out to indirectly account for the impacts of capillary
force by applying a ‘wet’ restitution coefficient to address
the energy dissipation during the contact of wet parti-
cles.[92,93] However, such a simple alternative cannot model
agglomeration[94] and this ‘wet’ restitution coefficient varies
largely with particle properties and operating conditions.

Fcap is, among other variables such as temperature or
shape of the particles, a function of relative humidity.
Interestingly, the humidity dependency is still today a
debate since the literature lists contradictory results
which are not fully understood yet.[95–98] Nevertheless,
we can say that for micro-sized particle Fcap will be the
dominant force at higher humidities. Since in most stud-
ies dry nitrogen or dry air is used as a fluidizing gas, the
powder will be dried and capillary forces can be assumed
to be insignificant. However, for nano-sized particles, the
adsorbed water layers do not disappear in a dry environ-
ment, as long as they are not heated,[85] and the capillary
forces still play a significant role. At what scale this effect
is no longer relevant is currently unknown.

For dynamic particles linked via liquid bridges, a
dynamic dissipative (or viscous) force arises from liquid
viscosity, in parallel to capillary forces. It is modelled
based on lubrication theory:

KAMPHORST ET AL. 7
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Fμ,n ¼ 3πμR2

2s
υn ð17Þ

where μ is the liquid viscosity, vn is the normal compo-
nent of the relative velocity between particles, R is the
particle radius, and s is the separation distance. In a simi-
lar fashion to the van der Waals force, the dissipative
force reaches a singularity when the two concerned parti-
cles are in contact (s = 0). Similar to the Hamaker model,
a minimum separation distance is assumed on the length
scale of surface asperities to prevent any singularity.[99]

3.5 | Electrostatic forces

The electrostatic forces that are typically discussed in lit-
erature on the fluidization of fine and ultra-fine powders
are the ones generated through triboelectrification. These
charges are built up through charge separation, typically
associated with the rubbing together of dissimilar or simi-
lar surfaces.[100–102] Since the fluidized bed is a highly
dynamic system, this charge generation occurs con-
stantly. This results in particles having a similar charge
and therefore, in principle, repulsing each other, mean-
ing a higher electrostatic force favours deagglomeration.
At the same time, however, charged powder will tend to
stick to the column walls, meaning that some of the pow-
der will not be part of the bed anymore. Unlike the other
forces acting on particles, the electrostatic force is heavily
influenced by the handling of the powder, even before
the fluidization starts.[103] Note here that the presence of
water or alcohol on a particle surface will mitigate this
effect, meaning electrostatic forces are typically only pre-
sent for hydrophobic particles. This also means that the
electrostatic forces can usually be nullified by running
the fluidizing gas through a bubbler with water or alco-
hol before letting it enter the bed. The introduction of a
saturated gas into the system does, of course, come at the
cost of introducing, or increasing, capillary forces into
the system. Also, when applied in a reactor, the introduc-
tion of water or alcohol vapour can harm the process by
introducing undesired side reactions. Electrostatic forces
are typically considered to not be relevant for both nano-
powders[13,61,104] or micropowders,[105] although studies
have also been shown the inclusion of alcohol vapour in
fluidized beds to reduce these forces and improve
fluidization.[56,100]

3.6 | Collision force

The final considered force is introduced by collisions
between agglomerates. In contrast to the adhesion forces,

the collision is mostly empirical and a fundamental phys-
ical understanding is missing. To calculate this force, the
following expression was proposed by Zhou and Li.[48,106]

for the collision force between two agglomerates of
equal size:

FC ¼ 0:166
πV6ρ6a
k2

� �1
5

�d2a ð18Þ

where k is a function of Poisson’s ratio and Young’s mod-
ulus and V is the relative velocity of the agglomerates,
which is a function of agglomerate density, bed voidage,
and bubble diameter.[106,107] It is assumed here that the
agglomerates are elastic bodies.

When simply including this equation as a repulsive
force in a balance, one would implicitly assume that all
collisions lead to the breakage of the agglomerates. The
way for small agglomerates to grow, however, is also due
to collisions, meaning not all the forces introduced will
lead to breakage. Some particles that collide will just
bounce off, some will merge, and others will break.

