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Editorial

Editor’s Preface

Brij M. Moudgil
Chairman of American Editorial Board
University of Florida, USA

As Chair of the American Editorial Board, | am pleased to introduce the KONA Powder & Particle Journal No.
38. In continuation of the past tradition, this issue presents high quality review articles and original research papers.
The journal is reaching out to an ever-expanding cadre of researchers as illustrated by the diversity of disciplines
represented by the authors of the articles. KONA continues to serve academic and industry researchers from physi-
cal sciences to engineering and beyond. Furthermore, increased recognition of KONA as a high quality journal is a
testimonial that recent changes in the review process, format and accessibility are moving in the right direction.

Powder technology continues to be recognized as an important business with tremendous global opportunity.
Technological advances in the field are demanding more complex particle design and powder properties. An exam-
ple would be advanced sensor technologies that require multifunctional particle platforms with high precision to
meet lower and lower detection limits with high reliability. If designing such particles is a challenge, it is even a
bigger challenge to manufacture them on large scale. Most often large-scale production of precision particles re-
mains an empirical exercise. Hopefully, advances in simulation and modelling, which is fast approaching practical
scale systems, would lead to new scale-up paradigms.

With diversification of the disciplinary base of particle and powder researchers, it is critical for KONA to reach
out to young researchers with different professional backgrounds, and also to publish more state-of-the-art review
articles — a hallmark tradition of KONA over the several decades. In this regard, KONA may invite academic and
industry researchers, especially those who are at the forefront of scientific and technological advances, to publish
comprehensive review articles in the journal. These articles will further reinforce KONA’s position as a reliable
source for powder and particle related information. Additionally, KONA may also invite young researchers who are
within a few years of receiving their advanced degrees to publish overview articles closely related to their particle
and powder related research endeavors.

While many institutions of higher learning were already offering select degree programs and courses online, the
sudden emergence of the pandemic compelled delivery of almost all courses online, practically overnight. As chal-
lenging as it has been for instructors to suddenly shift to the online mode, it is equally if not more challenging for
the students to be thrust into this new learning environment. That said, it is not all doom and gloom! This unique
situation certainly provides an opportunity to rejuvenate and redesign the course materials in a way that is mean-
ingful to the students without losing the rigor of learning the subject matter. Simply repackaging the old material
into digital delivery mode will not do. We can expect that education’s new business model will drive the online de-
livery mode for most courses, with in-person learning confined to only a handful of courses.

However, serious challenges exist with online learning platforms, accessibility being a critical one. Many univer-
sity students, even in developed countries, lack the internet bandwidth and other resources which their peers may

Copyright © 2021 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
BY article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 1



%.
0@6@%N§\other serious challenge is almost assured disruptions due to future pandemics and climate change-related
qu dﬁ‘;sters. Mitigating such risks requires the design of flexible curriculum for completing coursework and degree
& programs on the academic front.

As there is a paradigm shift in knowledge creation and delivery from traditionally strong powder and particle re-
search centers and institutes to individuals and smaller group efforts, acquisition of deep understanding of complex
systems may be at risk. However, this challenge may be overcome to an extent with the availability of more power-
ful and robust search engines and other IT mediated modalities. Such resources can hopefully enhance the existing
curriculum and enable development of new teaching modes to train the next generation of powder and particle tech-
nology professionals.

Overall, I believe that harnessing the application of AlI/ML and advanced computational tools has the potential of
revitalizing both the instruction and application of particle and powder technology.

I invite you to explore and enjoy this issue of KONA. Let us continue to work together and make KONA ever
more relevant and reliable as a source of particle and powder technology knowledge and know-how.

B M My

Brij M. Moudgil
Chair, American Editorial Board
September 23, 2020
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Review Paper

@‘f—‘rom Quasi-static to Intermediate Regimes in Shear Cell

Devices: Theory and Characterisation®

Victor Francia™, Lyes Ait Ali Yahia, Raffaella Ocone and Ali Ozel

School of Engineering and Physical Sciences, Heriot-Watt University, UK

Abstract

The design of new technology for processing and manufacturing particulate products requires understanding
granular rheology over a broad range of conditions. Powders display a complex behaviour due to their ability
to rearrange under stress, and as a result, granular flow is generally classified into three flow regimes, namely a
quasi-static regime dominated by frictional contacts, an inertial regime dominated by collisional and kinematic
stresses and an intermediate regime where the three sources of stress are important to establish a stress-strain
rate relationship. Characterisation of the flowability is generally restricted to the flow initiation in quasi-static
regime, even if, transition into inertial conditions is very common in practical applications involving the control
of dense flows, such as powder handling, particle formation processes or additive manufacturing. This work
presents a critical review of available techniques to characterise the departure from the quasi-static regime into an
intermediate flow. We revise the application of shear cells and present different strategies to modify classic devices
with external actuation, such as aeration, to operate at higher inertial numbers. We pay particular attention to
innovative designs using aerated Couette flow configurations, highlight the complexity in the standardisation and

the challenges in advancing towards a universal model.

Keywords: granular rheology, acration, Couette flow, shear cell, flowability, characterisation

1. Introduction

A universal description of granular rheology is both a
fundamental and industrial challenge. Complex granular
flows are a feature of natural phenomena such as landlines,
rock slumping and sand dunes as well as in industrial
processes such as granulation, milling and fluidisation.
Powders, particulates and gravels are often the scaffolds
where complex biological, physical or chemical processes
take place, and underpin disciplines spanning from geo-
mechanics (Wheeler and Sivakumar, 1995) to volcanology
(Petford, 2003), including the study of dense flows such
as soil (Pastor et al., 2009) and sediments (Baumgarten
and Kamrin, 2019). Powders constitute a large propor-
tion of raw materials, intermediates, products and waste
in the primary and the process industry, and the energy,
environmental and manufacturing sectors. Pigments, ce-
ramics, petrochemicals, plastics, bulk and fine chemicals
or fast-moving consumer goods are only some examples.

Although powders have been studied for a century, our

T Received 6 July 2020; Accepted 21 August 2020
J-STAGE Advance published online 26 September 2020
* Corresponding author: Victor Francia;
Add: Edinburgh, EH14 4AS, UK
E-mail: v.francia@hw.ac.uk
TEL: +44 (0) 131 451 3293

understanding of granular flow is far from that of simple
fluids or solids. Individual particle interactions lead to a
collective behaviour that makes powders restructure under
stress. If compressed, they respond as an elastic solid; but
when diluted, they behave like a fluid (Jaeger et al., 1996).
Solid-like behaviour steams from the formation of a net-
work of contacts, the so-called force chains, that transmit
the stress. In addition to these frictional contacts, particle
interactions are altered by a broad range of forces from
electrostatics and van der Walls to liquid and solid bridges
(Hartmann and Palzer, 2011). The dissipation and storage
of energy in the force chains allow a bed of particles to
remain static and fail only under the application of a given
stress. But as the flow becomes more rapid, force chains
reorganise and break. When the deformation (strain rate)
is faster than the ability for the force chains to recombine,
they can no longer transmit and absorb stress, and the
material restructures creating a fluid-like relation between
the applied stress and strain rate (Campbell, 2006). As a
powder dilates, the free space between individual grains
increases and the transport of momentum becomes dom-
inated by instantaneous collisions of nearby particles.
For sufficiently diluted cases, the flow displays a gas-like
behaviour where collisions are rare, and the motion of each
grain is uncorrelated from its neighbours.

The changes in the stress-strain rate relation are related

Copyright © 2021 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
BY article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 3
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tion, size and shape. Understanding the transition between
different flow behaviours is crucial to develop new technol-
ogies because solid operations span a wide range of particle
concentration, consolidation stress and shear rate. The de-
sign of a powder processing plant involves flows spanning
from dilute inertial systems, such as in pneumatic transport,
to slow frictional flows in storage, packaging, tabletting, or
agglomeration devices like roller compaction (Wu et al.,
2010) or twin-screw granulation (Dhenge et al., 2013). Op-
erations such agglomeration in high shear mixers (Knight
et al., 2001) or fluidised bed granulators are designed to
work under dense conditions and display local transitions
between solid and liquid-like behaviour (Mort, 2009). In
many cases, this happens in an uncontrolled way through
the agglomeration and deposition of cohesive powders in
multiphase reactors, heat exchangers (Diaz-Bejarano et al.,
2017) or spray dryers (Francia et al., 2015).

No universal framework unifies the description of
granular rheology, and therefore, industry relies heavily
on empirical characterisation to classify the flowability of
powders. The ecarliest attempts used scores based on flow
tests such as the Carr (Carr, 1965), and Hausner (Hausner,
1967) ratios, or more recently the Taylor composite index
(Taylor et al., 2000). The use of properties such as uncon-
fined yield strength or tensile strength is also common,
but the flowability function, FF, defined as the ratio of the
major principal stress to the unconfined yield stress in the
powder, is perhaps the most utilised metric to characterise
powder flow (Hassanpour et al., 2019). The characterisa-
tion is typically limited to identify a flow threshold, that is,
the stress required to initiate flow, and it rarely extends into
studying the dynamic flow properties. The work of GDR
Midi (Midi, 2004) describes in detail the characteristics of
granular flows in six typical experimental configurations.
Those where the stress is imposed, such as heaps, drums,
annular flows and inclined planes display a hysteresis in the
yield stress. A given stress is required to establish a dense
flow, but much smaller stresses are needed to maintain it.
The yield point itself depends not only the particle proper-
ties but also on the stress history of the sample. All typical
flow configurations (Fig. 1) show a complex flow pattern
where dense areas governed by enduring frictional contacts
interplay with other more dilute ones driven by instanta-
neous particle collisions. Ultimately, all develop complex
velocity distributions varying from a localised shear band
in the confined systems to linear and exponential decays in
free surface flows. Given that the behaviour of a powder
varies drastically from one to another, it is required to carry
our several static and dynamic tests to properly evaluate
the flowability as close as possible to the desired design
conditions (Krantz et al., 2009).

Most available tests focused on the flow initiation and

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25
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Fig.1 Typical configurations to study granular flow: (a) Couette (b)
rotating drums and flows in (c) chutes e.g. parallel planes, inclined,
vertical (d) and heaps.

suffer from two limitations: transportability and univer-
sality. The discrepancies observed across different devices
(Koynov et al., 2015) are a reflection of an overly simpli-
fied description of the system and inconsistencies in the
experimental procedures. The effect of the stress history of
a sample is well-known (Swize et al., 2019), but without
a common way to condition the powder, it is challenging
to draw any direct comparison between different tests and
samples. The measurements are also not universal. The
most established techniques are shear cells limited to a
quasi-static flow (Schwedes, 2003). It is a consequence
of the practical difficulty in studying inertial systems and
the historical need to inform the design of silos. Although
it is key to understand a dense granular flow (Sundaresan,
2001), the characterisation of dynamic properties is still far
from the same level of detail.

Recent works have summarised the scope of the tech-
niques available today to study the flowability of powders
(Ogata, 2019), and the challenges involved in developing
reliable dynamic tests for the study of caking and cohesive
materials (Ghadiri et al., 2020). They discuss in detail
the effects of properties such as size and shape, cohesion
and how the interstitial fluid and the applied stress affect
the flowability. Here, we will focus on the latter and
specifically discuss the characterisation of the transition
between two extreme flow regimes, namely solid-like and
fluid-like flow, in a shear device. We provide an overview
of the design and application of classic units and discuss
the strategies to develop similar tests in modified devices
that can cover a broader range of shear and consolidation
stresses. The manuscript is organised as follows: Section 2
introduces the granular flow regimes and presents a brief
overview of the mathematical modelling of granular flows.
A briefreview of the characterisation of the flow threshold,
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Ug@ a summary of shear cells is given in Section 3.
The' strategies to re-design the conventional shear devices
to experimentally capture the transition from solid-like
to fluid-like behaviour using an external actuation are
discussed in Section 4, followed by conclusions and sug-
gestions for future work.

2. Rheology of granular flows
2.1 Flow regimes

The flow behaviour of granular material depends on
the applied stress, particle concentration and the effects of
the interstitial fluid. If the concentration is high or close
to the maximum packing, the material exhibits solid-like
behaviour where stresses are transferred with frictional
contacts between grains and slip layers move relative to
each other along the applied shear. In this regime, namely
frictional or “quasi-static” regime (Fig. 2a), the contacts
between grains have a long duration, and deformation
of the grain layers occurs very slowly (Campbell, 2002).
Due to a highly dense concentration of particles, there is
no much free space for the interstitial fluid, and its effects
are usually neglected. In the quasi-static regime, flow is
often studied by using soil mechanics principles or more
specifically, plasticity models detailed in the next section.
On the contrary, when the applied stress or the external en-
ergy transfer is sufficiently high, the particles have enough
inertia to leave their layers and flow more independently.
This flow regime is referred to as “rapid flow” or “inertial”
regime. Here the transport processes are considered gov-
erned by binary instantaneous particle-particle collisions
and random motions (Fig. 2a). With an analogy with the
kinetic theory of monatomic gases, the concepts of the so-
called granular thermal energy or “granular temperature”
and the random fluctuating kinetic energy of particles are
introduced in the framework of continuum modelling. The
main formal differences between inertial granular flows
and molecular gases are the finite size of particles and the
non-equilibrium behaviour. The particle-particle collisions
are dissipative; therefore, the fluctuating kinetic energy
of the particles is dissipated to thermodynamic heat. The
applied shear generates fluctuating kinetic energy through
collisional and kinematic stresses (Fig. 2b). For a colli-
sional stress, any collision between particles moving at
their mean velocity in a simple shear will enhance random
motion and lead to a velocity fluctuation quantified in the
granular temperature. However, for a kinematic stress, the
motion of a particle parallel to a velocity gradient generates
a random velocity along its path (Fig. 2bii) and a source of
anisotropy in the fluctuating kinetic energy.

For inertial granular flows with low and moderate solid
concentrations, the interstices between the particles are
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far larger than in the quasi-static regime. These spaces are
filled with fluid, and the granular material is then described
as a multiphase flow, referred to as a gas-solid suspension,
where the fluid-particle interactions become significant on
the momentum transfer between phases. Many advanced
formalisms, however, focus on a collision-dominated re-
gime and disregard the effect of interstitial fluid. Other ef-
fects typical of real-life scenarios like shape, polydispersity
or interparticle forces are often excluded from a continuum
formulation. In the extreme of a very dilute (kinematic)
gas-solid suspension, particle-particle collisions never
happen, and the solid phase momentum simply diffuses as
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and the interstitial fluid contributes to the particle stresses
with a covariance between particle and fluid fluctuations
(Koch, 1990). Gas-solid suspensions are not within the
scope of this review, and comprehensive discussions are
available elsewhere (Fan and Zhu, 2005).

In between these two extreme regimes, there exists an
intermediate regime with a characteristic particle contact
time larger than the instantaneous collision time but lower
than an enduring contact. It lies between the quasi-static
state dominated by frictional forces and the inertial state
dominated by collisional stresses, and therefore, affected
by both. This work concerns with the experimental char-
acterisation of such a system. From a phenomenological
modelling view, the transition between regimes can be
characterised by the inertial number, 1, given by Jop et al.
(2006), as a scaled shear rate quantifying the interplay of
the consolidation and the shear stress acting on a particle:
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I can be interpreted as the ratio between the time scale
associated with the consolidation and the time scale of
the strain as given in Eq. (2). As discussed in GDR Midi
(Midi, 2004), the shear or deformation time scale, t,, can
be though to represent the time needed to create a defor-
mation by moving the top layer applying a shear stress, .
The confinement scale, t, represents the time needed to
reorganise this structure pushing the top layer to its lower
position and creating a packed system. Fig. 3 illustrates
the concept shearing a granular layer. If the confinement is
very quick compared to the deformation, the system will
remain structured at a high concentration. On the contrary,
if o is not high enough to preserve the confinement, the
system dilates. In the limit of -0 a powder remains in a
quasi-static state and the system behaviour is independent
of the shear rate and purely controlled by a constant ratio
between the shear and the normal stresses, 7o, denoted
by different authors as apparent viscosity, ux, or #,, or the

bulk, s, or effective, u g, friction coefficient or angle of

t t,
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Fig. 3 Depiction of the inertial number | as the ratio of the deformation
and compression timescales, t and t,.
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internal friction. In practical terms, even in a quasi-static
flow t_cannot tend to zero, and in reality, the grains expe-
rience rearrangements and slow displacements that result
in intermittent dynamics. When the inertial number, I,
increases, the particle inertia starts to play a significant role
in the transport of momentum, and the system behaviour
becomes dependent on the shear rate.

2.2 Overview of mathematical modelling

This work does not intend to review the modelling
of granular flows. Here we present a brief overview of
the phenomenological, theoretical and computational ap-
proaches used to described granular flows in the context
of shear-cell devices. We refer the interested readers to
Capriz et al. (2008) and Rao and Nott (2008) for a boarder
discussion and comprehensive reviews on kinetic theories,
plasticity, continuum and discrete modelling of granular
flow and the relevant references.

A continuum description is the preferred way to describe
granular flow in industrial processes handling billions of
particles. For quasi-static flows, the theory of plasticity
is often used to develop continuum models. Specifically,
the plasticity theory determines the normal, o, and shear
stresses, 7, as a function of the strain rates (changes in the
distance of adjacent particles with time in the neighbour-
hood of a point). In a slow regime, the frictional stresses are
independent of the strain rate, and under a normal stress,
granular material will shear only when the shear stress, t,
exceeds a critical value. The failure behaviour is simply
described by a yielding law such as a Mohr-Coulomb
criterion but yielding laws do not provide information
on how particles flow or blocks of particles deform. To
overcome this limitation, plastic potential theories are
complemented with the critical state theory using yield and
potential functions. Chen and Mizuno (1990) proposed a
pathway to relate the applied stress to the deformation and
Vun et al. (2010) listed the procedure to follow: (i) define
a yield function, (ii) apply a plastic potential function to
relate the rate of strain tensor to stress and (iii) set up a flow
rule that links the yield function to the plastic function.
The proposed quasi-static models feature different yield
functions. For example, Srivastava and Sundaresan (2003)
used the extended von Mises function, while Christakis
et al. (2006) developed a viscoplastic model based on
the Drucker-Prager plasticity function. The extended von
Mises yielding law-based models was criticized (Dartev-
elle, 2004) for not accounting for energy dissipation and
predict infinite dilatancy, but these physical inconsistencies
are removed with a 3-D “compressible” formulation (Gray
and Stiles, 1988). The limitations of these functions are
discussed by Andreotti et al. (2013).

Rapid granular flows have been investigated by exper-
imental studies and statistical mechanical methods. The
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eter, is the pioneering work on the constitutive behaviour
of inertial granular flows. This heuristic study showed that
the solid stresses, ¢ and z, were a function of the square of
the applied shear rate, 7, at high rotating velocities. From
the view of the theoretical modelling, the Kinetic Theory
of Granular Flow (KTGF), an extension of the classical ki-
netic theory of gases to dense and inelastic granular flows,
has been developed for forty years (Garzé and Dufty, 1999;
Lun et al., 1984; Yang et al., 2016). In the KTGF approach,
the granular material is modelled as a continuum medium,
and the transport equations for solid concentration, mo-
mentum and granular temperature are derived. The square
relation between the solid stress and the shear rate has been
theoretically confirmed by KTGF models. Early compar-
isons of with annular-shear-cell test measurements were
first reported by Lun et al. (1984) and later on several other
studies (Hanes and Inman, 1985; Hsiau and Jang, 1998;
Orlando and Shen, 2012). However, these experimental
configurations provide information on the bulk behaviour
of the granular material and not the motion of individual
grains. Further comparisons of KTGF predictions with
local granular measurements include the work of Wildman
et al. (2008) where positron emission particle tracking
(PEPT) was used to measure solid concentration and mean
velocity profiles inside a three-dimensional annular shear
cell.

Besides a continuum formulation, granular material can
be studied by computational approaches such as Discrete
Element Modelling (DEM) where individual particles are
tracked via a Lagrangian approach solving Newton’s equa-
tions of motion and describing particle-particle collisions
with a soft sphere model (Guo and Curtis, 2015). These
simulations are classified as highly resolved because they
can provide flow properties at particle-scale such as veloc-
ities, contact number and forces. Due to the high demand
for computational resources, the method is applicable for
academic studies and small-scale laboratory experiments.
DEM simulations capture the persistence of a Bagnold
regime (da Cruz et al., 2005) in homogeneous shearing
of particles in fully periodic domains with Lees-Edwards
boundary conditions, and are used to investigate bound-
ary effects on confined geometries such as Couette flows
(Vescovi et al., 2014).

The intermediate regime was first experimentally identi-
fied in inclined plane chutes (Pouliquen, 1999) and later in
a Couette shear cell (Tardos et al., 1998), where the shear
stress 7 was found to depend on the strain rate to a power
of between 0 and 2 that is a function of the solid concentra-
tion. While continuum models are available for quasi-static
and inertial granular flows, the closures for the intermediate
regime are still under debate. Johnson and Jackson (1987)
proposed a semi-empirical model that super-imposed
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collisional and frictional stresses modelled with a critical
state and an algebraic function of solid concentration.
A similar “additive” approach was applied by (Savage,
1998) with using von Mises yield criterion. From a more
empirical point of view, Jop et al. (2006) unified these two
extreme regimes with a simple visco-plastic constitutive
law without any fitting parameter and validated their model
with experiments of a granular pile flowing between rough
sidewalls. The model is called the x(1) model. It is based
on the Coulomb criterion and a bulk friction coefficient
function of the inertial number, I, Eqg. 1. Similarly, da Cruz
et al. (2005) performed DEM simulations of plane shearing
with frictional, inelastic disks and found that small values
of I correspond to the quasi-static regime of soil mechanics,
while large values correspond to the collisional regime of
the KTGF.

There have been different ways to incorporate the fric-
tional contribution of a dense flow into the KTFG (Wu et
al., 2020). For example, Chialvo et al. (2012) carried out
homogeneous shear DEM simulations of frictional and
frictionless particles in the quasi-static and inertial regimes,
and proposed corrections to the model of Garz6 and Dufty
(1999) to bridge these regimes using the u(l) rheology
model. Similarly, Vescovi et al. (2014) performed DEM
of wall-bounded plane shearing of particles and used the
expression for the correlation length developed by Berzi
(2014) to modify the model of Garz6 and Dufty (1999).
Jenkins (2006) proposed a phenomenological correction to
the rate of collisional dissipation in the KTGF model that
describes the decrease in dissipation of fluctuations during
enduring contacts. There are several studies that attempt
to expand the w(lI) models to a non-local rheology, for
example, using additional transport equations to describe
a weight function between fluid and solid-like parts of
the stress tensor (Aranson and Tsimring, 2001; 2002), or
proposing new closures for x, dependent on coordination
number and the evolution of a fabric anisotropy tensor (Sun
and Sundaresan, 2011). An application of non-local w«(l)
rheology in quasi 2-D shear cell experiments has also been
given by Tang et al. (2018).

3. Quasi-static characterisation: shear cells

Shear cells are experimental devices designed to evalu-
ate the flowability of a powder finding the relation between
applied normal stress, o, and the shear stress, z, required
for a static powder bed to fail. The operate performing
shear tests by applying two orthogonal stresses on a sample
and measuring its response. The first stress is denoted by
the normal or consolidation stress, o (see Fig. 4a). o is
often aligned with the gravity acceleration and includes
the weight of the powder. The second stress is orthogo-
nal to the first one, and denoted by the shear stress, 7. It
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Fig. 4 (a) A granular layer under shear, z, and consolidation, o, stress.
(b) Yield locus line, 7 = u o + C; u: angle of internal friction; C: cohesive
strength; UYS, MPS: unconfined yield stress and major principle stress.

is increased gradually until the sample reaches its yield
point and starts flowing. Shear tests include two steps, a
so-called pre-shearing test followed by the application of
four to six different shear stresses. The objective of the
pre-shearing test is to create a reproducible structure in the
powder by applying a reference consolidation stress. The
sample is consolidated at high normal stress, o, and then
it is sheared until it fails and the recorded shear stress, ,,,
reaches a constant value, denoted steady-state conditions.
The pre-shearing normal and shear stresses (apr,‘cpr) set
a reference point for the study (blue point - Fig. 4b). At
this point, if the shear stress is removed, the displacement
ceases, but the sample reorganises into the same structure
and so it exhibits the same response when it is sheared
further. After the preparation stage, several experiments are
conducted varying ¢ and z, denoted “shear tests” or “shear
points” (red - Fig. 4b). The sample is sheared to the failure
point with a decrease in the consolidation stress (o < o,,).
For each value of g, the shear stress corresponding to the
bed failure, 7, is recorded and reported in a (z,0) diagram to
build the yield locus line: z = u o + C where x is the angle
of internal friction and C is the cohesive strength. The locus
line describes the yield stress in quasi-static granular flow,
it takes the form of a Coulomb behaviour where the yield
stress is independent of the shear rate. It should be noted
that the state of stress achieved in the sample after the
pre-shearing is particular to each device, which introduces
a degree of specificity to the method.

The angle of internal friction, , is reported as the slope
of the yield locus line connecting all (z,0) pairs. In other
words, the ratio between the shear and normal stresses /o
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required for a sample consolidated at (Upr,rpr) to yield. Mohr
circles are used to derive other important parameters. The
principal stresses are defined as the base of the stress tensor
that creates no shear stress in the system and therefore,
minor and major, MPS, principal stresses can be obtained
as the intersection of a Mohr circle with the axis t=0. A
Mohr circle tangent to any point in the yield locus line is
a representation of the conditions for critical failure at that
combination of o and z. The principal stresses that describe
the structure of the powder sample are obtained from the
Mohr circle that contains the reference (o,,7,) and is tan-
gent to the yield locus. The unconfined yield stress, UYS,
is defined as the normal stress required for the powder to
yield under no shear. It is obtained from the Mohr circle
that contains the origin (a sample sustaining no stress) and
the yield locus line. There are other definitions of the locus
line stemming from shear tests. The bulk (or effective) y,
friction factor defined from a bulk yield locus line (7 =y,
o) that contains the origin and is tangent to the Mohr circle
of the pre-sheared sample. The relation between the shear
and the normal stress in the pre-shearing point is given by
7= ug o with u  the steady-state angle of internal friction.
The flowability function, FF, is reported as the ratio of MPS
to UYS.

Shear cells, or testers, can be classified into two cat-
egories: direct and indirect testers. In a direct tester the
geometry of the device imposes a sheared region on the
sample, whereas in an indirect tester, the sheared zone in
the powder develops independently according to the stress
applied. Many indirect testers such as the uniaxial, bi-axial
and tri-axial testers were developed for specific applica-
tions and are generally not commercially available (Feise
and Schwedes, 1995; Jenike, 1970; Schwedes, 1996). This
work will focus on describing succinctly direct units, par-
ticularly examples of commercially available translational
and recent rotational devices. More comprehensive details
of the design and the historical development of shear cells
can be found in the literature (Schwedes, 2003).

3.1 Jenike type translational testers

The working principle of translational shear testers is
creating shear by sliding one section of the sample. Jenike
provided one of the first translational devices used to study
flowability (Jenike, 1970) and design silos, leading to an
ASTM standard (Carson and Wilms, 2006). It consists in a
container, or cup, with a stationary base and an upper ring
subject to shearing. The cup is filled with a powder sample,
and the lid is used to compact it by applying a constant
vertical force (Fig. 5a). A horizontal force is applied to
the top ring until the bed fails and starts to slide. Fig. 5b
depicts the typical evolution of the shear stress, z, in
the pre-shearing and shearing steps. In a Jenike test, the
steady-state flow condition is met when one observes a no
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Fig.5 Translational testers. (a) Cross-section of a sliding device (b)
Qualitative illustration of the evolution of the shear stress during the
experimental procedure.

changes in Tor under the pre-shearing normal stress, Oy IN
a successive step, is set to zero removing the force and is
o is reduced. The sample is sheared gain, and the value of
7 at the failure point is recorded as the first shearing point.
Additional tests using new samples are required to obtain
each point of the yield locus (Fig. 5b). The simplicity of
the test made it widely accessible to industry as a way to
rank powders and study the effects of environmental condi-
tions, composition, moisture, size and shape. However, this
simple configuration comes with a significant limitation.
The cell has a short shearing path, limited by the maximum
displacement, and for that reason, it does not allow for a
continuous test. A new sample is needed to measure each
shear point, which leads to a time-consuming process with
a substantial intervention of the operator, and thus prone
to error.

Several works tried to overcome this limitation intro-
ducing a “constant volume methodology” (Dufty and Puri,
1999; Ladipo and Puri, 1997; Schulze, 2008; Tsunakawa
and Aoki, 1982) whereby the Jenike tester is modified
to operate continuously. After the steady-state flow is
achieved at the prehearing test, o is gradually reduced at a
small speed releasing the load on the lid. The correspond-
ing evolution of the shear stress, 7, is recorded to construct
the yield locus line. The main advantage is the ability to
perform a single continuous test measuring the evolution
of the sample from the point (opr, pr) to the point C using
one sample (green line - Fig. 4b). The early versions of the
constant volume translational testers were subject of criti-
cism (Schwedes, 2003) because of their complex configu-
ration. It has been suggested that this methodology tends to

underestimate the unconfined yield stress, nevertheless, to
the best of our knowledge, no detailed direct comparatives
confirm such a feature.

More recently, Shimada et al. (2018a; 2018b) developed
a new device to evaluate flowability using a constant-
volume shear tester. The methodology aims at providing
continuous measurement of shear stress from a high
consolidation point under no shear (o,,,,0), through the
steady-state flow reference state (,.7,) until the point at
zero normal stress (C,0). The line from the point (o,,0)
to the point (o,,,7,) (purple line, Fig. 4b) is referred to as
the “consolidation yield locus”. The configuration of the
tester is depicted in Fig. 6. The upper section of the cell
can be filled with a varying height of powder, allowing one
to conduct tests at a constant and controlled void fraction.
Once the powder is loaded in the cell, a vertical servo mo-
tor lowers the piston compressing the sample to the desired
stress (o,,,0). When the value is reached, the vertical mo-
tion stops at a fixed position for 2 min to relieve the excess
stress. Afterwards, the horizontal servo motor applies a
shearing force on the lower section until the shear stress
reaches a constant value, 7, registering the transition from
(oe0) to (0,7, dlrectly (purple line - Fig. 4b). Next,
the consolidation stress, o, is reduced to zero by gradually
lowering the vertical translation stage, reducing the shear
stress from 7,10C (green line - Fig. 4b). The set up allows
having a three-dimensional relationship between z, ¢ and
particle concentration . It is comparable to historical tes-
ters and obtains the yield locus line in a single test of one
sample. However, it is still restricted to the length of the
shearing path. While these testers are not widely available,
the reports involve the use of fine powders and the possibil-
ity to use small consolidation stresses.

Vertical servo motor
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displacement
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Piston
Cylinder (upper

{5
B section of shear cell)

[ | Horizontal
servo motor
S

Horizontal
load cell

L| Powder

bed

Base (lower
section of shear cell)

rd

Lower load cell

|~ Horizontal

translation stage
le”

[
L

Vertical translation stage

Fig. 6 Constant volume tester. Reprinted from Shimada et al. (2018a)
under the terms of the CC-BY-NC-ND 4.0 license. Copyright: (2018)
The Authors, published by Elsevier B.V.
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Rotational testers overcome the restriction of a short
shearing path employing a rotational force on two possible
geometries: a circular path (Fig. 7a) or an annular path
(Fig. 7b). In both, shearing is induced by rotation and
the normal force is applied on the top. To shear the bulk
powder, the lid and the base must rotate relative to each
other. In most devices, this is achieved applying a torque,
T, on the base while the lid is fixed, such as in the Schulze
shear cell (Schulze, 1994). The reverse configuration, a
fixed base and a rotating lid are used in testers like the
FT4 (Freeman, 2007) and the Brookfield PTF (Berry et al.,
2014). The surfaces of the base and the lid are roughened or
equipped with blades to avoid sliding between the powder
and the wall. The experimental procedure of rotational
testers follows the same sequence: a pre-shearing step that
conditions the sample, and a shearing test for every pair of
normal and shear stresses to build the yield locus line. A
rotational unit can apply an unlimited shearing path, and
in this way perform multiple measurements on a single
sample. It is easier to automate and therefore, reduces
human error.

Many types of rotational testers can be found in lit-
erature, e.g. (Berry and Bradley, 2007; Bishop et al.,
1971; Carr and Walker, 1968; Orband and Geldart, 1997;
Schwedes, 1996). All operate under the same principles,
and vary in their geometry, size, the range and the level
of automation in the application of stress, and critically, in
the sample preparation and the pre-shearing stage. Here,
we will focus on describing three commercially available
rotational testers: the Schulze shear cell, the Freeman
FT4 shear tester and the Brookfield PTF, as representative
examples of the design and the scope of the application of
ring (Schulze and Brookfield) and torsional (FT4) units.

Fig. 8 describes qualitatively the experimental proce-
dure. The Schulze shear cell (Schulze, 2008) is one of the
first automated rotational shear devices. It features a rotat-
ing ring with a base that contains the sample, covered with
a fixed annular lid where the normal force is applied. The
inner surface of the ring and the lower side of the lid are
roughened. Shearing is induced by rotating the bottom ring

Ring 11d

Circular base
ng base

Fig. 7 Diagram of (a) torsional, (b) annular (ring) shear tester.

at angular velocity, ®, maintaining the lid stationary. To
apply a normal force and rotation independently, the design
includes additional elements, such as tie rods and a cross-
beam used to stop the lid from moving. A normal force
is exerted on the top and transmitted to the sample as the
normal stress, o. An upwards force counters the weight of
the lid allowing the cell to operate under a small ¢. The pro-
cedure is similar to that in Fig. 5b, but without the need to
change the sample. It is faster and easier to automate. After
the measurement of the first shear point (o;, 7,), the sample
is reconsolidated to Oy and sheared again to Tor (Fig. 8a).
The normal stress, o, is reduced, and the sample is sheared
again to register the next point of the yield locus. Fig. 8b
illustrates the experimental procedure in a Freeman FT4
shear tester (Freeman, 2007; Freeman et al., 2009). An FT4
shear cell is a torsional shear cell in a reverse configuration,
whereby the base is stationary, and the shear is induced
by a circular rotating lid (Fig. 7). The stainless-steel lid is
fitted with 18 baffles of 2 mm in height to ensure that the
shearing occurs only between the grains. The base is a cy-
lindrical glass vessel plugged with a rough plastic cover on
the base. The consolidation stress is applied lowering the
lid onto the sample, and it is measured at the bottom. Once
the desired value, o,,, is reached, the cell is rotated at very
low speed, and the torque is recorded continuously. The
procedure is the same, but the pre-shearing is different. The
consolidated sample at o, is sheared to the failure point in
consecutive pre-shearing steps until the maximum shear
stress, 7, registered in each step remains constant (< 1 %
difference - Blue - Fig. 8b). At this reference point, the first
shearing test is performed reducing ¢ and registering the ¢
required for the bed to fail. In this step, the axial position
of the lid is kept constant, and z is computed as the peak of
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Fig. 8 Examples of rotational cells. Qualitative illustration of the evolution of the shear stress during the experimental procedure to construct the
yield locus in (a) Schulze ring shear cell, (b) Freeman FT4 powder shear cell, (c) Brookfield PFT.
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s“Q‘ <\,gurve (Red - Fig. 8b). Shearing is repeated at a
Qovaf?ing o to complete the yield locus line using an inter-
mediate pre-shearing state in between each measurement
to recondition the powder to (g,.7,). Fig. 8c describes
qualitatively the test in a Brookfield Powder Flow Tester
PFT. A Brookfield unit is like a Schulze tester, an annular
(ring) device, but arranged in a reverse configuration with
a stationary base and a rotating lid. It follows an experi-
mental procedure similar to an FT4 with a slightly different
definition of 7, (Berry et al., 2014). The cell is made of a
stainless-steel annular base and a bladed lid. The consoli-
dation stress is applied lowering the lid and measured at the
top of the device. The sample if consolidated at high stress,
Opn and sheared several times until reaching a steady-state
(Blue - Fig. 8c). One of its particularities is that the yield
locus line is constructed from low to high consolidation,
starting from a measurement at the lowest stress, %a
followed by %apr and ;.

Shear cells are used as standard for the evaluation of the
flowability of industrial powders and study their stability
during storage, a key attribute of formulated powders. In
many cases, materials are complex matrices of crystalline
and amorphous components that are prone to cake through
adhesion, sintering, deliquescence and formation liquid
and solid bridges. Shear cells provide a way to study the
effect of particle properties and the environment in this
process. For example, Deshmukh et al. (2019) reports a
recent study using a Schulze cell as an in-vitro tool for oral
processing of foods, but similar devices have been used for
decades. Teunou and Fitzpatrick (1999) proposed a ring
unit specifically designed to study foods and investigated
how environmental conditions affect the flow of flour, tea
and whey powders (Teunou et al., 1999). The cell was
installed in a chamber with controlled relative humidity rH
and T. As expected, an increase in either of the two leads
to a reduction in the flowability. The effect of consolidation
and storage time was studied in a Jenike type cell (Teunou
and Fitzpatrick, 2000) providing the evolution of flow
functions. Fitzpatrick et al. (2007) used a similar device to
study the effects of formulation and storage time in dairy
powders. Opalinski et al. (2012) designed another Jenike
type shear tester to study moist food powder and similar
works on the study of mixtures of coal and sawdust or
biomass mixtures were reported by Chen et al. (2012) and
Zulfigar et al. (2006). Torsional units have also been shown
flexible tools. Guo et al. (2015) and Chen et al. (2018)
used the FT4 shear cell to study the flow of biomass and
coal blends with and without a varying level of moisture.
Crawford et al. (2016) used it to study the effect of pre-
processing of biomass and Léonard and Abatzoglou (2010)
to investigate lubricated and unlubricated pharmaceutical
powders. The FT4 shear cell was also used by Leung et
al. (2017) to investigate the flowability of pharmaceutical
powders mainly driven by cohesion.

pr
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Although fundamental and comparative studies are less
frequent, they can shed light into the local stress distribu-
tions and on how the particle level properties relate to the
bulk behaviour. For instance, Zafar et al. (2015) used a
Schulze shear cell to investigate the flowability of cohesive
powders, and compared the results to characterisation
techniques such as the ball indentation (Hassanpour and
Ghadiri, 2007) that measures the hardness at a low consol-
idation, and the Sevilla Powder Tester (Castellanos et al.,
2004). Louati (2016) and Louati et al. (2015; 2017), used
a Schulze shear cell for a fundamental investigation of the
impact of moisture and particles size on the flow of glass
beads, and Hammerich et al. (2020) designed a modified
ring cell to study liquid saturated sediments. Wang et al.,
(2016) proposed instead a new method to analyse data
using the FT4 under different initial consolidation. They
tested over 40 powders with four initial consolidation
stress and proposed an empirical relation between the flow
function and a dimensionless cohesion C* (C* = C/apr) that
separates the effects of initial consolidation stress and the
testing device.

There are other available shear devices like the Anton
Parr rheometer that uses impellers for shearing, the Peschl
cell that modifies a standard ring shear cell, and other
commercially available units like the Hosokawa Micron
Powder Tester or GranuDrum. Many others well-known
testers have been developed for specific applications in
research laboratories, for example, the use of fluidised
beds to measured tensile strength (Castellanos et al., 2004)
or flowability (Girimonte et al., 2018), and the analysis
of caking with direct or indirect measurements of uncon-
fined yield strength in uniaxial compression testers, e.g.
(Hassanpour and Ghadiri, 2007; Thakur et al., 2014).

From a more fundamental point of view, the use of visu-
alisation techniques such as Magnetic Resonance Imaging
(MRI) can reveal the transmission of stress in a quasi-static
flow at a particle level. Commercial shear cells made of
metal are not suitable, but novel shear testers have been
designed for this specific purpose (Mueth et al., 2000).
The work of Cheng et al. (2006) and Sakaie et al. (2008)
reports a direct measurement of the evolution of the local
packing of a slow and smooth granular shear flow in a split-
bottomed geometry. They sheared MRI sensitive seeds at
different rotational velocities and collected MR-images
after stopping the shearing process. Borzsonyi et al. (2011)
followed a similar approach to demonstrate that a shear
zone develops preferentially in regions with a lower fric-
tion. They studied a U-shaped horizontal shear cell consist-
ing of two parallel L-shaped sliders and characterised the
shearing band recording the displacement of MRI-sensitive
poppy seeds loaded in a sample of MRI-insensitive glass
beads.