3.7 | Dominant inter-particle forces

Some publications on inter-particle forces include graphs
where the forces are plotted as functions of particle size
to show in which size range which forces are domi-
nant.[13,108] While useful for an indication, such graphs
could be misleading since particle size is not the only rel-
evant parameter that influences the respective forces.
The most significant variable is the humidity in combina-
tion with a hydrophilic or hydrophobic surface; if under
the given conditions, capillary forces play a role, they are
usually dominant and will stay dominant over the entire
range of sizes relevant for this study. In absence of capil-
lary forces, van der Waals forces are typically dominant.
Electrostatic forces are usually thought to only become
significant at larger particle sizes[109,110] than those con-
sidered in this study. With increasing particle size, gravity
will eventually become the dominant force. In conclu-
sion, for the size range considered in this study, the van
der Waals force will be the dominant inter-particle force
in the absence of moisture. Especially for hydrophilic
particles, where the van der Waals forces are relatively
large due to hydrogen bond formation.

When comparing micro- and nano-sized powders,
one finds that the same forces are dominant for both
powders. The way to calculate the values of these forces
does differ, but based on this alone, one cannot conclude
that these powders behave differently or the same when
fluidized.

8 KAMPHORST ET AL.
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4 | AGGLOMERATION IN
FLUIDIZED BEDS

Fine and ultra-fine powders fluidize as agglomerates. Larger
particles, falling in the Geldart type A, are also known to
sometimes form agglomerates, or clusters, upon
fluidization.[111–113] The observed fluidization behaviour is
dominated by the nature of the agglomerates and not so
much by the primary particles directly.[31,35] Therefore, it is
interesting to look at the agglomerates formed by powders
with primary particle sizes in the nano- and micrometre
range and find their similarities and differences, since these
could explain differences in fluidization behaviour.

4.1 | Particle structure

For a complete understanding, a distinction needs to be
made between agglomeration and aggregation. Though
these terms are sometimes used interchangeably in litera-
ture, they refer to different phenomena. Agglomeration is
the process where bodies cluster together as a result of
attractive inter-particle forces, forming agglomerates.
Agglomerates are fragile by nature[114] and will constantly
break and reform in the fluidized bed.[33,115,116] Aggregation
is the process where primary particles form solid bridges,
resulting in aggregates. The solid bridges are formed by sur-
face diffusion or sintering.[117–120] This takes place at ele-
vated temperatures and pressure,[121] which are the
conditions under which nanoparticles are typically pro-
duced. Aggregates cannot be easily split back into their pri-
mary particles, making them different than agglomerates.
Aggregates have net-like structures, sizes in the hundreds of
nanometres, and low densities due to the porous struc-
ture.[33] Aggregates are the smallest durable entities existing
in the fluidized bed of nanopowders. As a result of inter-
particle forces, aggregates can cluster together and form
agglomerates during storage and fluidization.

Since micropowders are mostly produced by mill-
ing[122,123] and spray drying,[124,125] typically no aggregation
takes place. This means that the smallest particles present
in the bed are the micro-sized primary particles themselves.
Note here that the building blocks of agglomerates formed
by micro- and nanopowders are thus significantly different
in structure and density; agglomerates from micropowders
being formed by primary micro-sized particles and those
from nanoparticles by the sintered aggregates.

4.2 | Agglomeration in practice

When we look at the modelling done on agglomeration,
some knowledge from experimental studies is required.

From experiments, it is known that agglomerates are not
homogeneously distributed in the fluidized bed.[49] They
are segregated based on their size: The larger ones are
found at the bottom of the bed, whereas the smaller ones
are found at the top.[49] This makes accurately measuring
agglomerate sizes tougher since results will be influenced
by the height at which measurements are taken. Further-
more, agglomerates are constantly breaking and
reforming,[33,115,116] meaning that, if any equilibrium can
be reached, this is a dynamic equilibrium and agglomer-
ates do not stop interacting when reaching an
equilibrium size.

Another aspect of agglomeration is that there are
signs that it is dependent on fluidization time. Mogre
et al. found that agglomerate size and bed height, of
21 nm TiO2, decreased over time.[51] Nam et al. also
found a decrease in bed height with time for nanopow-
der[115] but did not measure agglomerate size. The small
number of studies that show this does not, however,
mean that this effect is limited to nanoparticles (unlike
Ali et al. claim in their study[126]). When considering the
observation by Matsuda et al. that agglomerates made up
of smaller nanoparticles are stronger than those made up
of larger ones,[72] one should expect most, if not all,
agglomerates to decrease in size with longer time spent
in the fluidized bed. This would mean that reported
agglomerate sizes should be considered with care since
the measured size is unlikely to be the equilibrium size if
the measurements were taken under the assumption that
there was no time dependency. This in turn would affect
proposed models based on these measurements. It is
therefore crucial that the effect of time spent in the fluid-
ized bed on agglomerate size, and other features, are
tested and reported upon.