Classic or new devices and commercial and custom
designs, all shear cells work under the same principle. And
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Qop@éedures lead to disparities in the measurements from
different testers. The impact the history of a powder has
in its response to stress is well documented (Swize et
al., 2019), but the sample preparation procedures are still
specific to each device. The work of Berry et al. (2014) and
Salehi et al. (2017a) compares the measurements of Brook-
field, Schulze and Jenike testers, and Koynov et al. (2015)
reports on a comparative study of shear cells evaluating the
flow of coarse (59 mm) and fine (4 mm) alumina powder.
Salehi etal. (2017a) found no important disparities between
testers, the largest differences being ascribed to highly
compressible powders, but the observations of Berry et al.
(2014) were consistent with the issues listed by Koynov
et al. (2015). In their comparative work, all shear cells
provided a good qualitative measurement of flowability,
but they were found to be more efficient with fine, cohesive
powders. In free-flowing powders, measurements could
not be used in a quantitative way to rank the materials but
only to identify them as free-flowing. Comparison across
different cells showed that not only the consolidation stress
during pre-shearing is important, but also the type of shear
cell. Barletta et al. (2015) provided a similar comparative
analysis in the context of biomass and identified important
differences only in the wall friction coefficients. It is in line
with the work of Garcia-Trinanes et al. (2019), which finds
minor differences in the measurement of tensile strength of
cohesive powders in a Schulze and a Brookfield unit.

The full range of available devices to characterise the
quasi-static flow of complex cohesive mixtures is described
by Ghadiri et al. (2020), Ogata (2019), and Schwedes
(2003). Here we provided the reader with an overview of
the design of classic shear testers, their limitations and their
scope for application. In the following sections, we de-
scribe how the modification of the classic designs with the
use of aeration and other external sources of actuation can
lead to a new type of devices that are capable of performing
measurements in an intermediate regime and providing a
more complete picture of the granular rheology.

4. Beyond the quasi-static regime

In the quasi-static regime, the yield locus line describes
the failure of a network of enduring contacts between par-
ticles in a bed of powder. Under an applied normal stress,
o, the required shear stress = u o + C is purely a function
of the bulk material properties and the structure of the
sample created by the consolidation at (apr, rpr). However,
at higher shear rate, or lower consolidation stresses, the
powder dilates, and as it transitions into an intermediate
regime, the shear stress, z, establishes a dependency on the
shear rate, 7. There are several ways to try to replicate and
characterise this transition in a modified shear cell. In order
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to depart from the quasi-static regime, one must operate at
a higher inertial number, 1, (see Eq. 1) by either operating
at a sufficiently high shear rate, y, or at a sufficiently low
(constant) consolidation stress, o.

The operation at y simply by operating at a high rota-
tional speed in indeed possible (Bagnold, 1954) but in prac-
tice this can lead to attrition of fragile particles. Ghadiri et
al. (2000) discuss in detail the importance of breakage and
segregation in a annular cells using catalyst powder, and
Hare et al. (2011) provide an example where measurements
of the attrition of pharmaceutical powders in a shear cell
are coupled with computational studies in an agitated bed.

Alternatively, the inertial number, I, can be reduced
operating at low consolidation stress, o. Doing so requires
the application of an energy source to the bed that can over-
come the action of the gravitational acceleration that would
otherwise consolidate the sample. The additional energy in-
put can be introduced by the action of a particle-fluid force
using aeration or even complete fluidisation, or through
mechanical acceleration, such as agitation or vibration of
the sample. The following sections provide a summary of
current strategies describing a selection of shear devices
that use an external actuation to operate at low consolida-
tion stresses. Modified classic shear cells are introduced in
Section 4.1, and Sections 4.2 and 4.3 describe the design
of Couette-type rheometers and the use of mechanically
agitated aerated or fluidised beds.

4.1 Modified shear testers

One of the first modified shear testers was introduced by
Klein et al. (2003). They developed an annular (ring) cell to
shear a limestone powder (d, < 15 um) at varying normal
stress and a shear velocity between 0.07 to 4,200 mm/min.
The design resembles a Schulze tester with the functional-
ity of powder aeration. A motor is fixed to the base to rotate
the shear cell at the desired velocity. The base and the lid
are made of a permeable material, and feature 24 thin baf-
fles to prevent the sample from sliding during the shearing
process. The vertical normal stress, o, is applied by the lid
on the top of the sample. Aeration is modulated via a mass
flow controller or through the measurement of air pressure
in the exhaust. A fluidisation index, Fl, is defined as ratio
between the pressure drop of the gas flowing through a bed
of powder AP, and the pressure drop required to counter
the weight of the bed and reach the minimum fluidisation,
AP_=WA. Or in other words, the ratio between the gas
superficial velocity, u ) and the minimum fluidisation ve-
locity, u.... FI = AP/AP_~uli_.. When particles are aerated
by a gas velocity lower than u_,, FI <1, the bed of powder
remains static but it sustains much lower normal stress,
o, due to the reduction of its effective weight under the
action of a drag and buoyancy forces. Klein et al. (2003)
studied the effect of aeration in the rheology of limestone.
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fluidisation index FI < 0.7, in an indication that the powder
remains in a quasi-static regime. However, under a higher
FI but still operating with a fixed bed, 0.7 <FI <1, the
shear stress, 7, was found to decrease for an increasing air
velocity indicating the presence of an intermediate regime
between the quasi-static and the collisional regime charac-
teristic of a fully fluidised system at FI > 1.

Another example of a classic tester with an aeration
functionality was proposed by Johanson and Barletta
(2004). They modified a Schulze device, to operate under
a continuous counter air flow using a base of permeable
media and a modified perforated lid. Air pressure was
measured at the inlet and the flow was controlled with a
rotameter. They performed shear experiments on a fine sil-
ica powder (d, =8 um) and an FCC catalyst (d, =50 pm)
and with a range of aeration up to FI = 1. As expected, the
unconfined yield strength of the bulk material was found
to decrease with increasing aeration. The effective angle
of internal friction decreased approaching full fluidisation.
Other modified testers include the device developed by
Barletta et al. (2007), which coupled a circular cell with the
rotating plate of a Peschl shear test bench to investigate the
effect of aeration in the flow of fine silica (dp =7.6 um) and
magnesium carbonate (dp = 3.5 um). The design resembles
that of a short FT4 rheometer, featuring a circular fixed
base and a bladed rotational lid. The base is 61.8 mm in
inner diameter and 15 mm in height, and it consists of
a porous bottom plate that ensures a homogeneous air
distribution. The experimental procedure mimics that of
Fig. 8b. Experiments were performed at low shear rates, y
, and normal stress, o, and below the minimum fluidisation
(F1 < 1). Their results confirm the observations of Klein et
al. (2003): for a fluidisation index FI < 0.7 no significant
differences appear in the angle of internal friction, in an
indication that even when aerated, the samples remained in
the quasi-static regime.

4.2 Couette-type shear testers

Annular cells are a classic arrangement to study the rhe-
ology of Newtonian and non-Newtonian flows (Viswanath
et al., 2007). Fig. 9a provides a generic description of the
geometry. In these devices, the fluid is sheared in between
two coaxial cylinders: an inner rotating one called bob and
an external steady cylinder called cup. The viscosity and
the shear stress are computed from the angular velocity,
o, and the torque, T, applied to the inner cylinder. Cou-
ette-type shear testers have been often used to study gran-
ular flows. Interested readers are referred to the overview
by GDR Midi (Midi, 2004) for characteristic experimental
velocity profiles. The evolution of the bulk or effective fric-
tion coefficient 4, in a Couette cell is given as a function of
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Fig. 9 Depiction of a generic geometry of a (a) Coaxial-Cylinder rhe-
ometer applied to powders, and its use within a (b) flow and (c) aerated
device. Nomenclature: R; and R,: inner and outer radii, L: bed height
subject to shear; w: rotational speed.

a dimensionless characteristic shear rate, Ve =Tw ‘{d/g ,
where 7w is the shear rate at the wall. The use of 7c is a
particular case of the general inertial number | (see Eqg. 1)
that considers a hydrostatic pressure as the source of the
consolidation stress. Experimental velocity profiles in Cou-
ette cells show the existence of localised shear bands on the
wall of the rotating cylinder that depend on the conditions
of the boundaries. In order to avoid sliding, the walls of the
cylinders must be roughened mechanically or by glueing
particles or sandpaper. Due to the simplicity in design
and control, Couette cells are an excellent alternative to
study the intermediate flow regime. The type of geometry
described in Fig. 9a has been used for a long time to study
powders and capture the stress—strain rate relationship
(Craig et al., 1986; Hanes and Inman, 1985; Savage and
Sayed, 1984). Modern devices without any actuation
include the units proposed by Tardos et al. (1998) and a
shorter, annular device described by Klausner et al. (2000).
Every cell imposes a fixed shear rate and relies on the action
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the shear rate that simply by operating at high shear rate, y
, increasing the rotational speed of the inner cylinder, and
thus ?w. The boundaries for the transition from the qua-
si-static to the intermediate regime and inertial regimes are
still under debate. Experimental values have been proposed
by Tardos et al. (1998; 2003) for the departure of the qua-
si-static regime, i.e. fbc ~0.15/0.25, and the collisional re-
gime )A)C ~ 3, and later confirmed in computational studies
(Vidyapati et al., 2012). In order to achieve a more general
description and reach a higher range of inertial numbers, I,
one can also reduce the consolidation stress, o, linked to the
powder weight. In the following sections, we describe the
design of Couette cells that introduce aeration or flow in a
coaxial-cylinder configuration, Section 4.2.1, and virtual
cells that minimise sliding effects, Section 4.2.2.

4.2.1 Aerated coaxial-cylinder rheometers

Two alternatives have been proposed in literature in
order to actuate a coaxial cylinder rheometer (Fig. 9a) and
operate at higher inertial numbers. One can impose an axial
particle flow in the annular section inserting the unit in flow
device (Fig. 9b) or inject a counter-current stream of air to
reduce the consolidation stress in an aerated or fluidised
chamber (Fig. 9c).

Tardos et al. (1998) first used a coaxial cylinder rheom-
eter to investigate shear stress of non-aerated and aerated
powders. Its geometry and operation conditions are listed
in Table 1. The unit featured two concentrically placed
cylinders and the possibility to aerate the bed. The walls of
both cylinders were covered with sandpaper to minimise
sliding. Two sets of experiments with and without aeration
were performed to study the effects of torque and the height
of the powder bed on the stress evolution. The experiments
under aeration (0 <FI <1) investigated the distribution
of stress under a varying shear rate. Fine free-flowing dry
powders were tested at three rotational speeds, w, and
three bed heights, L. The authors proposed a model for the

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25

variation of the torque, T, based on the assumption of a
linear hydrostatic granular pressure, as:

T = (tR)21RL = nip, gl*Rsin() [1 —ﬁ} ?)

mf
Here, p, is the bulk density of the powder and the last
term accounts for the effect of the superficial velocity in
reducing the effective weight of the sample. Eq (3) predicts
a linear dependency of the shear stress with the bed height,
7~L, and a linear dependency between of the torque with
the gas velocity, T~u,, but a quadratic dependence of the
torque with the radius of the rotating cylinder, 7 ~ R2, and
the height of the powder bed, T~L2. The authors assessed
the validity of Eq. (3) through experimental measurements
of the stress distribution in a stationary material. Unlike
Eq (3), the well-known Janssen equation describes an
exponential distribution of the stress across the depth, but
it would predict a linear dependency, T~L, for a powder
in a quasi-static regime when the normal stress reaches an
asymptotic value below a certain depth. The experimental
results obtained across different particle densities, diame-
ters, shear rates and aeration levels confirmed the predic-
tion of Eq. (3) based on hydrostatic loads and the effect of
aeration in reducing o. These experiments were operated at
low shear rates, 7, and the results did not show any relation
between T and y. In a further series of experiments, Tardos
etal. (1998) investigated the effect of higher shear rates (or
higher 7¢) increasing the rotational speed to 250 rpm bulk
samples of non-aerated coarse glass beads. The effect of
the hydrostatic load was studied placing an 8 cm high layer
of powder on top of the shearing column that blocked the
bed from expanding. The results using different geometries
showed a weak dependency of the dimensionless torque
and shear rate ascribed to the variation of the annular gap
that was actually sheared. However, in the configuration
with an additional layer of powder, the entire annular gap
was sheared, and a linear correlation appeared between the
dimensionless torque and shear rate with a slope of 0.25.
This is one of the first studies capturing the departure from

Table 1 Summary of aerated or vibrated Couette-type cells for the characterisation of intermediate granular flow.

Reference Material Fl d, [nm] o [rpm] 7[5 R,/R;/r*[mm] L [mm]

rl : Anjaneyulu et al. (1995) Glass >1 400-900 150 0.07/1.65  32.5/6-11 20-40

r2 : Tardos et al. (1998) Multiple  0-1 70-530 20/250 10/120 76.2/63.5 195-285

r3 : Marchal et al. (2009) Glass Vibrated 530 — 10-6-102  20/10/11.5 30

4 : Colafigli et al. (2009) Silica >1 26 2.4/16 0.12/0.76  69/50 300

r5: Langroudi et al. (2010a) Glass Flow 500-1000 5/60 0.25/9 152.4/101.6 101.6-406.4
r6 : Landi et al. (2012) Glass >1 48 g 0.13 69/50 300

r7 : Gutam et al. (2013) Multiple 0 830-1300 — 0.34-1.7 75/35-60 190

r8 : Lupo et al. (2019) Multiple  0>1 80-266 0.5 — 25/10.5 28

r9 : Yahia et al. (2020) Glass 0-1 50-500 8/180 2.75/22 70/10-18/12-20 70
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The same linear relationship between the stresses and the
height was confirmed across a broader set of experiments
by Tardos et al. (2003) varying the size of the internal
cylinder, and including measurements of normal stresses in
the radial and axial directions with the use of piezoelectric
sensors. In this work, a new constitutive equation was
proposed to unify quasi-static, intermediate and inertial re-
gimes on the basis of a 2D analysis of the Couette flow us-
ing the additive approach of the stresses of Savage (1998).

Langroudi et al. (2010a; 2010b) were the first to propose
the creation of a flow system to increase the inertial number
in a coaxial-cylinder chamber. Fig. 9b depicts the general
concept. These units offer some flexibility. They can be
operated either in a batch or under a continuous axial flow
of material in the annular space. The height of powder in
the shearing band can be controlled with the powder flow
rate, and an additional layer can be maintained above the
shearing band, denoted overburden, to control the consol-
idation. In the study of Langroudi et al. (2010a; 2010b),
the behaviour of coarse glass beads was evaluated first
without the presence of the overburden. Four bed heights,
L, and four rotational speeds were tested. As described by
others in aerated (Tardos et al., 1998) and fluidised devices
(Anjaneyulu and Khakhar, 1995), shearing caused the
stratification of the flow with two distinct layers of mobile
and stagnant powder. Analysis of the torque was in agree-
ment with Tardos et al. (1998) and confirmed the linear
correlation between 7 and the bed height, L. The analysis
confirmed the presence of two regimes, a quasi-static flow
at low shear rates where r is independent of y, and an
intermediate at higher values where z increases with in-
creasing 7. The authors assumed a power-law for the stress
and shear rate relation, = =", and found that the n-index
ranges from 0.5 to 1 and increasing with higher shear rate.
This work provided also important additional information
by measuring the normal stress, o, acting on the shearing
surface of the material. Stress sensors were placed in both
the surface of the outer and inner cylinders, and a further
set of experiments was conducted with a fixed bed height
at 406.6 mm, an overburden of 101.6 mm and increasing
o from 5 to 60 rpm. As expected, the normal stress o
measured at the wall increased linearly with the depth in
the powder bed, and it was independent on the rotational
speed, w. Measuring both the shear stress (indirectly) and
the normal stress (directly), they estimated the angle of
internal friction, «, and found that it was comparable to
the one evaluated with classic shear testers at low y. The
authors proposed a constitutive model based on the data
that blends the Coulomb yield condition at zero shear with
a power law at a higher shear rate, 7/ o = tan(x)+5[7|" . In
a later study, Langroudi et al. (2011) used the same device
equipped with capacitance probes to study the effect of
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polydispersity and shape in secondary flow patterns and the
powder dilation.

Langroudi et al. (2010a) also studied the effects of the
bed height, L, without overburden and confirmed a linear
dependency of the average 7 on L with a slope proportional
to y. However, as pointed out by Ghadiri et al. (2020),
there have been conflicting experimental observations.
Mehandia et al. (2012) and Gutam et al. (2013) report
evidence of an exponential behaviour studying in detail the
axial distribution of the stress in slow regime on a similar
arrangement (Table 1) including the direct measurement of
radial and axial normal stresses. In their device, aeration
was used only to homogenise the bed of powder, and the
samples were pre-sheared during 20-30 min to remove
any history effect. In contradiction with the observation
of Tardos et al. (1998; 2003), all components of the stress
tensor were seen to increase exponentially with the depth
in the bed. The behaviour was found to be consistent with
the Janssen equation across a range of conditions, which
was ascribed to the inherent anisotropy of the bed fabric.
In a later work, Krishnaraj and Nott (2016) associated the
abnormal quadratic dependence of the stress with depth to
the formation of a secondary vortex in a Couette geometry.
The authors argue that the gravitational acceleration and its
interplay with the confinement are responsible of causing
a deviation from the expected liquid-like behaviour in
isotropic plasticity models. These models disregard the
transmission of stress to a boundary as the majority of
computational DEM works do by imposing Lees Edwards
boundary conditions. The role of geometrical constraints,
particularly the size of the annular gap, therefore, requires
further investigation.

Lupo et al. (2019) conducted a similar study using an
Anton Paar cell featuring a pseudo-cylindrical impeller
with a grooved surface. They carried out torque measure-
ments on aerated and non-aerated samples by immersing
the impeller at various bed depths. Experiments were per-
formed below and above the minimum fluidisation using
different powders (see Table 1). As expected, T decreased
with the depth of the impeller for all the cases studied and
decreased with increasing gas velocity. However, the more
complex geometry of the cylinder/impeller requires further
analysis to be able to compute the stresses.

Couette flow configurations have also used to investigate
higher levels of aeration. For example, Anjaneyulu and
Khakhar (1995) introduced an adapted Coaxial-cylinder
rheometer to study of the rheology of a fluidised beds
following an aerated arrangement, Fig. 9c. A viscometer
(Brookfield, Synchro-Lectricas) was used to rotate an inner
cylinder. Two geometries with varying internal radius were
tested using glass beads with various sizes and reaching
complete fluidisation FI >1 (Table 1). For each airflow,
the inner rotating cylinder was immersed in the glass beads
sample at different elevations L. The experiments showed
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\¢ daﬁ%nd a static layer at the vicinity of the wall. In line with
this observation, the authors proposed a pseudo-plastic
constitutive equation based to describe the granular ma-
terial as a Bingham fluid. Fitting the experimental results
led to estimates of the bulk shear viscosity, x, and the yield
stress, 7, where 7, defined as the shear stress at a very low
rotational speed (w—0). As expected, both x« and z,, de-
creased with increasing air velocity, but while T, decreased
monotonically and beyond the fluidisation conditions, u
reached nearly constant value for FI > 1. This behaviour
was explained by the motion of the gas from the sheared
inner region to the outer packed region. The yield stress,
dominated by the outer packed bed, decrease as more gas
flows through for a higher FI but the viscosity, x, remains
constant since it is governed by the shearing of the rotating
inner region, which does not dilate further. Both x and z,
were found to be independent of the particle size for the
same FI. At a low aeration level, the experimental results
were more scattered, and the inner cylinder radius and the
immersion depth had a significant effect on x and 7,

Colafigli et al. (2009) developed an alternative design for
high aeration levels, known as the Couette Fluidised-Bed
Rheometer (CFBR). A CFBR is designed to measure the
apparent viscosity in a homogenous gas-fluidised bed. It
features the same type of aerated geometry, Fig. 9c. The
external cylinder was made of Pyrex to allow direct obser-
vation of the fluidisation dynamics, and the inner cylinder
was made of stainless steel. Colafigli et al. (2009) used
nitrogen at ambient conditions as the fluidisation medium
and silica powder (dp =26 pum). The height of the bed was
maintained at a constant value to have the inner rotating
cylinder fully immersed, and enough space was left above
the bed to accommodate the expansion of the bed. The
apparent viscosity was evaluated from the steady-state
value of the torque assuming a laminar flow in the annular
gap. The values of viscosity were computed with the as-
sumption of a Newtonian fluid and, therefore, they provide
only an estimate of an *“apparent” viscosity. Nonetheless,
the results indicated a clear and significant decrease in the
mean apparent viscosity with increasing w. For a fixed
rotational speed, the mean apparent viscosity decreased
with increasing airflow. Despite it remains unclear how to
convert the registered torque, T, to bulk physical properties
such as viscosity or yield stress, CFBRs offer an easy
way to evaluate and compare different powders and even
study the effects linked to changes in particle properties
or operation conditions, e.g. temperature or pressure. For
example, Landi et al. (2012) used a CFBR to investigate the
flow properties of moisturised glass beads with relative hu-
midity rH ranging from 15 % to 70 %. In this work, the rH
was controlled by using pre-humidified air stream used as
a carrier in the bed. Surprisingly, the minimum fluidisation
velocity (0.09-0.12 m.s™1) followed no apparent trend with
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the rH, and at a fixed rotational speed (Table 1) the torque,
T, was found to decrease monotonically with superficial
gas velocity, independently of the value of the rH.

A better understanding of the development of the flow
and the force chains in a Couette device can be obtained
with visualisation techniques such as magnetic resonance
imaging (MRI). For example, Moucheront et al. (2010)
reported an MRI investigation of granular rheology in a
Couette device similar to that in Fig. 9a, where the material
(Mustard seeds-MRI sensitive) was confined between two
plastic cylinders and sheared by the rotation of the inner
one. Multi-layer MRI velocimetry was used to evaluate the
velocity profiles at different elevations. The authors were
able to determine the effect of the roughness of the inner
cylinder and the bottom base on the flow structure. The re-
sults demonstrate that the roughness of the bottom surface
has an effect localised only to a few granular layers, but the
roughness of the inner cylinder wall affects significantly
the system determining the sliding velocity and the friction
coefficient.

4.2.2 Aerated virtual Couette configurations

The error associated with the roughness of the bound-
aries and the reliable estimation of shear stress ¢ are
some of the challenges encountered by coaxial-cylinder
rheometers. New modified cells address some of these
issues proposing new ways to harmonise the experimental
data and the wall boundary conditions. A coaxial-cylinder
rheometer can be easily modified by replacing the inner
cylinder by an impeller while maintaining a Couette flow.
The resulting alternative design is called virtual Couette
flow. It is depicted in Fig. 10. It has been used in the study
of granular material by several authors including Marchal
et al. (2009) and Yahia et al. (2020). Both studies used the
same strategy: the inner cylinder is replaced by an impeller

) > DA

@

Fig. 10 Virtual Couette Flow: (a) Schematic, L: cell height; «: rota-
tional speed, R,, R; and r*: external, inner and optimal radii; (b) Image
of the impeller denoted virtual cell. Adapted from Yahia et al. (2020) un-
der the terms of the CC-BY 4.0 license. Copyright: (2020) The Authors,
published by Wiley Periodicals, Inc.
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\$ baﬂ*l\es aligned with the radial direction, see Fig. 10b. The
inner element rotates at a fixed position inside the material.
In doing so, the impeller creates a cylindrical geometry
filled with powder under solid body rotation at the velocity
of the baffles. A shearing plane is created exclusively be-
tween granules at the outer surface of the moving virtual
cylinder, therefore eliminating any potential sliding effects.

Marchal et al. (2009) used a virtual Couette cell to
investigate the effects of mechanical vibration on granular
rheology. They first introduced the definition of an optimal
radial position, r*, (see Fig. 10a) as a way to translate the
torque measurement into a transportable measurement of
shear rate, 7, and stress, z. The optimal radial position,
r*, is an exclusive geometrical property of each Couette
configuration. When reported at r*, both z and y become
independent of the dimensions of the outer and inner
cylinder. The formulation of r* was confirmed with fur-
ther experimentation with Newtonian and non-Newtonian
fluids by Ait-Kadi et al. (2002) where several Couette-type
flow configurations were tested. This is a critical step in
order to fix a standard procedure to report data. Marchal
et al. (2009) employed an inner cylinder made of stainless
steel. The baffle width was 5 mm and six were glued also
on the external cylinder surface to avoid particles sliding.
The external cylinder was mounted on a plate to apply
mechanical vibration during the shearing process. Experi-
ments were performed with and without vibration using a
sample of coarse glass beads and a varying the shear rate, y
(Table 1). The results obtained in a non-vibrated bed found
no stress-strain rate relationship, but under mechanical vi-
bration and low values of y the shear stress, 7, and the shear
rate, y, were found to be linearly proportional describing a
Newtonian behaviour.

A more advanced design including aeration, called an
Aerated Bed Virtual Couette Rheometer (AB-VCR) was
proposed by (Yahia et al., 2020). The AB-VCR adapts a
virtual Couette geometry similar to the one presented in
Fig. 10 to the FT4 Powder Rheometer. The aerated vessel
of the FT4 is a glass cylinder. The inner cylindrical element
(so-called virtual cell) has 3D printed six blades made of
plastic material (ABS-M30i, SYS systems 3D Printing).
Yahia et al. (2020) conducted experiments with and with-
out aeration.

Under no aeration, the shear stress, z, was found to be
independent of shear rate, y, indicating that the powders
were in the quasi-static regime. At a fixed value of 7,
the shear stress, 7, was dependent on particle size, which
was ascribed to different bulk internal friction of each
size class (i, = 0.46 +0.02, 154 4, = 0.36 +0.01,
M160-210m = 0-32 + 0.01). The bulk friction coefficient mea-
surements were compared with FT4 torsional shear cell
experiments, and they showed very good agreement.
During the aeration experiments, ambient air was injected
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through the sample using a stainless-steel base grid to have
a homogeneous flow distribution. The air velocity was in-
creased from no aeration to a fluidisation index Fl < 0.4, at
a varying shear rate y (Table 1). All powders display a qua-
si-static behaviour under this range of aeration. The shear
stress, however, was found to decrease with the increasing
air velocity in agreement with the observation of Tardos
et al. (1998). It is worth noting that unlike them, this work
operated only in a batch mode and did not study the effect
of an additional static layer of powder atop of the sample
to prevent the expansion of the bed. For a fixed fluidisation
index, a good agreement was found between the results
obtained with samples with the same angle of internal fric-
tion, u, while the shear stress, z, associated with a higher u
was systematically lower. Yahia et al. (2020) demonstrated
the potential of r* to standardise the measurements in
Couette shear testers. The authors compared the use of
three virtual cells of a varying radius and a fixed bed height
(Table 1). As expected, in every powder, the torque, T, de-
pended on the dimensions of the virtual cell, increasing for
an increasing radius. However, the shear stress r computed
at the optimal position, r*, using the recorded torque, T,
was the same for all the cells used.

These devices are still in development and quantitative
comparison is necessary, but the selection of presented
here shows the potential of Couette cells to investigate
the departure from a quasi-static flow. The versatility of
the device permits to operate at a wide range of rotational
speeds, with or without an overload of static powder, with
and without aeration, vibration or an imposed gravitational
flow, and they allow varying the geometry with a sound
scaling parameter. However, the computation of z from T
in each historical work is based on different assumptions,
and the complete of information necessary to reconstruct
it is missing from most of the studied. Not all of them op-
erate under the free expansion of the bed, a wide range of
particle properties and geometries is present, and the nature
of the axial distribution of stress remains to be clarified.
Nevertheless, the use of the optimal radial position, r*,
opens the way to establish a standard in the computation
of the shear stress and the shear rate. At this point, a com-
parative analysis of the studies in Couette configurations is
limited to the qualitative features summarised in Table 2.
Overall, experiments find the expected behaviour at low y
where 7 is independent of y with and without aeration. As
y increases at a high FI aerated cells capture the departure
from a quasi-static regime, whereby z starts to increase for
increasing 7. This relation is modified with the operating y
and the level of aeration. The torque and the bulk viscosity
decrease with the superficial gas velocity, and there are
conflicting reports regarding the axial distribution of the
stress, where both a linear and an exponential dependency
with the bed height have been suggested.
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Mechanically stirred beds are used to study the highest
range of shear rates under complete fluidisation. They mea-
sure the torque, T, required to rotate an impeller immersed
in a powder bed, Fig. 11a. T depends on the structure of
the powder and reflects its flowability. Depending on the
impeller shape and its position in the bed, T could be used
to compute a characteristic shear stress, z. For example,
Bruni et al. (2005; 2007) developed a mechanically stirred
fluid-bed rheometer (msFBR) consisting of a flat impeller
(36 mm diameter x 7 mm height x 0.7 mm thickness) that
rotates at a fixed position inside an aerated bed. The test
was conducted varying the impeller depth and the rate of
aeration below and above the minimum fluidisation. The
powder was preconditioned in every test by fully fluidising
it and decreasing the aeration level to the desired value to
remove any history effects. Bruni et al. (2005) explored
the effect of the aeration rate (0 <FIl<1), the impeller
speed (0 to 8.79 rpm) and the depth ID on the torque,
T, using alumina and soda glass beads. Under aeration,
FI <1, the torque, T, was found to reach a constant value
at each speed only after a sufficiently long time, and as
expected, it increased with the depth until reaching a
plateau at the bottom end. In a later work, Bruni et al.,
(2007) proposed a model based on the Janssen equation
and the Mohr—Coulomb vyield criteria to predict the stress
at the impeller depth, and evaluate the change in T at low
consolidation resulting from the combined action of the
sample weight, the aeration and the impeller position. This
work studied alumina powders and glass beads varying the
position of the impeller with or without aeration (FI < 1),
and concluded that independently of the impeller depth,
the aeration does not influence T. Tomasetta et al. (2012)

Table 2 Summary of the experimental behaviour described in the cells
listed in Table 1.

Reference vs. main experimental observation

rl  Adopts Bingham model; x and z, decrease with u,

r2 Measures T and deduces a hydrostatic stress profile
(0~L). Captures intermediate flow for y > 0.15

r3 Proposes a vibrated virtual cell and r*. Finds Newto-
nian behaviour =~ y under vibration and low 7.

r4  Adopts Newtonian model; x decreases with ®

r5 Measures normal stresses consistent with a hydrostatic
stress profile (o~L); finds 7/ o = tan () + b|j|*"

ré Measures T decreases with Ug independently of rH.

r7 Measures normal stresses in agreement with Jensen Eq
and in contradiction with a hydrostatic stress profile.

r8 Measures how T decreases with L and Ug

r9 Demonstrates the use of r* in an aerated virtual cell;
finds that 7 decreases with u, in quasi-static regime.
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BFE, FT4 - Downwards test

Tilted balde rotating and
pushing down

Cohesive
BFE,
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BFE

Basic Flowability Energym, BFE

Superficial Air velocity — u,

Fig. 11 Examples of stirred aerated/fluidised beds: (a) Depiction of the
generic geometry (b) Qualitative evolution of the BFE with increasing
gas superficial velocity, Uy, during a FT4 downwards test.

estimated the flow properties from the data reported by
Bruni et al. (2007) developing a new procedure to compute
the shear stress, z, and the consolidation stress, o, from the
torque.  was found to increase linearly with o in a similar
way to the yield locus characteristic a shear tester. The bulk
friction coefficient, u,, was then simply computed by /. It
was shown that the computed values of 4, were in a good
agreement with the measurements obtained in a Schulze
ring shear test.

The FT4 rheometer can also be used as a mechanically
stirred aerated bed. The unit is equipped with a twisted
stainless-steel rotated blade that moves downwards and
upwards through the powder. As in all the FT4 tests,
the powder is prepared in a conditioning cycle where
the twisted blade moves through the sample rotating in
a clockwise direction, creating a uniform, reproducible
lightly packed sample (Freeman, 2007). Two tests can
be performed with a mechanically stirred configuration:
downwards and upwards. In both, the blade rotates in an
anticlockwise direction. In a downwards test, the rotation
of a twisted blade results in shearing while the axial move-
ment applies a normal stress to the bed. The torque and the
vertical force recorded in a downwards test can be used to
derive a so-called Basic Flowability Energy (BFE) which
represents the energy required for the blade to complete a
full translation. The BFE is, therefore, a parameter specific
to the FT4. It lacks universal meaning, but it allows a
direct comparison of the flowability of different powders
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Qoty@‘pcal evolution of BFE with superficial gas velocity u,. A
non-dimensional aeration ratio (AR) defined as the ratio of
BFE at no aeration to BFE at a given air velocity has been
proposed as a way to classify flowability. If AR ~ 1 the
powder is not sensitive to aeration, which is typical of very
cohesive powders or a higher binder content. If AR >> 20,
the powder displays a low cohesive strength, it is very sen-
sitive to aeration and likely to be fluidised. There are many
examples where the FT4 aeration test has been able to rank
the flowability of powders (Freeman, 2007). For example,
Gnagne et al. (2017) reported the properties of flours, Ono
and Yonemochi (2020) studied the effect of additives in the
flowability of ibuprofen and Ludwig et al. (2020) evaluated
its behaviour under fluidisation.

Although the method is clearly able to rank powders, it
does not provide a transportable set of properties. The com-
plex geometry of the blade makes it difficult to evaluate the
characteristic strain rate and the shear stress, but the combi-
nation of experimental and computational studies can help
to address some of these limitations. The work of Hare et
al. (2015; 2017) suggests that it is indeed possible to deter-
mine a characteristic z for a powder in the FT4 aeration test.
Hare et al. (2015; 2017) combined experiments and DEM
simulations to determine the shear stress profile in the bed.
In order to estimate the strain rate and shear stress they
analysed the dynamic behaviour of a bed of large cohesive
glass beads (d, = 1.7-2.1 mm) during the FT4 aeration test
and found that z was be constant across the blade length
and increased as the impeller penetrated the bed. Hare et
al. (2017) later provided a similar framework to analyse the
stress and strain rates, and Nan et al. (2017a; 2017b) com-
bined computational and experimental work to study how
aeration and shape affected the stress profiles in samples of
soap roads, polyethylene and glass beads.

Oher commercially available stirred beds include the
Anton Paar Powder Cell (APPC). This device works with
the same principle as the msFBR (Bruni et al., 2005; 2007)
recording the torque acting on an impeller immersed in an
aerated powder bed. The bed can be operated either below
or above the minimum fluidisation. The cell containing the
powder is made of a glass cylinder with a porous bottom
plate, and the unit is equipped with impellers of different
shapes and wall conditions. Salehi et al. (2017b) used an
APPC to study the effects of the impeller depth and the
aeration rate on the torque acting on a flat blade impeller in
samples of free-flowing powders, namely glass beads, alu-
mina and sieved silica sand, up to the minimum fluidisation
(0 < FI <1). The dependency of T on the air velocity, the
bed height and the impeller depth confirm the observations
of Bruni et al. (2005; 2007). They proposed to use a fitting
parameter as the “effectiveness” of the impeller to estimate
T at different depths. The model is based on the assumption
that the shearing occurs only within the cylindrical region
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captured by the impeller rotation. In a later work, Salehi
et al. (2018) measured T under different geometries in
non-aerated glass beads of different sizes. In a similar fash-
ion to the works in an FT4, a combination of computational
and experimental data was used to evaluate internal flow
parameters such as the bulk friction coefficient between
particles and between particles and the blade.

5. Conclusions

Classic shear cell devices and a broad array of ad-hoc
experimental tests have served for decades as the stan-
dard to evaluate the flow threshold of cohesive industrial
powders. However, looking only at the initiation of the
flow is a rather simplistic view of the rheology of granular
materials. It fails to capture their dynamic behaviour and
the transition to intermediate and inertial regimes. These
are fundamental aspects of the flow behaviour observed in
natural systems and industrial units. In order to efficiently
process powder, optimise unit operations and develop
new technologies involving dense particle flows such as
process, energy and additive manufacturing, one requires
a precise understanding of all granular flow regimes.
Dynamic tests and many flow configurations have been
proposed as alternative ways to characterise the dynamic
behaviour of a powder. However, even the simplest devices
such as rotating drums, chutes or avalanches display a very
complex flow pattern, and the resulting bulk properties are
difficult to interpret.

It is important to move towards establishing a rigorous
and transportable analysis of the data across different de-
vices. This review provides an overview of the strategies
developed in recent years to expand the usage of conven-
tional shear cells from the quasi-static regime into the char-
acterisation of intermediate and inertial flows by applying
external actuation. However, the practical difficulties in
operating at higher shear rates and the complex behaviour
of granular matter make the development of flexible in-
struments very difficult. Commercially available units such
as the FT4 rheometer or the Anton Parr Powder Cell have
tackled this challenge using a rotational cell under aeration
to achieve very small consolidation stresses. Many other
customised devices have followed similar principles using
modified testers, flow devices, fluidised bed rheometers
and mechanically agitated beds. The main drawback of
these units is linked to the assumptions employed to estab-
lish a relation between the registered torque and the charac-
teristic stresses and shear rates. In this work, we have paid
particular attention to the development of aerated Couette
flow configurations to address some of these issues. Not
only it is a flexible geometry with a tight and independent
control normal and shear stress over a broad range of shear
rates, but these units offer a direct way to harmonise the
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rpretation of data. They provide geometry-independent Berry R.J., Bradley M.S.A., McGregor R.G., Brookfield powder

VQosmﬁr rates and stresses, and the introduction of the new

virtual-cell concept removes most of the concerns associ-
ated to earlier units. However, their application is still lim-
ited, and further work is necessary to assess their viability
as an industrial characterisation technique.

Acknowledgements

RO acknowledges financial support from the EPSRC
(EP/N034066/1).

References

Ait-Kadi A., Marchal P., Choplin L., Chrissemant A.-S.,
Bousmina M., Quantitative analysis of mixer-type rheom-
eters using the Couette analogy, The Canadian Journal of
Chemical Engineering, 80 (2002) 1166-1174. DOI: 10.1002/
cjce.5450800618

Andreotti B., Forterre Y., Pouliquen O., Granular media: between
fluid and solid, Cambridge University Press, Cambridge,
2013. ISBN: 9781107034792

Anjaneyulu P., Khakhar D.V., Rheology of a gas-fluidized bed,
Powder Technology, 83 (1995) 29-34. DOI: 10.1016/0032-
5910(94)02922-b

Aranson I.S., Tsimring L.S., Continuum description of avalanches
in granular media, Physical Review E, 64 (2001) 020301.
DOI: 10.1103/physreve.64.020301

Aranson L.S., Tsimring L.S., Continuum theory of partially fluid-
ized granular flows, Physical Review E, 65 (2002) 061303.
DOI: 10.1103/physreve.65.061303

Bagnold R., Experiments on a gravity-free dispersion of large
solid spheres in a Newtonian fluid under shear, Proceedings
of the Royal Society of London. Series A. Mathematical
and Physical Sciences, 225 (1954) 49-63. DOI: 10.1098/
rspa.1954.0186

Barletta D., Berry R.J., Larsson S.H., Lestander T.A., Poletto M.,
Ramirez-Gomez A., Assessment on bulk solids best practice
techniques for flow characterization and storage/handling
equipment design for biomass materials of different classes,
Fuel Processing Technology, 138 (2015) 540-554. DOI:
10.1016/j.fuproc.2015.06.034

Barletta D., Donsi G., Ferrari G., Poletto M., A rotational tester
for the characterization of aerated shear flow of powders,
Particle & Particle Systems Characterization, 24 (2007)
259-270. DOI: 10.1002/ppsc.200701115

Baumgarten A.S., Kamrin K., A general fluid-sediment mixture
model and constitutive theory validated in many flow
regimes, Journal of Fluid Mechanics, 861 (2019) 721-764.
DOI: 10.1017/jfm.2018.914

Berry R.J., Bradley M.S.A., Investigation of the effect of test pro-
cedure factors on the failure loci and derived failure functions
obtained from annular shear cells, Powder Technology, 174
(2007) 60-63. DOI: 10.1016/j.powtec.2006.10.023

20

flow tester. Results of round robin tests with CRM-116 lime-
stone powder, Proceedings of the Institution of Mechanical
Engineers, Part E: Journal of Process Mechanical Engineer-
ing, 229 (2014) 215-230. DOI: 10.1177/0954408914525387

Berzi D., Extended kinetic theory applied to dense, granular,
simple shear flows, Acta Mechanica, 225 (2014) 2191-2198.
DOI: 10.1007/s00707-014-1125-1

Bishop A.W., Green G.E., Garga V.K., Andresen A., Brown
J.D., A new ring shear apparatus and its application to the
measurement of residual strength, Géotechnique, 21 (1971)
273-328. DOI: 10.1680/ge0t.1971.21.4.273

Borzsonyi T., Unger T., Szab6é B., Wegner S., Angenstein F.,
Stannarius R., Reflection and exclusion of shear zones in
inhomogeneous granular materials, Soft Matter, 7 (2011)
8330. DOI: 10.1039/c1sm05762f

Bruni G., Barletta D., Poletto M., Lettieri P., A rheological
model for the flowability of aerated fine powders, Chemical
Engineering Science, 62 (2007) 397-407. DOI: 10.1016/j.
€es.2006.08.060

Bruni G., Colafigli A., Lettieri P., Elson T., Torque measurements
in aerated powders using a mechanically stirred fluidized bed
rheometer (msFBR), Chemical Engineering Research and
Design, 83 (2005) 1311-1318. DOI: 10.1205/cherd.05092

Campbell C.S., Granular shear flows at the elastic limit, Journal
of Fluid Mechanics, 465 (2002) 261-291. DOI: 10.1017/
5002211200200109x

Campbell C.S., Granular material flows — an overview, Powder
Technology, 162 (2006) 208-229. DOI: 10.1016/j.powtec.
2005.12.008

Capriz G., Giovine P., Mariano P.M., Mathematical Models of
Granular Matter, Springer-Verlag Berlin Heidelberg, Berlin,
2008, ISBN: 9783540782773.