4.3 | Measuring agglomerate size

Several measurement techniques to determine the size of
agglomerates in a fluidized bed have been applied in pub-
lications. Measuring agglomerate size can be done either
in-situ or ex-situ. Due to the fragile nature of agglomer-
ates, ex-situ techniques have the inherent risk of chang-
ing the agglomerates before measuring them. Both
removing the agglomerates from the bed, as well as the
sample preparation thereafter, are likely to influence the
acquired results. Therefore, only in-situ techniques will
be discussed here.

A way to measure the agglomerate size that is com-
monly found in literature is by obtaining images of the
agglomerates at the surface of the bed. For this, a laser, a
source for illumination, a camera, and software to
process the images and estimate the size are used.[35,127]

KAMPHORST ET AL. 9
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The benefits of this technique are that the agglomerates
are not damaged and that the bed is not disturbed. A
downside is that only agglomerate sizes at the surface of
the bed (the splash zone) can be measured since the
lower region of the bed is too dense. As mentioned
before, agglomerates tend to segregate based on size,
meaning the splash zone is not representative of the
whole bed.

A similar technique was proposed by Quevedo and
Pfeffer, here a probe was placed inside the bed, allowing to
obtain images from below the splash zone.[128] The advan-
tage is that a more representative result can be obtained.
The downside, however, is that the bed is disturbed by the
presence of the probe, which could influence the results.

Another in-situ measurement technique was devel-
oped by de Martín et al. They placed a settling tube in
the fluidized bed and measured the terminal velocity of
agglomerates falling inside the tube by filming them
with a borescope.[129] Apart from the advantage that
agglomerate sizes are not only measured in the splash
zone, another advantage is that the density of the
agglomerates can be calculated from their velocity. The
main disadvantage of the technique is that the bed is
disturbed by the presence of the tube, which might
affect the results.

All three mentioned methods have their pros and
cons, and until more is known about how representative
the splash zone is for the entire bed, the methods by
Quevedo and de Martín should be concluded to be the
most accurate. Since models to predict agglomeration
are validated by comparing their output with measured
agglomerate sizes, it is crucial that the most accurate
measurement methods are used to prevent artefacts
from influencing the evaluation of model validity. Fur-
thermore, since multiple measurement procedures are
used, it is currently not possible to directly compare
results, even if all other conditions are equal. It would
be interesting to see a study where the methods are
compared to see how their results differ.

4.4 | Assistance methods

Fluidization of powders, consisting of cohesive particles,
can be drastically improved when using assistance
methods. It is hard to definitively say whether a method
is effective over a large range of particle sizes since stud-
ies rarely show unsuccessful applications of methods.
The number of publications spanning a size range can
however be an indication of a method being more effec-
tive. For instance, of the studies published on the

effectiveness of a (micro)jet, one was found for 30 μm
powder,[130] whereas multiple were found in the range of
12–25 nm.[128,131–133] For robust proof of limitations in
particle sizes for which methods are applicable, more
research is required.

The way most studies conclude assistance methods to
work is by introducing additional repulsive forces that
counteract the van der Waals force, reducing channelling
and agglomeration (mechanical vibration,[115] acoustic
vibration,[134] magnetic field,[171] stirring,[46]

microjet,[128,132] and pulsed flow[135–137]). This additional
force can be included in a force balance when modelling
agglomerate size.[105] For a comparison of multiple
methods and their effectiveness see[138]; note that only
one micro-sized powder is used here, meaning it is
unknown to what extent results can be generalized.

5 | MODELLING
AGGLOMERATION

Throughout the years, many models for the estimation of
agglomerate sizes have been proposed. In this paper, we
will focus on some recent models.

In a force balance, cohesive and repulsive forces con-
sidered are assumed to be in balance, and the found
equation is then solved for agglomerate size, da.