Carr J.F., Walker D.M., An annular shear cell for granular
materials, Powder Technology, 1 (1968) 369-373. DOI:
10.1016/0032-5910(68)80019-1

Carr R.L., Evaluating flow properties of solids, Chemical Engi-
neering., 18 (1965) 163-168.

Carson J.W., Wilms H., Development of an international standard
for shear testing, Powder Technology, 167 (2006) 1-9. DOI:
10.1016/j.powtec.2006.04.005

Castellanos A., Valverde J.M., Quintanilla M.A.S., The Sevilla
Powder Tester: A tool for characterizing the physical prop-
erties of fine cohesive powders at very small consolidations,
KONA Powder and Particle Journal, 22 (2004) 66-81. DOI:
10.14356/kona.2004011

Chen P., Yuan Z., Shen X., Zhang Y., Flow properties of three fuel
powders, Particuology, 10 (2012) 438-443. DOI: 10.1016/j.
partic.2011.11.013

Chen W.-K., Mizuno E., Nonlinear Analysis in Soil Mechan-
ics: Theory and Implementation, Elsevier Science Ltd,
Amsterdam, New York, NY, U.S.A., 1990.

Chen X., Xu Y., Lu H., Guo X., Effect of the moisture content of
straw on the internal friction angle of a granular biomass-coal
system, Fuel, 215 (2018) 266-271. DOI: 10.1016/j.
fuel.2017.11.013

Cheng X., Lechman J.B., Fernandez-Barbero A., Grest G.S.,
Jaeger H.M., Karczmar G.S., Mébius M.E., Nagel S.R.,



N
@
BO
<
£
N
0

66&1" 3 qurnensional shear in granular flow, Physical Review
Q° \@Q\_etters, 96 (2006) 038001. DOI: 10.1103/physrevlett.
\(\o$ 96.038001
Chialvo S., Sun J., Sundaresan S., Bridging the rheology of gran-
ular flows in three regimes, Physical Review E, 85 (2012)
021305. DOI: 10.1103/physreve.85.021305
Christakis N., Chapelle P., Patel M.K., Analysis and modeling
of heaping behavior of granular mixtures within a computa-
tional mechanics framework, Advanced Powder Technology,
17 (2006) 383-398. DOI: 10.1163/156855206777866173
Colafigli A., Mazzei L., Lettieri P., Gibilaro L., Apparent vis-
cosity measurements in a homogeneous gas-fluidized bed,
Chemical Engineering Science, 64 (2009) 144-152. DOI:
10.1016/j.ces.2008.08.036
Craig K., Buckholz R.H., Domoto G., An experimental study of
the rapid flow of dry cohesionless metal powders, Journal
of Applied Mechanics, Transactions ASME, 53 (1986)
935-942. DOI: 10.1115/1.3171884
Crawford N.C., Nagle N., Sievers D.A., Stickel J.J., The effects
of physical and chemical preprocessing on the flowability
of corn stover, Biomass and Bioenergy, 85 (2016) 126-134.
DOI: 10.1016/j.biombioe.2015.12.015
da Cruz F., Emam S., Prochnow M., Roux J.-N., Chevoir F.,,
Rheophysics of dense granular materials: discrete simulation
of plane shear flows, Physical Review E, 72 (2005) 021309.
DOI: 10.1103/physreve.72.021309
Dartevelle S., Numerical modeling of geophysical granular flows:
1. A comprehensive approach to granular rheologies and
geophysical multiphase flows, Geochemistry, Geophysics,
Geosystems, 5 (2004) Q08003. DOI: 10.1029/2003gc000636
Deshmukh O.S., Dhital S., Mantilla S.M.O., Smyth H.E., Boehm
M.W., Baier S.K., Stokes J.R., Ring shear tester as an in-
vitro testing tool to study oral processing of comminuted
potato chips, Food Research International, 123 (2019)
208-216. DOI: 10.1016/j.foodres.2019.04.037
Dhenge R.M., Washino K., Cartwright J.J., Hounslow M.J.,
Salman A.D., Twin screw granulation using conveying
screws: Effects of viscosity of granulation liquids and flow
of powders, Powder Technology, 238 (2013) 77-90. DOI:
10.1016/j.powtec.2012.05.045
Diaz-Bejarano E., Behranvand E., Coletti F., Mozdianfard
M.R., Macchietto S., Organic and inorganic fouling in heat
exchangers — Industrial case study: Analysis of fouling state,
Applied Energy, 206 (2017) 1250-1266. DOI: 10.1016/j.
apenergy.2017.10.018
Duffy S.P., Puri V.M., Evaluation of the computer controlled
dynamic yield locus tester, Powder Technology, 101 (1999)
257-265. DOI: 10.1016/s0032-5910(98)00181-8
Fan L.-S., Zhu C., Principles of Gas-Solid Flows, Cambridge
University Press, Cambridge, 2005, ISBN: 9780511530142.
DOI: 10.1017/CB09780511530142
Feise H.J., Schwedes J., Investigation of the behaviour of cohe-
sive powder in the biaxial tester, KONA Powder and Particle
Journal, 13 (1995) 99-103. DOI: 10.14356/kona.1995014
Fitzpatrick J.J., Barry K., Cerqueira P.S.M., Igbal T., O’Neill J.,
Roos Y.H., Effect of composition and storage conditions on
the flowability of dairy powders, International Dairy Journal,
17 (2007) 383-392. DOI: 10.1016/j.idairyj.2006.04.010

H

of

,
D

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25

Francia V., Martin L., Bayly A.E., Simmons M.J.H., The role of
wall deposition and re-entrainment in swirl spray dryers,
AIChE Journal, 61 (2015) 1804-1821. DOI: 10.1002/aic.14767

Freeman R., Measuring the flow properties of consolidated,
conditioned and aerated powders — A comparative study
using a powder rheometer and a rotational shear cell,
Powder Technology, 174 (2007) 25-33. DOI: 10.1016/j.
powtec.2006.10.016

Freeman R.E., Cooke J.R., Schneider L.C.R., Measuring shear
properties and normal stresses generated within a rotational
shear cell for consolidated and non-consolidated powders,
Powder Technology, 190 (2009) 65-69. DOI: 10.1016/j.
powtec.2008.04.084

Garcia-Trifianes P., Luding S., Shi H., Tensile strength of cohe-
sive powders, Advanced Powder Technology, 30, 12 (2019)
2868-2880. DOI: 10.1016/j.apt.2019.08.017

Garz6 V., Dufty J.W., Dense fluid transport for inelastic hard
spheres, Physical Review E, 59 (1999) 5895-5911. DOI:
10.1103/physreve.59.5895

Ghadiri M., Ning Z., Kenter S.J., Puik E., Attrition of granular
solids in a shear cell, Chemical Engineering Science, 55-22
(2000) 5445-5456. DOI: 10.1016/S0009-2509(00)00168-8

Ghadiri M., Pasha Mehrdad, Nan W., Hare C., Vivacqua V., Zafar
U., Nezamabadi S., Lopez A., Pasha Massih, Nadimi S.,
Cohesive powder flow: trends and challenges in characteri-
sation and analysis, KONA Powder and Particle Journal, 37
(2020) 3-18. DOI: 10.14356/kona.2020018

Girimonte R., Bernardo P., Minnicelli A., Formisani B., Exper-
imental characterization of the cohesive behaviour of fine
powders by the raining bed test, Powder Technology, 325
(2018) 373-380. DOI: 10.1016/j.powtec.2017.11.038

Gnagne E.H., Petit J., Gaiani C., Scher J., Amani G.N., Character-
isation of flow properties of foutou and foufou flours, staple
foods in West Africa, using the FT4 powder rheometer, Jour-
nal of Food Measurement and Characterization, 11 (2017)
1128-1136. DOI: 10.1007/s11694-017-9489-2

Gray D.D., Stiles J.M., On the constitutive relation for frictional
flow of granular materials: Topical report (No. DOE/
MC/21353-2584), Morgantown, WV (USA), 1988.

Guo Y., Curtis J.S., Discrete element method simulations for com-
plex granular flows, Annual Review of Fluid Mechanics, 47
(2015) 21-46. DOI: 10.1146/annurev-fluid-010814-014644

Guo Z., Chen X., Xu Y., Liu H., Study of flow characteristics of
biomass and biomass-coal blends, Fuel, 141 (2015) 207-213.
DOI: 10.1016/j.fuel.2014.10.062

Gutam K.J., Mehandia V., Nott P.R., Rheometry of granular mate-
rials in cylindrical Couette cells: Anomalous stress caused by
gravity and shear, Physics of Fluids, 25 (2013) 070602. DOI:
10.1063/1.4812800

Hammerich S., Stickland A.D., Radel B., Gleiss M., Nirschl
H., Modified shear cell for characterization of the rheolog-
ical behavior of particulate networks under compression,
Particuology, 51 (2020) 1-9. DOI: 10.1016/j.partic.2019.
10.005

Hanes D. M., Inman D.L., Observations of rapidly flowing gran-
ular-fluid materials, Journal of Fluid Mechanics, 150 (1985)
357-380. DOI: 10.1017/s0022112085000167

Hare C., Ghadiri M., Stress and strain rate analysis of the FT4

21

X

%



<

N
@
BO
<
£
N
0

de“P wider Rheometer, EPJ Web of Conferences, 140 (2017)
QC" 1¥8034. DOI: 10.1051/epjconf/201714003034

Hare C., Ghadiri M., Dennehy R., Prediction of attrition in agi-
tated particle beds, Chemical Engineering Science, 66 (2011)
4757-4770. DOI: 10.1016/j.ces.2011.06.042

Hare C., Zafar U., Ghadiri M., Freeman T., Clayton J., Murtagh
M.J., Analysis of the dynamics of the FT4 powder rheometer,
Powder Technology, 285 (2015) 123-127. DOI: 10.1016/j.
powtec.2015.04.039

Hare C., Zafar U., Ghadiri M., Freeman T., Clayton J., Murtagh
M.J., Correction to “Analysis of the dynamics of the FT4
powder rheometer” [Powder Technol. 285 (2015) 123-127],
Powder Technology, 315 (2017) 37-38. DOI: 10.1016/j.
powtec.2017.02.061

Hartmann M., Palzer S., Caking of amorphous powders —
Material aspects, modelling and applications, Powder
Technology, 206-1-2 (2011) 112-121. DOI: 10.1016/j.
powtec.2010.04.014

Hassanpour A., Ghadiri M., Characterisation of flowability of
loosely compacted cohesive powders by indentation, Particle
& Particle Systems Characterization, 24 (2007) 117-123.
DOI: 10.1002/ppsc.200601111

Hassanpour A., Hare C., Pasha M., Powder Flow: Theory, Char-
acterisation and Application, RSC Publishing, London, 2019.
ISBN: 9781788018470.

Hausner H.H., Friction conditions in a mass of metal powder,
International Journal of Powder Metallurgy, 3-14 (1967)
7-13.

Hsiau S.-S., Jang H.-W., Measurements of velocity fluctuations
of granular materials in a shear cell, Experimental Thermal
and Fluid Science, 17 (1998) 202-209. DOI: 10.1016/s0894-
1777(97)10041-3

Jaeger H.M., Nagel S.R., Behringer R.P., Granular solids, lig-
uids, and gases, Reviews of Modern Physics, 68-4 (1996)
1259-1273. DOI: 10.1103/revmodphys.68.1259

Jenike A.W., Storage and Flow of Solids, Rev. ed. Salt Lake City,
Utah : University of Utah, 1970.

Jenkins J.T., Dense shearing flows of inelastic disks, Physics of
Fluids, 18 (2006) 103307. DOI: 10.1063/1.2364168

Johanson K., Barletta D., The influence of air counter-flow
through powder materials as a means of reducing cohesive
flow problems, Particle & Particle Systems Characterization,
21 (2004) 316-325. DOI: 10.1002/ppsc.200400939

Johnson P.C., Jackson R., Frictional-collisional constitutive
relations for granular materials, with application to plane
shearing, Journal of Fluid Mechanics, 176 (1987) 67-93.
DOI: 10.1017/s0022112087000570

Jop P., Forterre Y., Pouliquen O., A constitutive law for dense
granular flows, Nature, 441 (2006) 727-730. DOI: 10.1038/
nature04801

Klausner J.F., Chen D., Mei R., Experimental investigation of
cohesive powder rheology, Powder Technology, 112 (2000)
94-101. DOI: 10.1016/S0032-5910(99)00310-1

Klein J., Hohne D., Husemann K., The influence of air permeation
on the flow properties of bulk solids, Chemical Engineer-
ing & Technology, 26 (2003) 139-146. DOI: 10.1002/
ceat.200390020

Knight P.C., Seville J.P.K., Wellm A.B., Instone T., Prediction of

22

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25

impeller torque in high shear powder mixers, Chemical Engi-
neering Science, 56-15 (2001) 4457-4471. DOI: 10.1016/
S0009-2509(01)00114-2

Koch D.L., Kinetic theory for a monodisperse gas-solid sus-
pension, Physics of Fluids A: Fluid Dynamics, 2 (1990)
1711-1723. DOI: 10.1063/1.857698

Koynov S., Glasser B., Muzzio F., Comparison of three rotational
shear cell testers: Powder flowability and bulk density,
Powder Technology, 283 (2015) 103-112. DOI: 10.1016/j.
powtec.2015.04.027

Krantz M., Zhang H., Zhu J., Characterization of powder flow:
Static and dynamic testing, Powder Technology, 194 (2009)
239-245. DOI: 10.1016/j.powtec.2009.05.001

Krishnaraj K.P., Nott P.R., A dilation-driven vortex flow in
sheared granular materials explains a rheometric anomaly,
Nature Communications, 7 (2016) 10630. DOI: 10.1038/
ncomms10630

Ladipo D.D., Puri V.M., Computer controlled shear cell for
measurement of flow properties of particulate materials,
Powder Technology, 92 (1997) 135-146. DOI: 10.1016/
s0032-5910(97)03230-0

Landi G., Barletta D., Lettieri P., Poletto M., Flow properties of
moisturized powders in a Couette fluidized bed rheometer,
International Journal of Chemical Reactor Engineering, 10
(2012). DOI: 10.1515/1542-6580.2993

Langroudi M.K., Mort P.R., Tardos G.I., Study of powder flow
patterns in a Couette cell with axial flow using tracers and
solid fraction measurements, Granular Matter, 13 (2011) 541.
DOI: 10.1007/s10035-011-0282-3

Langroudi M.K., Turek S., Ouazzi A., Tardos G.I., An investiga-
tion of frictional and collisional powder flows using a unified
constitutive equation, Powder Technology, 197 (2010a)
91-101. DOI: 10.1016/j.powtec.2009.09.001

Langroudi M.K., Turek S., Ouazzi A., Tardos G.I., Corrigendum
to “An investigation of frictional and collisional powder
flows using a unified constitutive equation” [Powder Tech-
nology (197) 91-101], Powder Technology, 198 (2010b) 314.
DOI: 10.1016/j.powtec.2009.11.020

Léonard G., Abatzoglou N., Stress distribution in lubricated vs
unlubricated pharmaceutical powder columns and their con-
tainer walls during translational and torsional shear testing,
Powder Technology, 203 (2010) 534-547. DOI: 10.1016/j.
powtec.2010.06.020

Leung L.Y., Mao C., Srivastava I., Du P,, Yang C.-Y., Flow func-
tion of pharmaceutical powders is predominantly governed
by cohesion, not by friction coefficients, Journal of Pharma-
ceutical Sciences, 106 (2017) 1865-1873. DOI: 10.1016/j.
xphs.2017.04.012

Louati H., Experimental and numerical study of humid granular
material : influence of liquid content in quasi-static regime,
Ecole des Mines d’Albi-Carmaux, 2016.

Louati H., Oulahna D., de Ryck A., Apparent friction and cohe-
sion of a partially wet granular material in steady-state shear,
Powder Technology, 278 (2015) 65-71. DOI: 10.1016/j.
powtec.2015.03.011

Louati H., Oulahna D., de Ryck A., Effect of the particle size and
the liquid content on the shear behaviour of wet granular
material, Powder Technology, 315 (2017) 398-409. DOI:

o/

)
'

of

,
D

%



o

%‘
& ID16/j.powtec.2017.04.030
Q°Lydhvig B., Millington-Smith D., Dattani R., Adair J.H., Posatko

E.P., Mawby L.M., Ward S.K., Sills C.A., Evaluation of the
hydrodynamic behavior of powders of varying cohesivity
in a fluidized bed using the FT4 Powder Rheometer®,
Powder Technology, 371 (2020) 106-114. DOI: 10.1016/j.
powtec.2020.05.042

Lun C.K.K., Savage S.B., Jeffrey D.J., Chepurniy N., Kinetic
theories for granular flow: inelastic particles in Couette flow
and slightly inelastic particles in a general flowfield, Journal
of Fluid Mechanics, 140 (1984) 223-256. DOI: 10.1017/
50022112084000586

Lupo M., Schiitz D., Riedl E., Barletta D., Poletto M., Assessment
of a powder rheometer equipped with a cylindrical impeller
for the measurement of powder flow properties at low con-
solidation, Powder Technology, 357 (2019) 281-290. DOI:
10.1016/j.powtec.2019.08.071

Marchal P., Smirani N., Choplin L., Rheology of dense-phase
vibrated powders and molecular analogies, Journal of Rheol-
ogy, 53 (2009) 1-29. DOI: 10.1122/1.3037266

Mehandia V., Gutam K.J., Nott P.R., Anomalous stress profile
in a sheared granular column, Physical Review Letters, 109
(2012) 128002. DOI: 10.1103/PhysRevLett.109.128002

Midi G.D.R., On dense granular flows, European Physical Journal
E, 14 (2004) 341-365. DOI: 10.1140/epje/i2003-10153-0

Mort P.R., Scale-up and control of binder agglomeration pro-
cesses - Flow and stress fields, Powder Technology, 189
(2009) 313-317. DOI: 10.1016/j.powtec.2008.04.022

Moucheront P., Bertrand F., Koval G., Tocquer L., Rodts S., Roux
J.-N., Corfdir A., Chevoir F., MRI investigation of granular
interface rheology using a new cylinder shear apparatus,
Magnetic Resonance Imaging, 28 (2010) 910-918. DOI:
10.1016/j.mri.2010.01.007

Mueth D.M., Debregeas G.F., Karczmar G.S., Eng P.J., Nagel
S.R., Jaeger H.M., Signatures of granular microstructure
in dense shear flows, Nature, 406 (2000) 385-389. DOI:
10.1038/35019032

Nan W., Ghadiri M., Wang Y., Analysis of powder rheometry of
FT4: Effect of particle shape, Chemical Engineering Science,
173 (2017a) 374-383. DOI: 10.1016/j.ces.2017.08.004