5.1 | Considerations for modelling

For nanoparticles, it was found that agglomeration
takes place in distinctive steps: primary particles to
aggregates (sometimes called sub-agglomerates) to pri-
mary or simple agglomerates to complex agglomerates,
which is a phenomenon that was discovered by Yao
et al.[33] Each stage of the multi-stage agglomeration
(MSA) has its own density and fractal dimension.[139]

The latter is a more recent insight since a fractal
dimension of 2.5 was earlier used for all stages of nano-
particle agglomeration.[115,140,141] No MSA has been
described for microparticles, making the final agglom-
erates present in the fluidized bed of microparticles sig-
nificantly different.

5.2 | Modelling nanoparticle
agglomeration

For nanopowders, models were found based on MSA.
These models propose ways to calculate the size of the

10 KAMPHORST ET AL.
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complex agglomerates. Usually, the ratio between the den-
sities of each of the respective stages is taken[41,115,142]:

ρx
ρy

/ dy
dx

� �f Dð Þ
ð19Þ

where x and y denote the stages, x being the larger one,
and the exponent to the ratio of sizes being a function of
the fractal dimension of stage x. The nanoparticles first
form aggregates with a fractal dimension of �2,[41] which
combine into primary agglomerates with a fractal dimen-
sion of 2.5–2.6,[115,140,143] which then merge to form com-
plex agglomerates with a fractal dimension of 2.3.[143]

One of the models based on MSA was proposed by
Valverde and Castellanos.[144] In their model, they equate
the ratio between the diameter of each stage of agglomer-
ation to the Bond number. Solving this for each of the
stages results in a relation for the diameter of the com-
plex agglomerates:

da¼ d0:679p �d0:321asp �Bo0:365 ð20Þ

Note here that the primary particle size, dp, pops up
twice, once explicitly and once hidden in the Bond num-
ber. Rewriting the equation to make the dp completely
explicit results in:

da ¼ d�0:051
p �d0:321asp � AH

4πρpgz
2
0

 !0:365

ð21Þ

From Equation (21) it can be seen that a slight decrease
in agglomerate size is predicted with an increase in pri-
mary particle size. The dependency on dp arises from the
van der Waals force and gravity. The power of �0:051
resulting from size ratios and fractal dimensions of the
steps in the multi-stage agglomerates.

Another model based on MSA was proposed by de
Martín and van Ommen that, for hydrophobic powder,
reduces to[41]:

da ¼
bNAHd

D1þD0�5
sa

H0þ0:063dp
� �2

geffd
D0�3
p ρp

 ! 1
D1

ð22Þ

This model is derived by equating the global inter-
agglomerate forces to the global drag force.[41] Note that,
since drag force is equal to weight force,[60,61] this means
that the model is essentially solving Bo¼ 1. When using
Equations (3) and (10) in Equation (4), setting Bo = 1,
taking zeq ¼H0þ0:063dp, and substituting Equations (23)

and (24) (assuming k0 and k1 to both be constants equal
to 1)[41] one finds Equation (22), where bN is a fitting
parameter.[41]

ρsa
ρp

¼ k0 � dsa
dp

� �D0�3

ð23Þ

ρa
ρsa

¼ k1 � da
dsa

� �D1�3

ð24Þ

Note that in the final equation da scales with dp twice;
one term is left over from the ratio in density of simple
agglomerates and primary particles in Equation (10), and
the other one comes from the used equation for zeq. Since
D0 < 3, it cannot be easily seen what the effect of dp will
be on the predicted da. Doing a sensitivity analysis
reveals that the denominator grows with an increasing
value for dp and therefore the da is predicted to decrease.
This will be discussed further in Section 5.4.

The model by de Martín and van Ommen (Equa-
tion (22)) was later modified by Tahmasebpoor et al. to
include differences in polarity of materials[54]; this model
does, however, require some empirical data. Tahmaseb-
poor et al. also proposed that electrostatic forces can play
a significant role in the equilibrium size of agglomerates,
whereas most found models neglect this force. They try
to support their claim with data of fluidized beds where
alcohol vapour is introduced, which reduces the repulsive
electrostatic force. One could however argue that the
introduction of attractive capillary forces during such
experiments can also explain the data, without the need
to include electrostatics.

In the same paper, Tahmasebpoor et al. propose a
simplified model, which does not require data from
experiments.[54] Assuming hydrophobic particles, no liq-
uid present, and rewriting the equation, one finds the fol-
lowing equation (note that Equation (25) differs from
Equation (16) in the work of Tamahsebpoor et al.[54] even
using the additional assumptions listed here. This is a
result of Tahmasebpoor et al. missing a factor of π6 in their
calculation of the drag force), which can be directly com-
pared to the other discussed models:

da¼ AHdasp

4πz20 ρa�ρf

� �
g

0@ 1A1
3

ð25Þ

where the assumption is made that ρa ¼ ρb, the bulk den-
sity of the powder. This equation is a result of equating
drag force and the van der Waals force; this approach is
once more the same as saying Bo¼ 1 (assuming ρf � ρa)

KAMPHORST ET AL. 11
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and solving for da. This is essentially the same as shown
in the study by de Martín and van Ommen[41]; the differ-
ence in their results stems from the way the van der
Waals force is calculated. Tahmasebpoor et al. use
Equation (9), taking a constant value for H0, which
results in Equation (25) being independent of primary
particle size completely.

5.3 | Modelling microparticle
agglomeration

For the prediction of the agglomerate size of powders
made up of micro-sized particles, Castellanos et al. pro-
posed a balance equating the shear acting on the agglom-
erate to the van der Waals forces[145]:

π

6
d3pρpg

da
dp

� �Daþ2

¼AHdp
24z20

ð26Þ

Rewriting Equation (26) gives:

da¼
Ahd

Da
p

4πρpgz
2
0

 ! 1
Daþ2

ð27Þ

Note that, since Da has a positive value, this model
predicts larger agglomerate sizes with an increase in
primary particle size. It can also be seen that for this
model single-step agglomeration is assumed to take
place; agglomerates are directly made up of primary
particles.

Mawatari et al. modelled agglomerate size of micro-
sized powders in a vibro-fluidized bed.[105] Ignoring the
effect of vibration, their model can be used to predict
agglomerate sizes for micro-sized particles under unas-
sisted conditions. The model is based on a balance
between FvdW, FD, and Fg; when rewriting it to exclude
the influence of vibration, their balance reduces to:

AH

12z20
1þ AH

6πz30 �Hr

� �
�dasp ¼ π

6
d3a ρa�ρf

� �
g

þ3πμdauchaε�3:8
cha ð28Þ

where Hr is the hardness of particle, taken to be
108Nm�2,[146] ucha is the superficial gas velocity at
which channels are broken, and εcha is the bed voidage
at ucha.

When looking at Equation (28) one can see it is
derived by balancing FvdW and FWþFdrag, using Equa-
tion (6) and where FW is corrected for buoyancy. One can
also see that the primary particle size is not present in

the equation, although it is known that it will influence
the value of ρa.

[145] Furthermore, when comparing Equa-
tions (28) with (26), it can also be seen that the calcula-
tion for FvdW differs; Mawatari et al. used an equation for
the van der Waals force from Krupp,[66,105] whereas Cas-
tellanos et al. used Equation (7). Also, Equation (28) is
set up including both gravity and drag instead of just one
of the two. The gravity needs to be overcome by the drag
force in order to get the agglomerate to fluidize. When
fluidization is taking place the forces are assumed to be
equal[60,61]; one would therefore expect only one of the
two to be present in the equation. Furthermore, the ucha
is a function of the cohesiveness of the powder, and
therefore, indirectly, of dp. Since no expression for ucha
was given, a sensitivity analysis could only be done with
the assumption ucha is constant with respect to dp. For
earlier discussed models, the density of the agglomerates
was also a function of primary particle size, but Matawari
et al. assumed the density to be constant, based on a
study by Zhou and Li.[105,106]

5.4 | Effect of primary particle sizes

Agglomerates are known to be formed by powders con-
taining primary particles from a couple of nanometres up
to tens of micrometres,[147] the latter sometimes falling
into the Geldart type A classification.[30] This means that
these agglomerates of larger primary particles fluidize
easily, whereas the agglomerates made up of smaller pri-
mary particles usually do not. Therefore, the primary par-
ticle size must influence features of the formed
agglomerates, causing the difference in fluidization
behaviour. Differences in agglomerate size will be dis-
cussed in this section.