Nan W., Ghadiri M., Wang Y., Analysis of powder rheometry of
FT4: Effect of air flow, Chemical Engineering Science, 162
(2017b) 141-151. DOI: 10.1016/j.ces.2017.01.002

Ogata K., A review: Recent progress on evaluation of flowability
and floodability of powder, KONA Powder and Particle
Journal, 36 (2019) 33-49. DOI: 10.14356/kona.2019002

Ono T., Yonemochi E., Evaluation of the physical properties of
dry surface-modified ibuprofen using a powder rheometer
FT4 and analysis of the influence of pharmaceutical additives
on improvement of the powder flowability, International
Journal of Pharmaceutics, 579 (2020) 119165. DOI:
10.1016/j.ijpharm.2020.119165

Opalinski I., Chutkowski M., Stasiak M., Characterizing moist
food-powder flowability using a Jenike shear-tester, Journal
of Food Engineering, 108 (2012) 51-58. DOI: 10.1016/j.
jfoodeng.2011.07.031

Orband J.L.R., Geldart D., Direct measurement of powder cohe-
sion using a torsional device, Powder Technology, 92 (1997)

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25

25-33. DOI: 10.1016/s0032-5910(97)03212-9

Orlando A.D., Shen H.H., Effect of particle size and boundary
conditions on the shear stress in an annular shear cell,
Granular Matter, 14 (2012) 423-431. DOI: 10.1007/s10035-
012-0313-8

Pastor M., Blanc T., Pastor M.J., A depth-integrated viscoplastic
model for dilatant saturated cohesive-frictional fluidized
mixtures: Application to fast catastrophic landslides, Journal
of Non-Newtonian Fluid Mechanics, 148 (2009) 142-153.
DOI: 10.1016/j.jnnfm.2008.07.014

Petford N., Rheology of granitic magmas during ascent and
emplacement, Annual Review of Earth and Planetary
Sciences, 31 (2003) 399-427. DOI: 10.1146/annurev.
earth.31.100901.141352

Pouliquen O., Scaling laws in granular flows down rough
inclined planes, Physics of Fluids, 11 (1999) 542-548. DOI:
10.1063/1.869928

Rao K.K., Nott P.R., An Introduction to Granular Flow, Cam-
bridge University Press, ISBN: 9780511611513, 2008. DOI:
10.1017/CB09780511611513

Sakaie K., Fenistein D., Carroll T.J., van Hecke M., Umbanhowar
P., MR imaging of Reynolds dilatancy in the bulk of smooth
granular flows, EPL (Europhysics Letters), 84 (2008) 38001.
DOI: 10.1209/0295-5075/84/38001

Salehi H., Barletta D., Poletto M., A comparison between powder
flow property testers, Particuology, 32 (2017a) 10-20. DOI:
10.1016/j.partic.2016.08.003

Salehi H., Barletta D., Poletto M., Schiitz D., Romirer R., On the
use of a powder rheometer to characterize the powder flow-
ability at low consolidation with torque resistances, AIChE
Journal, 63 (2017b) 4788-4798. DOI: 10.1002/aic.15934

Salehi H., Sofia D., Schiitz D., Barletta D., Poletto M., Experi-
ments and simulation of torque in Anton Paar powder cell,
Particulate Science and Technology, 36 (2018) 501-512.
DOI: 10.1080/02726351.2017.1409850

Savage S.B., Analyses of slow high-concentration flows of gran-
ular materials, Journal of Fluid Mechanics, 377 (1998) 1-26.
DOI: 10.1017/s0022112098002936

Savage S.B., Sayed M., Stresses developed by dry cohesionless
granular materials sheared in an annular shear cell, Journal
of Fluid Mechanics, 142 (1984) 391-430. DOI: 10.1017/
S0022112084001166

Schulze D., Development and application of a novel ring shear
tester, Aufbereitungstechnik, 35 (1994) 524-535.

Schulze D., Practical determination of flow properties, in: Pow-
ders and Bulk Solids: Behavior, Characterization, Storage
and Flow, Springer Berlin Heidelberg, 2008, pp. 163-198.
DOI: 10.1007/978-3-540-73768-1_6

Schwedes J., Measurement of flow properties of bulk solids,
Powder Technology, 88 (1996) 285-290. DOI: 10.1016/
s0032-5910(96)03132-4

Schwedes J., Review on testers for measuring flow properties of
bulk solids, Granular Matter, 5 (2003) 1-43. DOI: 10.1007/
$10035-002-0124-4

Shimada Y., Hatano S., Matsusaka S., A new method for evalu-
ating powder flowability using constant-volume shear tester,
Advanced Powder Technology, 29 (2018a) 3577-3583. DOI:
10.1016/j.apt.2018.08.028

23

o/

)
'

of

,
D

%



<

(& o .
?, Kawata T., Matsusaka S., Analysis of constant-

Q° \@“*/olume shear tests based on precise measurement of stresses

in powder beds, Advanced Powder Technology, 29 (2018b)
1372-1378. DOI: 10.1016/j.apt.2018.02.033

Srivastava A., Sundaresan S., Analysis of a frictional-kinetic
model for gas-particle flow, Powder Technology, 129 (2003)
72-85. DOI: 10.1016/s0032-5910(02)00132-8

Sun J., Sundaresan S., A constitutive model with microstructure
evolution for flow of rate-independent granular materials,
Journal of Fluid Mechanics, 682 (2011) 590-616. DOI:
10.1017/jfm.2011.251

Sundaresan S., Some outstanding questions in handling of cohe-
sionless particles, Powder Technology, 115 (2001) 2-7. DOI:
10.1016/S0032-5910(00)00423-X

Swize T., Osei-Yeboah F., Peterson M.L., Boulas P., Impact of
shear history on powder flow characterization using a~ring
shear tester, Journal of Pharmaceutical Sciences, 108 (2019)
750-754. DOI: 10.1016/j.xphs.2018.07.003

Tang Z., Brzinski T.A., Shearer M., Daniels K.E., Nonlocal rheol-
ogy of dense granular flow in annular shear experiments, Soft
Matter, 14 (2018) 3040-3048. DOI: 10.1039/c8sm00047f

Tardos G.I., Khan M.I., Schaeffer D.G., Forces on a slowly
rotating, rough cylinder in a Couette device containing a dry,
frictional powder, Physics of Fluids, 10 (1998) 335-341.
DOI: 10.1063/1.869525

Tardos G.I., McNamara S., Talu 1., Slow and intermediate flow
of a frictional bulk powder in the Couette geometry, Powder
Technology, 131 (2003) 23-39. DOI: 10.1016/s0032-
5910(02)00315-7

Taylor M.K., Ginsburg J., Hickey A.J., Gheyas F., Composite
method to quantify powder flow as a screening method in
early tablet or capsule formulation development, AAPS
PharmSciTech, 1 (2000) 20-30. DOI: 10.1208/pt010318

Teunou E., Fitzpatrick J.J., Effect of relative humidity and
temperature on food powder flowability, Journal of Food
Engineering, 42 (1999) 109-116. DOI: 10.1016/s0260-
8774(99)00087-4

Teunou E., Fitzpatrick J.J., Effect of storage time and consolida-
tion on food powder flowability, Journal of Food Engineering,
43 (2000) 97-101. DOI: 10.1016/s0260-8774(99)00137-5

Teunou E., Fitzpatrick J.J., Synnott E.C., Characterisation of food
powder flowability, Journal of Food Engineering, 39 (1999)
31-37. DOI: 10.1016/s0260-8774(98)00140-x

Thakur S.C., Ahmadian H., Sun J., Ooi J.Y., An experimental
and numerical study of packing, compression, and caking
behaviour of detergent powders, Particuology, 12 (2014)
2-12. DOI: 10.1016/j.partic.2013.06.009

Tomasetta l., Barletta D., Lettieri P., Poletto M., The measurement
of powder flow properties with a mechanically stirred aerated
bed, Chemical Engineering Science, 69 (2012) 373-381.
DOI: 10.1016/j.ces.2011.10.056

Tsao H.-K., Koch D.L., Simple shear flows of dilute gas-solid sus-
pensions, Journal of Fluid Mechanics, 296 (1995) 211-245.
DOI: 10.1017/s0022112095002114

Tsunakawa H., Aoki R., Measurements of the failure properties
of granular materials and cohesive powders, Powder
Technology, 33 (1982) 249-256. DOI: 10.1016/0032-
5910(82)85063-8

24

Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25

Vescovi D., Berzi D., Richard P., Brodu N., Plane shear flows
of frictionless spheres: Kinetic theory and 3D soft-sphere
discrete element method simulations, Physics of Fluids, 26
(2014) 53305. DOI: 10.1063/1.4879267

Vidyapati V., Kheiripour Langroudi M., Sun J.,, Sundaresan
S., Tardos G.l., Subramaniam S., Experimental and com-
putational studies of dense granular flow: Transition from
quasi-static to intermediate regime in a Couette shear device,
Powder Technology, 220 (2012) 7-14. DOI: 10.1016/j.
powtec.2011.09.032

Viswanath D.S., Ghosh T., Prasad D.H.L., Dutt N.V.K., Ran
K.Y., Viscosity of liquids: Theory, estimation, experiment,
and data, Springer Netherlands, Amsterdan, 2007. ISBN:
9781402054822

Vun S., Naser J., Witt P., Extension of the kinetic theory of
granular flow to include dense quasi-static stresses, Powder
Technology, 204 (2010) 11-20. DOI: 10.1016/j.powtec.
2010.07.001

Wang Y., Koynov S., Glasser B.J., Muzzio F.J., A method to
analyze shear cell data of powders measured under different
initial consolidation stresses, Powder Technology, 294 (2016)
105-112. DOI: 10.1016/j.powtec.2016.02.027

Wheeler S.J., Sivakumar V., An elasto-plastic critical state frame-
work for unsaturated soil, Geotechnique, 45 (1995) 35-53.
DOI: 10.1680/geot.1995.45.1.35

Wildman R.D., Martin T.W., Huntley J.M., Jenkins J.T.,
Viswanathan H., Fen X., Parker D.J., Experimental investiga-
tion and kinetic-theory-based model of a rapid granular shear
flow, Journal of Fluid Mechanics, 602 (2008) 63—79. DOI:
10.1017/s0022112008000700

Wu C.Y., Hung W.L., Miguélez-Moran A.M., Gururajan B.,
Seville J.P.K., Roller compaction of moist pharmaceutical
powders, International Journal of Pharmaceutics, 391 (2010)
90-97. DOI: 10.1016/j.ijpharm.2010.02.022

Wu K., Francia V., Coppens M.O., Dynamic viscoplastic gran-
ular flows: A persistent challenge in gas-solid fluidization,
Powder Technology, 365 (2020) 172-185. DOI: 10.1016/j.
powtec.2019.04.053

Yahia L.A.A., Piepke T.M., Barrett R., Ozel A., Ocone R., Devel-
opment of a virtual Couette rheometer for aerated granular
material, AIChE Journal, 66 (2020) e16945. DOI: 10.1002/
aic.16945

Yang L., Padding J.T., Kuipers J.A.M, Modification of kinetic
theory of granular flow for frictional spheres, Part I: Two-
fluid model derivation and numerical implementation,
Chemical Engineering Science, 152 (2016) 767-782. DOI:
10.1016/j.ces.2016.05.031

Zafar U., Hare C., Calvert G., Ghadiri M., Girimonte R.,
Formisani B., Quintanilla M.A.S., Valverde J.M., Compar-
ison of cohesive powder flowability measured by Schulze
shear cell, Raining bed method, Sevilla Powder Tester and
new Ball Indentation Method, Powder Technology, 286
(2015) 807-816. DOI: 10.1016/j.powtec.2015.09.010

Zulfigar M., Moghtaderi B., Wall T.F., Flow properties of biomass
and coal blends, Fuel Processing Technology, 87 (2006)
281-288. DOI: 10.1016/j.fuproc.2004.10.007

H

%

,
D



2.
>
X

© N
O° ’ L iy 4
N\ Victor Francia et al. / KONA Powder and Particle Journal No. 38 (2021) 3-25 LN g
>
(\cQ OOQ
(\)ef‘ro —
WO W F
QI

Victor Francia

Victor Francia is an Assistant Professor of Mechanical Engineering at Heriot-Watt
University, Edinburgh, UK, with industrial and consulting experience in the water, energy
and consumer good sectors. He moved to academia in 2012, working at Imperial College
London and later at University College London before starting in his research group in
2019 on multi-phase flow and responsive technology. He looks into complex particle flows,
how we can control dynamic structures using external actuation to design smart technology
and new devices able to self-regulate and improve efficiency in the process industry and the
environmental and energy sectors.

Lyes Ait Ali Yahia

Dr. Lyes Ait Ali Yahia is a Research Associate in the Institute of Mechanical, Process
and Energy Engineering at Heriot-Watt University, Edinburgh. He was awarded a Ph.D. in
Science Engineering and Environment at the University of Paris EST Creteil, France. After
his doctoral studies on aerosol physics, he worked as a Teacher/Researcher Fellow in the
University of Paris EST Creteil. Since then, he has been working at Heriot-Watt University
on the rheology of granular materials where the focus of his work is to design experimental
procedures that will help understand the flow behaviour of granular materials.

Raffaella Ocone

Raffaella Ocone OBE FREng FRSE holds the Chair of Chemical Engineering in the
School of Engineering and Physical Sciences at Heriot-Watt University (UK) since 1999.
She has worked at the Universita di Napoli (Italy); Claude Bérnard Université, Lyon
(France); Louisiana State University (USA); Princeton University (USA). In 2017 she be-
came the first “Caroline Herschel Visiting Professor” in Engineering at RUHR Universitét
(Germany); in 2018 she was awarded a Visiting Research Fellowship from the Institute for
Advanced Studies at Universita di Bologna (Italy). Raffaella’s main interests include the
modelling of complex reactive systems and the hydrodynamics of granular media.

Ali Ozel

Dr Ali Ozel is an Assistant Professor in the Institute of Mechanical, Process and Energy
Engineering at Heriot-Watt University, Edinburgh. He was awarded a Ph.D. in Fluid
Mechanics at the National Polytechnic Institute of Toulouse, France. After his doctoral
studies, he worked as a post-doctoral fellow at the Fluid Mechanics Institute of Toulouse.
Before joining Heriot-Watt University, he was as an associate research scholar in the
Department of Chemical and Biological Engineering at Princeton University. He has been
working on the development and deployment of state-of-the-art mathematical and compu-
tational modelling and simulation tools to study particle-laden flows and complex fluids.

25



KONA Paowider and Particle Journal No. 38 (2021) 26—41/https://doi.org/10.14356/kona.2021017
S

Review Paper

(&‘6 0
<,c,&f@'*gtati(: and Dynamic Stickiness Tests to Measure Particle
o Stickiness'

Erik J.G. Sewalt, Fuweng Zhang, Volkert van Steijn, J. Ruud van Ommen
and Gabrie M.H. Meesters™

Department of Chemical Engineering, Delft University of Technology, The Netherlands

Abstract

Sticking of particles has a tremendous impact on powder-processing industries, especially for hygroscopic
amorphous powders. A wide variety of experimental methods has been developed to measure at what combinations
of temperature and moisture content material becomes sticky. This review describes, for each method, how so-
called stickiness curves are determined. As particle velocity also plays a key role, we classify the methods into
static and dynamic stickiness tests. Static stickiness tests have limited particle motion during the conditioning
step prior to the measurement. Thus, the obtained information is particularly useful in predicting the long-term
behavior of powder during storage or in packaging. Dynamic stickiness tests involve significant particle motion
during conditioning and measurement. Stickiness curves strongly depend on particle velocity, and the obtained
information is highly relevant to the design and operation of powder production and processing equipment.
Virtually all methods determine the onset of stickiness using powder as a starting point. Given the many industrial
processes like spray drying that start from a liquid that may become sticky upon drying, future effort should focus

on developing test methods that determine the onset of stickiness using a liquid droplet as a starting point.

Keywords: stickiness, powders, caking, glass transition temperature, sintering

1. Introduction

Sticking of particles has a tremendous impact on
numerous industries that process powders. Sticking can
cause several issues, such as fouling and blockage of
equipment, or caking of stored powder. It can also be used
advantageously to produce agglomerates with beneficial
properties. Why, how, and when particles stick together
are critically important questions. In this review, we focus
on the ‘when’ question by reviewing the experimental
methods commonly used to determine the conditions under
which sticking occurs. We hereby focus on the stickiness
of hygroscopic amorphous powders, which play a major
role in the food industry (Boonyai et al., 2004). Crystalline
materials, which may also stick, but through a different
mechanism (Kamyabi et al., 2017), are beyond this re-
view’s scope.

Whether two particles stick depends on their material
and a wide variety of parameters, including their tempera-
ture, and moisture content. A common way to characterize
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the stickiness of a material is to map the stickiness based on
the environmental temperature and the moisture content.
The moisture content can be described in terms of the par-
ticle’s water mass fraction (x,,), or the equilibrium environ-
mental relative humidity (RH). The part of the parameter
space for which the material is sticky is called the sticky
region, which is bounded by the so-called sticky-point
curve, T,(x,), and the so-called tack boundary, T,(x,), as
illustrated in Fig. 1. Besides the environmental parameters,
this map also illustrates the particle’s material properties
in the form of a boundary between the glassy state and the
rubbery state, known as the glass transition temperature,
Tg(xW). The rubbery state has some overlap with the sticky
region, and with further hydration becomes the liquid state
(Roos, 2002). While particles are non-sticky in the glassy
state, material properties, especially viscosity, drastically
change upon transitioning to the rubbery state. Hence, the
curves represented by the differences T,(X,) — Tg(XW) and
T,(X,) —Tg(xw) are two meaningful measurements of the
sticky-region that include the influence of temperature,
moisture content, as well as the material. The distance be-
tween the sticky-point curve T,(x,) and the glass transition
curve T,(x,) often slightly depends on x,, (Palzer, 2005).
Therefore, the onset of stickiness is commonly reported
as a constant critical deviation from Tg(xW), denoted as
(T-Tye



Sticky
region

Liquid state

Ty(xy) (Non-sticky)

Ty T

Glassy state )
(Non-sticky)

Moisture content x,, (-)

Fig. 1 Map of temperature and moisture content showing the region
in which a material is considered sticky. This region is enveloped by
the sticky-point curve (T,(x,)), the tack boundary (T,(x,)), and the
temperature above which the material decomposes. The sticky-point
curve and tack boundary are often reported with respect to the glass
transition temperature of the material (dashed line), which separates its
glassy state from its liquid state. The difference T,(x,) —Tg()gN) is in lit-
erature more commonly referred to as (T — T ). Figure is modified from
Lockemann (1999) and Kudra (2003).

Experimental stickiness tests generally aim to determine
the sticky-point curve or the tack boundary by measuring
stickiness for different temperatures and moisture contents.
While most methods approach the sticky region from the
glassy state to find T,(x,) —Tg(xw), a limited number of
methods approach the sticky region from the liquid state
to find T,(x,) — Tg(xw). Although the tack boundary is less
well understood, it is known that the change in behavior is
less sharp than near the sticky-point curve (Kudra, 2003).
While the measured parameter may differ between the
experimental methods, what all methods have in common
is that they follow two steps: (1) a conditioning step, where
the material is subjected to a specified temperature T and
humidity RH for a certain time window and (2) a measure-
ment step where the stickiness of the powder is measured
(Boonyai et al., 2004). Whereas these steps are separated
for some methods, they are intertwined for others. Hence,
not only the duration of conditioning influences the
sticky region’s boundaries but also the used measurement
method. While the influence of conditioning time is well
understood (Kamyabi et al., 2017), the influence of particle
motion in the conditioning and/or measurement step on the
boundaries of the sticky region is still unclear. For skim
milk powder, one of the most abundantly tested materials,
a wide range for Tl(xw)—Tg(xW) has been reported. For
particles that are static during the conditioning step, values
as low as 8 °C were reported for T, — T (Verdurmen et al.,
2006). By contrast, values as high as T, — T, =63 °C were
reported for particles moving at tens of meters per second
(Walmsley et al., 2014).

Following Verdurmen et al. (2006), we therefore distin-
guish between two classes of methods in this review. The
first class is where the particles can be considered static
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during conditioning (not set in continuous motion through
external means). The second class is where the particles are
moving during conditioning. We refer to the first class of
methods as static stickiness tests and to the second class as
dynamic stickiness tests.

This review aims to provide an overview of the available
methods to measure stickiness. As static stickiness tests, we
describe various visual observation tests, the shear test, the
penetration test, and the blow test. As dynamic stickiness
tests, we describe the sticky-point test, the fluidized bed
test, the particle gun, the cyclone test, the optical test, and
the probe test. For each method, we describe how it can be
used to determine either the sticky-point curve T,(x,,) or the
tack boundary T,(x,,) of the sticky region. Additionally, we
describe what we view to be the method’s best application
in industry. The overview of methods shows that particle
velocity plays a significant role in the measured boundaries
of the sticky region, illustrating the importance of choosing
the most appropriate method for the application in mind.

2. Glass transition temperature

The glass transition temperature T, marks the tempera-
ture where an amorphous material transitions from a glassy
state to a rubbery state upon increasing temperature. While
both states are fundamentally a liquid, the behavior of the
glassy state is solid-like, being hard and brittle, and the rub-
bery state behaves like a highly-viscous liquid. The nature
of the glass transition is the molecular freedom of move-
ment, which is restricted in the glassy state (Roos, 2002).

The most common method to experimentally deter-
mine T, is using differential scanning calorimetry (DSC),
although several other methods are available (Li et al.,
2019). In DSC, the T, is found by subjecting the material
in the glassy state to a temperature ramp and measuring
the specific heat capacity. The specific heat capacity shows
a characteristic change during the glass transition (Hogan
et al., 2010; Roos, 2010). By repeating the experiment
at different x,, the curve for Tg(xw) shown in Fig. 1 can
be experimentally constructed. Similarly, dynamic vapor
sorption (DVS) can be used to measure the vapor sorption
characteristics by applying a ramp in relative humidity at a
fixed T while measuring the sample’s mass. In the glassy
state, water sorption only occurs at the surface, while the
rubbery state also allows for bulk sorption, such that a
characteristic change in the water sorption rate is observed
at T, (Burnett et al., 2004).

The glass transition temperature can also be estimated
theoretically, for example using the Gordon-Taylor or
Couchman-Karasz equation. The Gordon-Taylor equation
can be used to determine the influence of water on the glass
transition temperature T (x,,) of a dry powder, based on the
glass transition temperature of the anhydrous powder (Tg,s)
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with T, =-135 °C (Roos, 2002). The constant k is often

caIcuIated from the densities p, T_, and Tywas k=(p T N J
(P Tws) (Katkov and Levine, 2004 Slmha and Boyer,
1962). The Couchman-Karasz equation, while similar to
Eq. (1), is based on thermodynamic additivity of specific
heat capacity. Although different versions are reported,
the so-called ‘modified’ version is found when using
k=ACpYW/ACpYS in Eq. (1). The changes in heat capacity
AC, at T, can be found using DSC (Sochava, 1997). For
AC,,, 1.94JK*g™ is often used (Katkov and Levine,
2004; Roos, 2002). Katkov and Levine 2004 showed that
the modified version of the Couchman-Karasz equation
overestimated the T, of mixtures and underestimated the
plasticizing effect of water while they obtained a better fit
using the so-called ‘original’ Couchman-Karasz equation

(1—xy)In (T ) + ke In (T )
(1—xy)+ kxy,

While the Gordon-Taylor and Couchman-Karasz equations

are suitable for most simple systems and can be used to

construct the curve for Tg(xw) in Fig. 1, they should be used

with caution when considering complex mixtures (Katkov

and Levine, 2004).

The glass transition temperature servers as a natural
reference in the stickiness map and allows one to compare
the stickiness of different type of materials. Similarly, the
T, servesasa reference in an attempt to come to a universal
predictive equation of the dynamic viscosity in the rubbery
state. The Williams-Landel-Ferry (WLF) equation relates
the viscosity of a material to the distance from the T,-curve
(T- Tg) as

In (T,) = (2

1Ogloi = —CI(T_TQ)
ng  Co+ (T =Ty

with C, and C, two constants and 5, the viscosity at the glass
transition temperature. While the WLF equation is often
considered to be valid for temperatures up to T,+100°C
(Lomellini, 1992; Williams et al., 1955), it is only valid if
correct values for the constants and 7, are chosen. Values
of n, are typically in a range between 10* Pas to 10* Pa s
(Downton et al., 1982; Katkov and Levine, 2004; Murti et
al., 2010; Palzer, 2005; Paterson et al., 2015; Wallack and
King, 1988). Recently, the glass viscosity of freeze dried
amorphous lactose was measured to be 1.1 x 1014 Pas,
although the authors suggest that further confirmation is
required (Paterson et al., 2015). The wide variety of re-
ported constants suggests that there is no universal set valid
for different types of materials and different temperatures.
Nevertheless, (C,, C))=(-17.44, 51.6 K) as originally
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reported by Williams et al. (1955), are often considered
to be universal (Aguilera et al., 1993; Murti et al., 2010;
Palzer, 2005; Schulnies and Kleinschmidt, 2018; Wallack
and King, 1988). Peleg (1992) found that these constants
give large deviations when T—T > 20 °C, and suggested
(C,, C,) =(-10.5, 85.6 K), which better matched the ex-
perimental trend for the ny of amorphous lactose measured
by Paterson et al. (2015). However, (C,, C,) =(-8.86,
101.6 K) also provided a good fit to other experimental
data (Dagdug and Garcia-Colin, 1998; Ferry, 1980). Others
use material-specific constants, such as (C,, C,) = (-14.5,
36.4 K), which were fitted for skim milk powder (Walmsley
et al., 2014). Since the WLF equation is exponential, care
should be taken in the choice of the constants when using
the WLF equation to predict the dynamic viscosity. To
illustrate the importance of this choice for a prototypical
case (T—T,=20°C and 5, =10%Pas), the constants by
Williams et al. (1955) give # =1.3 x 107 Pa s, while the
constants by Peleg (1992) gives # = 1.0 x 1010 Pa s, which
is a difference of three orders of magnitude. As there are
currently no clear rules of thumb on the selection of con-
stants, we suggest that best practice would be to fit C, and
C, to experimentally measured viscosity data.

The direct relation between viscosity and T — T, through
the WLF equation leads to the natural question whether
viscosity can be used as a predictor for stickiness. The
success of viscosity as a predictor is expected to depend
on the dominant mechanism of adhesion. For hygroscopic
amorphous powders close to T, sticking is expected to
occur primarily through immaobile liquid bridging or visco-
elastic deformation (Palzer, 2005). In case immobile liquid
bridging primarily causes sticking, we generally expect
viscosity to be more meaningful than when viscoelastic
deformation primarily causes sticking. More specifically,
using sintering theory by Frenkel (1945) and classic vis-
coelastic contact models, Palzer (2005) could predict the
critical T - T, needed for sticking. However, this model did
not successfully predict sticking of high velocity particle
gun experiments (Murti et al., 2010). A contact model
for adhesive elastic particles showed better results when
predicting the critical T-T, for high velocity collisions
(Walmsley et al., 2014). The mentioned works strongly
suggest that viscoelasticity should be accounted for when
predicting (T—Tg)C for collisions of particles in motion,
and that the observed (T - Tg)c is a result of the colliding
material’s rheological behavior and the collision’s kinetics.

3. Static stickiness tests

Testing stickiness of powders using static stickiness
tests follows a general protocol. First, a powder bed is
compressed under a stress ¢ to cause a certain amount of
consolidation (Fig. 2a). Second, the powder is conditioned
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\(\O ditioning step can be adjusted. When sufficiently long, the
powder’s moisture content is in thermodynamic equilib-
rium with the moisture in the environment such that x,, and
RH are related through a vapor sorption isotherm. Third,
a measurement is performed on the conditioned powder
(Fig. 2c). Prior to the measurement, the powder can be
considered static with little movement of the particles.
Therefore, we refer to this class of tests as static stickiness
tests, which are deliberately different from the dynamic
stickiness tests in which the particles are actively set in
continuous motion during the conditioning and measure-
ment step. Next, we describe the different static stickiness
tests.

3.1 Visual observation

The most straightforward form of analysis is through
visual observation. Typically, a sample with a specified
dry matter content is placed in a closed container. After
conditioning it at a given temperature, the container is
turned upside down to see whether any particles are stuck
to the bottom. This procedure is repeated at different
temperatures until particles noticeably stick to the bottom,
which is identified as the sticky-point temperature (Palzer,
2005). By repeating this procedure for different moisture
contents, the sticky-point curve T,(x,) in Fig. 1 can be

a) Consolidation
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constructed. An alternative visual observation test is one
in which the powder’s temperature is increased stepwise
while observing changes in the appearance of the powder
bed (Tsourouflis et al., 1976; Verdurmen et al., 2006).

3.2 Shear test

Shear tests are used to characterize powder stickiness
by measuring the powder’s response to shear stress. Two
common approaches are uniaxial compression and shear-
ing in shear cells. The uniaxial compression approach
consolidates the bed with normal stress ¢ and then com-
presses along one axis until failure. The failure stress o, for
different values of o gives a yield locus that can be used to
find the unconfined yield strength ¢, by drawing a Mohr
circle starting at o = 0 Pa (Schulze, 2008). The unconfined
yield strength ¢ is used as the parameter for bed strength
and can be determined for different environmental T and
RH (Fitzpatrick et al., 2007b; Hartmann and Palzer, 2011).
In order to find a sticky-point curve T,(X,), a critical bed
strength, which is characteristic for a sticky powder, must
be determined first. It can be empirically determined before
testing using the same or comparable materials (Palzer and
Zurcher, 2004).

Similarly to uniaxial compression, shear cells can be
used to determine ¢, and acquire T,(x,) by defining a
critical o, for the bed strength of a sticky powder (Hart-
mann and Palzer, 2011; Schulnies and Kleinschmidt,

b) Conditioning

FIIIIIIII 777

¢) Measurement

No-stick  Stick or l
l
A L 777777777737

Visual

turning test Shear tests

Thin tube

777 FI7III7777:

Penetration test Blow test

Fig. 2 Anoverview of the static stickiness tests. a) In the consolidation step, the powder is compressed under a stress ¢. b) In the conditioning step, the
powder is subjected to temperature T and relative humidity RH for a specified duration. ¢) The measurement of stickiness proceeds differently per test.
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Qoteﬂﬂ/ by preshearing before measuring the failure stress.
Preshearing to steady-state at normal stress ¢, eliminates
any stress history, for example, due to filling (Schulnies
and Kleinschmidt, 2018). After preshearing, the shear
stress is reversed to reduce the shear stress to zero. Subse-
quently, the sample is sheared to failure while measuring
shear stress ¢, under normal stress o, so that o, <o,
(overconsolidation), which ensures a peak is observed for
the failure stress (Schulze, 2008). By shearing to failure at
different g, while preshearing at identical ¢, a yield locus
can be found. From this point on, the acquisition of s, and
T,(x,,) is similar to uniaxial compression.

Besides acquiring the sticky-point curve, shear tests have
other commonly used applications related to stickiness and
powder cohesion. Shear tests are commonly used to quan-
tify the powder flowability. The flowability is described in
terms of the flow function, which is the inverse slope in a
plot of unconfined yield strength o, versus normal stress
o (Fitzpatrick et al., 2007b; Jenike, 1964; Papadakis and
Bahu, 1992; Schulze, 2008). Shear cells can also be used to
measure wall friction. This is done by replacing the bottom
ring of a shear cell with the wall material. When choosing
the wall material similar to industrial surfaces or packaging
materials, the adhesion of powder to these substrates can
be measured (Papadakis and Bahu, 1992; Schulze, 2008).

Commonly used examples of shear cells are the manual
Jenike shear cell (Jenike, 1964), the automated Schulze
ring shear test (Schulnies and Kleinschmidt, 2018), or the
more recent Freeman FT4 Powder Rheometer (Freeman,
2007) and Anton Paar MCR rheometers (Anton Paar
GmbH, 2020; Groen et al., 2020). Conveniently, both the
Freeman and Anton Paar powder rheometers can quickly
change environmental T and RH independently through
powder bed aeration with conditioned airflow (Freeman,
2007; Groen et al., 2020; Mitra et al., 2017). Besides uni-
axial compression and shear cells, other types of shear tests
for measuring flowability have been reported (e.g., Warren
Spring cohesion tester, Peschl shear cell). These were not
described as their application to find T,(x,) was not found
in literature (Pasley et al., 1995).

3.3 Penetration test

Penetration tests are similar to the uniaxial compression
tests, but use a puncher with a diameter of 1 mm to 2 mm
to penetrate the powder bed to a preset depth (Knight and
Johnson, 1988). Measurement of the required penetration
force Fo which is a measure for bed strength (Ozkan et al.,
2002; 2003), is done after conditioning at a fixed T and RH
for a given time. Through repetition, while varying these
conditions, the sticky-point curve T,(x,) is found for the
combinations of T and RH, where the measured F, equals
a predetermined critical value for which the powder is
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considered sticky (Ozkan et al., 2003).
3.4 Blow test

The blow test uses a small thin tube to blow air at a
powder bed surface. The tube is placed millimeters above
the surface at an angle of 45°. The airflow through the tube
is increased until particles dislodge from the surface of the
conditioned powder bed, which is the endpoint of the blow
test. The flow rate of air at which particles start dislodging
is a measure for bed strength (Paterson et al., 2001). The
sticky-point curve T,(x,) is found at the T and RH where
the airflow to dislodge particles reaches a predetermined
critical value for which the powder is considered sticky
(Foster et al., 2005; Paterson et al., 2005).

A benefit of the blow test is the ability to test multiple
times without needing to repeat the consolidation and con-
ditioning step. The powder bed sits on a distributor plate,
which sections the powder into multiple parts with an equal
amount of powder. Each section of powder is conditioned
with the same T and RH and can be measured separately
by rotating the thin tube. Therefore, the blow test is con-
venient when interested in temporal measurements, such
as determining the rate of bed strength increase (Paterson
et al., 2005).

3.5 Comparison of tests

While simplicity is a strength of the visual observation
tests, it is also their greatest weakness. The accurate detec-
tion of the sticky-point temperature relies on the observer’s
experience. Based on caking theory, we expect that visible
changes in powder properties occur after a high degree
of agglomeration has taken place (Kamyabi et al., 2017).
Hence, human observers can miss the onset of stickiness,
which would cause an over-prediction of the sticky-point
temperature. The onset of stickiness can be more precisely
quantified with the other tests. Based on the literature, we
find that shear tests are more accurate than penetration
tests, with less scatter of data and time consolidation ef-
fects that are easier to detect (Knight and Johnson, 1988;
Schwedes, 2003). Based on these findings, we recommend
using uniaxial compression or shear cells instead of pene-
tration tests, in line with Knight and Johnson (1988), who
recommended to only use penetrometry in support of shear
cell experiments. While shear tests are applied to the bulk
of the powder, the blow test is applied to the powder’s sur-
face, suggesting that the blow test mostly tests the surface
conditions. Blow tests nevertheless create channels in the
powder bed (Billings et al., 2006; Paterson et al., 2005),
indicating that the bulk is strongly affected by blow test.
Hence, we expect that blow tests can be used to determine
(bulk) stickiness, similarly to the shear tests. An advantage
of the shear tests over the blow test is that the compression
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is that multiple measurements can be performed without
having to repeat the consolidation and conditioning steps.

The shear, penetration, and blow tests can be used to
quantify bed strength for different T and RH based on the
measured parameter (yield strength, penetration force,
flow rate). To, in turn, relate bed strength to stickiness, a
predetermined value of the critical bed strength is required
at which the powder of interest is considered sticky. A way
to overcome having to predetermine a critical bed strength
is by considering the temporal behavior. Experiments with
the blow test, for example, show an initial linear increase
of bed strength with time (Foster et al., 2006; Paterson et
al., 2005). Similar experiments with shear cells are time-
consuming since each test requires repetition of consolida-
tion and conditioning, but suggest a similar linear increase
of bed strength with time (Fitzpatrick et al., 2007a; 2007b;
2008). By measuring the rate (i.e., slope) of increase for a
range of T — T, onecan infer the sticky-point curve T,(x,,)
by plotting the rate versus T — T, and extrapolating to arate
of zero. In case the critical bed strength is not available a
priori, studying the temporal behavior to determine the rate
of bed strength increase as a function of T - T, provides a
means to construct the sticky-point curve T,(x,,).

3.6 Application areas of static stickiness tests

Generally, the static stickiness methods are useful in pre-
dicting the long-term behavior of powder during storage,
transport, or in packaging. In these situations, particles may
stick together under the influence of humidity in a process
known as caking. This process comprises multiple steps.
Firstly, environmental conditions cause particle surfaces
to become viscous. Contacting liquid particle surfaces
become connected through liquid bridges. Secondly, the
liquid bridges that formed grow in size, increasing powder

Table 1 List of methods to measure dynamic stickiness
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cohesion. Thirdly, the pores that existed between particles
disappear as the liquid fills up the pores (Kamyabi et al.,
2017). During the caking process, the bed strength initially
increases with time until a maximum value is achieved. As
the process continues, the bed strength starts to decrease,
attributed to partial crystallization of material to non-sticky
crystals (Fitzpatrick et al., 2007b), as well as a decreased
liquid bridge viscosity due to increased liquid adsorption
(Hartmann and Palzer, 2011). Static stickiness tests are
particularly suitable for assessing the progress of caking by
monitoring bed strength as a function of time. Shear tests
are particularly useful because they can emulate storage
environment conditions in a warehouse or transport vehi-
cle by maintaining a certain level of compression during
conditioning and measurement. Using shear cells where
the powder can be sheared against a wall material is also
applicable to measure powder stickiness in food packaging.

4. Dynamic stickiness tests

The class of dynamic stickiness tests covers the tests
where particles are not static during conditioning, but set in
continuous motion through external means. This introduces
particle velocity or contact time between particles as an
additional relevant parameter. An overview of dynamic
stickiness tests is listed in Table 1, showing the measured
parameter and the most suitable application. Most dynamic
stickiness tests approach the sticky region from the glassy
state, while just a few approach it from the liquid state.

4.1 Sticky-point test

The sticky-point test is the earliest reported method to
measure stickiness, hence the name (Lazar et al., 1956).
This test has also been referred to as a propeller-driven
test (Boonyai et al., 2004). As shown in Fig. 3, the device

Method

Measured parameter

Application

Sticky-point test
Fluidized bed

Torque

Particle gun Deposited mass

Cyclone test Visual change

Optical test Scatter intensity

Probe test Tensile force

Bed collapse/Pressure drop

Powder mixing
Fluidized beds:
Preventing bed collapse
Granulation

Pneumatic transport
Cyclones

Pneumatic transport
Cyclones

Fluidized beds
Versatile application, opaque powder
Droplet evaporation
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in a heating medium to control the powder’s temperature.
The sample is continuously stirred at fixed angular velocity
with a stirring device, and the required torque z is mea-
sured. Typically, a temperature ramp is imposed where the
temperature is slowly increased until the powder transitions
from the glassy to the rubbery state. Above T, the cohesive
forces increase. Further increase of the temperature leads
to particles sticking together, leading to a sharp increase in
the required z. The temperature where this sharp increase is
observed is identified as the sticky-point temperature. By
repeating the test with different X, the sticky-point curve
T,(x,,) can be found.

Detection of the sticky-point in the earliest versions
relied on manual stirring. When the stirring had become
noticeably more demanding, the sticky-point was reached
(Downton et al., 1982; Lazar et al., 1956). More accurate
detection methods use automatic stirrers or shear cells
equipped with stirrers, which record the z required for
stirring (Ozkan et al., 2002; Wallack and King, 1988). Re-
cently, the method has been further improved by utilizing
aeration in an Anton Paar rheometer equipped with a pro-
peller (Groen et al., 2020). The option to aerate the powder
is used to fluidize the powder, which occurs at a sufficiently
high airflow velocity. The powder conditions are controlled
by changing the T and RH of the airflow, instead of using
a heating medium surrounding the container. The propeller
stirs the fluidized powder and measures the required z. The
required 7 is substantially smaller than without fluidization,
although the rheometers are sufficiently sensitive (Groen
et al., 2020). The benefit of aeration or fluidizing is that
environmental conditioning occurs rapidly by changing
the air’s temperature and humidity. In our view, this makes
the sticky-point test combined with fluidizing the powder a
promising method for measuring dynamic stickiness, both
in terms of accuracy and a shorter experimental time.