FIGURE 5 Predicted agglomerate size versus primary particle

size; using parameters for hydrophobic SiO2: AH ¼ 1:5 �10�19 J,

z0 ¼ 4 �10�10 m, dsa ¼ 3:5 �10�5m, dasp ¼ 2 �10�7m, ρp ¼ 2560kg=m3,

ρb ¼ 55kg=m3, g¼ 9:81 m=s2, D0 ¼ 2:6, D1 ¼ 2:3, bN ¼ 1:2

12 KAMPHORST ET AL.
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In the previous section, we discussed some models to
predict agglomerate size based on, among other things,
primary particle size. Not all papers specified a range in
which their models are thought to be accurate, but when
plotting the predicted agglomerate sizes by the models
developed for nano-sized primary particles in the range
of 7–40 nm (the range in which the model by de Martín
and van Ommen is accurate[41]) their results can be com-
pared. From Figure 5 it can be seen that the models differ
significantly in predicted agglomerate sizes. Furthermore,
it can be seen that, whereas the model by Tahmasebpoor
et al. is insensitive with respect to primary particle size,
both the model by de Martín and van Ommen and by
Valverde and Castellanos, predict a decrease in agglomer-
ate size with increased primary particle size, though the
slopes of the curves differ significantly.

The same was done for the models developed for
agglomerates made up of micro-sized primary parti-
cles, shown in Figure 6. Here it can be seen that the
model by Castellanos et al. predicts an increase in
agglomerate size with increasing primary particle size,
contrary to the models developed for nano-sized parti-
cles. None of the models can be correct throughout
the entire size range in which agglomerates are
formed. When extrapolating the models for nanoparti-
cles they will end up predicting agglomerate sizes
smaller than the primary particle size. Looking at the
model by Castellanos et al. it predicts a decrease in
agglomerate for smaller primary particles, whereas
the value at 10 μm is already lower than the ones pre-
dicted by models for nanoparticles. The differences in
the found trends are a result of the assumptions made
in the models, specifically whether MSA is assumed to
take place or not.

5.5 | Discussion

In order to develop a model, making assumptions is inev-
itable. However, one can argue that not all assumptions
to be equally valid.

The most common, usually implicit, assumption is
that agglomerates are perfectly spherical. From studies
on this subject, it is known that the actual sphericity of
agglomerates is about 0.7.[127] This assumption will
change the drag force due to an underestimation of A ⊥ .
It will also change the effect of the van der Waals and
capillary forces, although it is not easy to say what the
effect is exactly.

Another thing to consider is that most models equate
attractive forces to repulsive ones to calculate agglomer-
ate size. Furthermore, models tend to use the van der
Waals force as the only cohesive force and the drag force,
which is equal to the weight force, as the only repulsive
one. This means the models are, either explicitly or
implicitly, assuming that an equilibrium is reached when
the Bond number is equal to 1. The result of taking
Bo = 1 and solving Equation (4) using Equations (3) and
(9) is plotted in Figure 7. It can be seen that the solution
to this equation falls well within the range of type A flu-
idization, whereas one would expect the powder to start
fluidizing smoothly at the boundary between C to A
already. Rhodes and colleagues proposed that the ratio
between inter-agglomerate forces and the buoyant weight
is larger than 40 for cohesive particles.[148] Note that,
although Rhodes and colleagues did not use the term,
this is the same as saying the Bond number is equal to
40. The solution to Bo = 40 is also plotted in Figure 7. It
can be seen that this line is reasonably close to the
boundary between type A and type C fluidization, mean-
ing that solving Bo = 40 could give more representative
results than solving Bo = 1. This could, however, change

FIGURE 6 Predicted agglomerate size versus primary particle

size; using parameters for hydrophobic SiO2: AH ¼ 1:5 �10�19 J,

z0 ¼ 4 �10�10 m, Da ¼ 2:5, dasp ¼ 2 �10�7m, ρp ¼ 2560 kg=m3,

ρa ¼ 55kg=m3, ρf ¼ 1:25kg=m3, g¼ 9:81 m=s2, ucha ¼ 5 �10�3m=s,

εcha ¼ 0:75, Hr ¼ 108 N=m2

FIGURE 7 Geldart diagram with Bo = 1 plotted in red
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when other inter-particle forces, namely those due to col-
lisions, are taken into account.

One should also realize that the smallest freely mov-
ing entities present in the fluidized bed of nanopowders
are aggregates, not the primary particles. Realizing that
aggregate formation is dominated by production
conditions,[149] not by particle properties, models based
on aggregate features are likely to give more accurate
results. Some of the found models did use the primary
particle features to predict the aggregate size (often called
sub-agglomerates), however, the properties of aggregates
are a result of the production process and cannot be eas-
ily predicted based on primary particle properties alone.

Another shortcoming is the fact that, by the nature of
the way most models are derived, they are only applica-
ble in a certain range of particle sizes. Given that models
are typically validated by experimental data in a narrow
size range, the actual range in which the model is accu-
rate is usually unknown. Limited applicability is obvious
for models which assume MSA to take place, since they
predict that an increase in dp leads to a decrease in
agglomerate size, meaning at some point the predicted
agglomerate is predicted to be smaller than the primary
particle, which is a non-physical result. The regime in
which the MSA assumption is valid is not well identified.
An ideal model, predicting agglomerate sizes based on
material properties, particle size, and fluidization condi-
tions, should include a transition between single and
MSA based on a driving force. The underlying mecha-
nism of MSA is, however, currently not fully understood.
More research into this phenomenon is crucial for the
further development of accurate models that are applica-
ble over a larger size range.

Finally, in a balance, one equates attractive forces
to repulsive ones, which implicitly assumes that an
equilibrium between the forces exists in the bed. Given
the fact that agglomerate sizes are known to change
over time, as discussed in Section 4.2, it cannot be said
that an equilibrium is present. This makes these bal-
ances inherently disputable for the prediction of
agglomerate size.

6 | CONCLUSIONS AND OUTLOOK

As shown in this study, the fluidization of cohesive pow-
ders is complex and contains many sub-fields of research.
Though much is known, there are still fundamental
issues that require more insight for further development
of the field.

Current classifications of powders, although useful,
have limited reliability when it comes to predicting the
fluidization behaviour of cohesive powders. As shown in

this work, several different behaviours are found for type
C powders alone. Furthermore, because cohesive pow-
ders form agglomerates, it is unclear whether the agglom-
erate properties or those of the primary particle should
be used for predicting the fluidization behaviour. This is
complicated even further when noting that the bed con-
tains a distribution of agglomerate sizes, segregated over
the bed height.

When it comes to predicting the sizes of formed
agglomerates, multiple models have been proposed. They
are, however, inconsistent with one another and at this
time it cannot be said which are the more representative
ones. The basic approach of balances to estimate agglom-
erate size is arguably flawed since this assumes an equi-
librium to be present in the bed, whereas it is known that
agglomerate sizes tend to change over time.

Overall it was found that micro- and nano-sized pow-
ders do indeed have some distinct characteristics and it
is, to an extent, justified to treat them as such. The same
inter-particle forces are dominant for both types of
powders. The main difference is found in the way the
powders form agglomerates: Nano-sized particles form
multi-stage agglomerates, whereas micro-sized ones do
not. This results in differences in the way these powders
fluidize too.

To push the field of cohesive powder fluidization fur-
ther, certain topics require more research. First of all,
consensus should be reached on how to measure agglom-
erate sizes accurately. This will allow for data to be com-
pared between studies as well as provide a strong basis
for model validation. In order to come to a standard for
size measurements, the dependency of agglomerate size
on fluidization time should be studied rigorously too. Sec-
ondly, the phenomenon of MSA requires a fundamental
understanding to develop models to predict agglomerate
sizes for nanoparticles. This will also open the door for
the development of generalized models which predict the
agglomerate sizes of powders throughout larger size
ranges including both nano- and microparticles.

NOMENCLATURE
Symbols
δ deformation
γ surface tension
γs surface energy
μ viscosity
ν normal component of relative velocity
ρa density of agglomerate
ρf density of fluidizing gas
ρp density of particle
ρsa density of simple agglomerate
ε bed voidage
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φ dimensionless inter-particle forces
A surface area
a contact radius
AH Hamaker constant
Ar Archimedes number
Bo Bond number
D fractional dimension
da diameter of agglomerate
dp diameter of particle
dasp diameter of asperity
dsa diameter of simple agglomerate
E� equivalent Young’s modulus
FB buoyancy
FC collision force
FD drag force
Fp pull-off force
Fμ,n viscous force
FIP inter-particle forces
FJKR van der Waals force, JKR model
FvdW van der Waals force
FW weight force
g gravitational acceleration
H0 minimum inter-particle distance
Hr hardness
k0, k1 pre-factors for density ratio
l azimuthal radius
N number particlesbN fitting parameter
P pressure
r particle radius
R� equivalent radius
s surface distance
u superficial gas velocity
V relative velocity
zeq equivalent distance
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