Besides applying the sticky-point test to free-flowing
powder, it has also been used to measure the stickiness of

S
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Fig. 3 A sticky-point test. A powder with known moisture content
is placed in a temperature-programmable water bath. The powder is
stirred at a fixed angular velocity, and the required torque 7 is measured.
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drying liquids. Hence, instead of determining the sticky-
point curve T,(x,,), the tack boundary T,(x,,) is determined.
Kudra (2003) used a laboratory batch dryer equipped with
a stirrer to measure the stickiness of drying sludge. They
found that the temperature where the torque substantially
increased was different from the T,(x,) that is found when
approaching from the glassy state. The conclusion was
that most materials have a sticky-region in which they are
sticky (Kudra, 2003).

4.2 Fluidized bed

As discussed for the sticky-point test, the fluidization of
powder reduces the required conditioning time. However,
because powder fluidization is highly sensitive to powder
cohesiveness, the fluidized bed in isolation is also suitable
to measure stickiness. In a fluidized bed, which is shown
in Fig. 4, a powder bed sits in a column while airflow is
applied at the bottom. Fluidization causes expansion of the
powder bed so that the powder displays fluid-like behavior
with a high degree of mixing. The sticky-point curve’s ac-
quisition goes as follows: The T or RH of the fluidizing air
is increased stepwise. Most commonly, a RH ramp is used
at a fixed T by increasing the airflow’s humidity. As the
cohesiveness increases, there is a point where the fluidized
bed collapses (defluidization). The conditions where the
collapse of the powder bed is observed, visually, or using
pressure drop measurements, is the sticky-point T, (Palzer,
2005; Verdurmen et al., 2006). By repeating the RH ramp
at different temperatures, the sticky-point curve T,(x,,) can
be drawn.

In many cases, fluidized bed collapse is detrimental
when it occurs. Hence, much research has been done on
the detection and prevention of bed collapse (Bartels et al.,
2008). Methods such as the attractor comparison method
can be used to detect early changes in the bed that indicate
an upcoming collapse (Van Ommen, 2001) and have
been used to determine the sticky-point curve T,(x,) (van
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Fig.4 A fluidized bed test. The humidity or temperature of the con-
ditioned airflow is increased stepwise until the powder bed collapses.
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VQode\fé“ction methods are implemented, the sensitivity of the
fluidized bed as a stickiness test is expected to be high.

4.3 Particle gun

The particle gun has been designed to measure the
sticking of high-velocity particles to a wall and is shown in
Fig. 5. It is a duct through which conditioned air is flowing
at high velocity with a target plate at the far end of the
duct. For each experiment, a sample of approximately 25 g
powder is introduced into the duct. The particles become
entrained in the conditioned air-jet shortly until eventually
impacting the target plate. Due to the short exposure of
particles to the air, the particle gun relies heavily on the
rapid acclimation of the powder surface to environmental
conditions. The short acclimation time has consequences
for liquid bridge formation as the thin surface region that
has adsorbed vapor limits their potential width (Murti et
al., 2010). The measured parameter is the percentage of
injected powder deposited on the target plate. Plotting this
parameter versus T—T,Z shows negligible 0 % deposition
until a critical value of T—T_ is reached. Above this tem-
perature, deposition is observed and increases linearly with
T-T, The temperature where deposition starts increasing
is taken as T,(x,,) (Zuo et al., 2007).

4.4 Cyclone test

The cyclone test, shown in Fig. 6, uses a cyclone in
which conditioned air is circling (Boonyai et al., 2002).
When the air is at a steady-state, approximately 1 g of
powder is injected at the top of the cyclone. When con-
ditions are such that the powder becomes sticky, particle
lumps and powder deposition on the cyclone are observed
within minutes. Longer experimental times lead to full
immobilization of the powder. The experiment starts at a
low RH of the air and is increased stepwise until lumping
and deposition are observed visually, which marks a point
on the sticky-point curve T,(x,,).

Powder
funnel v\.
Airflow L
T, RH
Target
plate

Fig.5 The particle gun. Conditioned air flows with high velocity
through an air duct. The powder is introduced through a funnel, and
the entrained particles hit the target plate. Particles either bounce off or
deposit on the plate.
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4.5 Optical test

Lockemann (1999) proposed an optical test, shown in
Fig. 7, which uses changes in reflectivity to determine the
sticky-point curve. The proposed optical test consists of a
rotating test tube containing the free-flowing powder with
known (x,). The tube is inserted into an oil bath with a
programmable temperature. A near-infrared source emits
light to the sample while a fiber-optical sensor records
the back-scattered signal. The sensor is also immersed in
the oil-bath to prevent any refraction of the signal. When
particles in the tube stick together, the powder flowabil-
ity changes, which is observed as a sudden change in
reflectivity. This marks the sticky-point temperature T,
(Lockemann, 1999). The experiment has to be repeated for
different x,, to determine T,(X,,).

4.6 Probe test

The probe test is the only method that is solely appli-
cable to measure stickiness when starting from the liquid
state. Hence, instead of the sticky-point curve T,(x,),
the tack boundary T,(x,) is found. The probe test can be
applied to liquid films or droplets (Chen J. et al., 2008;
Werner et al., 2007a). The approach for either is similar.

Airflow
T, RH

Powder
’l‘ injection

Cyclone

Fig. 6 A cyclone stickiness test. Conditioned airflow is used to circulate
a powder sample through the cyclone. Non-sticky particles remain
entrained in the cyclone, while sticky particles can agglomerate or stick
to the cyclone wall.

Fiber-optical
sensor

Fig. 7 The optical test. A rotating sample tube is placed in a heated
water bath. A fiber-optical sensor illuminates the sample and receives
scattered light. Redrawn from Lockemann (1999).
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?\Qolow%. Droplet evaporation is monitored gravimetrically by

placing the droplet on a scale (Werner et al., 2007a, 2007Db).
At some point during evaporation, a probe is lowered
with a fixed speed to touch the droplet’s surface and then
retracted, also with a fixed speed, while the required force
for retraction is measured. Hence, this approach is similar
to a force measurement with Atomic Force Microscopy
(Fabre et al., 2016). The peak tensile force Fy is then
determined, which is a measure of the tack, or stickiness,
of the sample (Hammond, 1965; Kambe and Kamagata,
1969). By plotting F, versus drying time, a point is found
where F, increases substantially, marking the tack bound-
ary T,(x,,) with x,, determined gravimetrically based on the
initial solids concentration and the measured weight loss.
It should be noted that the measured F, is influenced by
the probe speed and material (Adhikari et al., 2007; Green,
1942). Besides x,,, the sample’s temperature T also changes
during evaporation, which should be accounted for when
determining T,(x,,) (Schutyser et al., 2019).

4.7 Comparison of tests

The particle gun, fluidized bed, cyclone test, and opti-
cal test use a powder as a starting point, approaching the
sticky region from the glassy state to find the sticky-point
curve T,(x,). The probe test starts from the liquid state and
hence can be used to determine the tack boundary T,(x,,).
The sticky-point test can be used starting from the glassy
or liquid state and is hence suited for determining both
boundaries. The influence of inter-particle contact time was
already observed for the static stickiness tests investigating
caking. The longer the powder bed is subjected to environ-
mental conditions where the powder will cake, the stronger
the powder bed becomes. Control over particle motion
and contact time in the dynamic stickiness tests provides
a means to investigate the influence of motion within a
sample on the boundaries of the sticky region.

Particle motion depends on the angular velocity of the
stirrer or the container in the sticky-point and optical tests,

Probe I Fry

Environment

T, RH
Droplet

Balance

Fig. 8 The probe test. A probe is lowered until it touches the evaporating
droplet. The probe retracts, and the required tensile force F, is mea-
sured. The droplet evaporation is monitored gravimetrically. Redrawn
from Boonyai et al. 2004.
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on the air velocity in the fluidized bed, cyclone test, and
particle gun, and the probe speed in the probe test. A key
challenge, in comparing these tests or studying the influ-
ence of particle motion on the boundaries of the sticky re-
gion, is that particle motion largely differs in all these tests.
Even for a single test at a single condition, particle motion
may be heterogeneous. In a sticky-point test, for example,
stirring can cause the powder to distribute inhomoge-
neously in the stirring vessel, e.g., due to the stirrer digging
channels in the powder. Similarly, in a fluidized bed, the
particle velocities are inhomogeneous, mostly due to the
common occurrence of bubbling (Seville et al., 2000).
Hence, quantification of the relative velocity between
the particles, and the resulting inter-particle contact time,
presents a challenge, apart from the particle gun where the
particle impact velocity may be controlled and quantified
(Murti et al., 2010; Walmsley et al., 2015; Zhao, 2009).

The clearest influence of particle motion has been
observed with the particle gun, as shown in Fig. 9. The
data by Murti et al. (2010) shows a minimal increase for
(T—Tg)C with increasing v;. The data by Walmsley et al.
(2015) shows a sharp increase of (T — Tg)C with increasing
v;, although, at v;>20m s, the effect appears to level
off. A similar trend was observed by Zhao (2009) where
v; ranged from 10 ms? to 45 ms. These particle gun
experiments show that a larger v; shifts T (x,) to higher
temperatures so that (T — Tg)C is increased.

The influence of particle motion also becomes apparent
when different methods are compared with each other.
A static method where the visual change of an SMP bed
was used to find (T - Tg)C was compared with a dynamic
fluidized bed method where the pressure change was
used to find (T—Tg)C (Verdurmen et al., 2006). Over an

70
60 Lo i
0 ST e °
Mot e
. A
3“40 . . o .. %
! A . ‘_‘-'U.
& 30 o e
20 o
10
0
0 5 10 15 20 25 30 35 40 45 50

Jet velocity (m/s)

Fig. 9 Velocity-dependence of (T — T ), using skim milk powder and the
particle gun. Triangles a are data by Walmsley et al. (2015); circles ®
are data by Zhao (2009), and squares O are data by Murti et al. (2010).
Note that the data cannot be directly compared between authors as
different experimental settings were used. Error bars indicate the exper-
imental range for (T - Tg)c that was reported by the respective authors.
The dashed trendlines are to guide the eye.
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s@‘%f the sticky-point curve to the T, was determined. The
static test resulted in an average offset of T-T =13°C
and the dynamic stickiness test resulted in an average
offset of T—T =18 °C. Another example is a comparison
between the dynamic fluidized bed and particle gun tests.
The (T - Tg)C was obtained for both methods using various
types of skim and whole milk powder. While the results
varied, for 6 out of 8 samples, the (T — Tg)C was lower for
the fluidized bed by ~ 10 °C to 15 °C. For the other two
samples, the two methods provided similar results (Murti et
al., 2010; Zuo, 2004). Based on these results, we strongly
recommend matching the velocity of the particles in the dy-
namic stickiness test to the application in mind to achieve
the most accurate T,(x,,).

In an attempt to further clarify the influence of particle
motion on (T - T,),, data from dynamic stickiness tests was
gathered in Table 2. No data was found for the optical test
and data for the probe test could not be used to find (T — Tg)c.
For each experiment, the impact velocity v; of particle col-
lisions was estimated. For the particle gun, the v; was cho-
sen as the air jet velocity. For the sticky-point test, v; was
estimated as the maximum angular velocity of the stirrer.
For the fluidized bed, an average particle velocity v, was
estimated using Eq. (4), with U the superficial velocity and
U s the minimum fluidization velocity (Ennis et al., 1991).
The constant « was estimated from Seville et al. (2000) to
be o = 0.53.

Vo =a(U —U ) 4)
For the data where v, could be estimated, no clear trend
with (T - Tg)C could be found. Nonetheless, a wide range of
(T- Tg)C =-5°C to 90 °C has been reported. Further anal-
ysis indicated that, besides v;, material and experimental
differences can also play a substantial role in determining
(T- Tg)c, some of which is highlighted below.

Some outliers can be explained by material differences,
e.g. the (T - Tg)C =90 °C is for a skim milk powder (SMP)
with 80 % protein, which is known to decrease stickiness
(Hogan and O’Callaghan, 2010). Another example is the
low value of —5 °C for a fluidized bed experiment using
amorphous lactose. Using a range of RH =7 % to 32 %,
the results were (T—Tg)C =-5°C to 3.8 °C with a single
outlier of (T - Tg)c =21°C for RH =53 %, the highest
humidity tested. Amorphous lactose is known for its early
onset of stickiness (Zuo et al., 2007) and crystallization
(Schulnies and Kleinschmidt, 2018). We expect the latter
could have played a role in the outlier as crystallization
reportedly reduces liquid bridge strength (Fitzpatrick et al.,
2007b).

However, even for similar materials, the deviation can
be quite large. Using SMP in a particle gun with a velocity
of 15 m st the (T—Tg)C was found to be 34 °C to 36 °C
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by Murti et al. (2010) and 57 °C to 61 °C by Walmsley et
al. (2014). Two experimental differences explained this
deviation. In the experiment of Walmsley et al. (2014), the
deposition was only measured for the air jet’s impingement
location, not for the entire target plate. Particles that stray
from the jet direction move through the air with undefined
T and RH. Hence, the surface conditions of stray particles
cannot be accurately determined. Additionally, the target
plate was heated to match the temperature of the air jet.
The plate temperature T can play an important role and
is often a relevant industrial parameter, e.g., in dryers,
pneumatic ducts, fluidized beds, and cyclones (Walmsley
etal., 2014). A higher T, is known to reduce the amount of
wall deposition (Chen X.D. et al., 1993). Walmsley et al.
(2014) found reduced deposition for higher T, which was
consistent regardless of the used v;. Such wall temperature
effects are also found outside of food processing, such as
cold spray deposition (Khalkhali and Rothstein, 2020). The
improvements of the particle gun made by Walmsley et al.
(2014) show that the experimental conditions influence the
resulting T,(x,). Hence, the experimental conditions need
to be accurately chosen when stickiness tests are used for
predicting powder processing parameters.

4.8 Application areas of dynamic stickiness tests

The moving nature of the particles in dynamic stickiness
tests makes these tests useful for predicting the behavior
of powder in most of powder production and processing
equipment. However, it makes them unsuitable for mea-
suring powder caking. The application of the dynamic
tests will depend on the impact velocity v; of collisions
and whether particle-particle or particle-wall collisions are
tested.

The particle gun can measure the highest impact velocity
of all the reviewed methods and involves particle-wall
collisions. Initially, an impact velocity of 20 m s was
chosen for its similarity to industrial cyclones (Zuo et al.,
2007). The high impact velocity makes it a useful method
to predict stickiness for high-velocity pneumatic handling,
dried material colliding with spray dryer walls, or indus-
trial cyclones. Additionally, by changing the target plate’s
material or dimensions, the influence of wall material or
impact angle can also be investigated (Murti et al., 2010;
Walmsley et al., 2015).

The sticky-point test and fluidized bed have contin-
uously moving powder, making these tests useful for
various industrial applications involving moving powders
such as powder mixing, blending, and milling. Since
many industrial processes incorporate a fluidized bed, a
stickiness test using fluidized powder will be most appli-
cable to the fluidized bed itself. Limitations of the stirrer’s
angular velocity and the velocity of fluidization airflow
make the sticky-point test and fluidized bed ill-suited for
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[e) N
O$>Q Material Method T-T).(C) v, (ms™ Ref.

& Sucrose & fructose Sticky-point test 9 to 262 — Downton et al., 1982
Amorphous lactose Fluidized bed -5to 21 0.055 + 0.055P Zuo et al., 2007
Amorphous lactose Particle gun 19 to 37 20 Zuo et al., 2007
Amorphous lactose Particle gun 36 to 402 20 Paterson et al., 2007a
Coffee creamer (maltose) Fluidized bed 10 to 202 0.05 + 0.025P Groen et al., 2020
High fat cream powder Particle gun 38 20 Paterson et al., 2007b
Low fat cream powder Particle gun 26 20 Paterson et al., 2007b
SMP15 Fluidized bed 10 — Hogan and O’Callaghan, 2010
SMP25 Fluidized bed 22 — Hogan and O’Callaghan, 2010
Maltodextrin DE21 Fluidized bed 47 to 62 — Palzer, 2005
SMP55 Fluidized bed 45 — Hogan and O’Callaghan, 2010
SMP80 Fluidized bed 90 — Hogan and O’Callaghan, 2010
Orange juice powder Sticky-point test 17 to 252 — Brennan et al., 1971
SMP Fluidized bed 14 to 23 — Verdurmen et al., 2006
SMP Fluidized bed 29 — Hogan and O’Callaghan, 2010
SMP Fluidized bed 25to 34 0.01 Murti et al., 2010
SMP Sticky-point test 23 0.3 Hennigs et al., 2001
SMP Cyclone test 11.4 — Intipunya et al., 2009
SMP d <45 um Particle gun 8.2 10.3 Zhao, 2009
SMP d <45 um Particle gun 14.8 19.4 Zhao, 2009
SMP d =45 um to 65 pm Particle gun 11.6 10.3 Zhao, 2009
SMP d =45 pum to 65 pm Particle gun 235 19.4 Zhao, 2009
SMP Particle gun 18.6 10.3 Zhao, 2009
SMP Particle gun 30.1 14.8 Zhao, 2009
SMP Particle gun 39 19.4 Zhao, 2009
SMP Particle gun 53.4 45.6 Zhao, 2009
SMP Particle gun 34 45 Walmsley et al., 2015
SMP Particle gun 48 5.4 Walmsley et al., 2014
SMP Particle gun 43 6.5 Walmsley et al., 2015
SMP Particle gun 30to 31 10 Murti et al., 2010
SMP Particle gun 3410 36 15 Murti et al., 2010
SMP Particle gun 57 to 61 15 Walmsley et al., 2014
SMP Particle gun 32to0 35 20 Murti et al., 2010
SMP Particle gun 60 to 63 25 Walmsley et al., 2014
SMP Particle gun 33t043 30 Murti et al., 2010
Tomato powder Sticky-point test 36 to 412 — Lazar et al., 1956
White cheese powder Particle gun 28 20 Paterson et al., 2007b
Whole milk powder Fluidized bed 23 to 38 0.09 Zuo et al., 2007
Whole milk powder Particle gun 38 to 61 20 Zuo et al., 2007
Whole milk powder Sticky-point test 36 to 412 1.0 Ozkan et al., 2002

aThe (T - Tg)C was not directly obtainable from the paper, instead, it was calculated using Eq. (1) and Eq. (2).

b A range for fluidization velocity was reported, authors did not test the influence of velocity.

SMP15: Skim milk powder with 15 % protein, similar for SMP25, SMP55, and SMP80. Ranges for (T — T ), are mostly due to experi-

mental scatter.
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city processes such as spray drying or pneumatic

Ohah\ﬁling. Further work on the influence of the intensity of

continuous mixing on the sticky-point is required to choose
experimental conditions for specific applications when
using the sticky-point test and the fluidized bed. Using the
sticky-point test with a fluidized powder solves some of the
issues of the individual methods. However, sensitive equip-
ment is necessary to measure the smaller increase of torque
at the sticky-point, compared to without fluidization, which
is possible with advanced rheometers (Groen et al., 2020).

The cyclone test was proposed as an alternative for the
fluidized bed test, while we expect it to achieve sufficient
particle motion to be an alternative for the particle gun as
well. Boonyai et al. (2004) suggested that the cyclone test’s
primary advantage over the fluidized bed is that the cyclone
test measures both adhesion and cohesion while the fluid-
ized bed measures only cohesion. Therefore, the cyclone
test would be more suitable to predict stickiness in spray
drying, fluidized beds, and pneumatic handling of powders
(Boonyai et al., 2004). However, it is difficult to judge this
statement since, besides the original paper by Boonyai et
al. (2002), we only found one application of the cyclone
test in literature (Intipunya et al., 2009).

The optical test can be used if the tested material scatters
near-infrared light (Boonyai et al., 2004). Since it was
proposed, no further experiments using this method have
been reported to our knowledge. Hence, no judgment of its
applicability can be made momentarily. Still, commonly
tested powders such as amorphous lactose and various milk
powders are all opaque, indicating that this method could
be applied to these powders.

The most prominent application for the probe test is
the droplet evaporation phase of spray drying. However,
the use of a bulk moisture content severely limits this
application. Werner et al. (2007a) measured the stickiness
of an evaporating droplet with the probe test. The onset
of stickiness occurred much earlier than expected based
on the droplet’s bulk moisture content, which indicated
solute had accumulated at the droplet surface. Hence, the
gravimetrically determined droplet water content is an un-
helpful parameter for determining T,(x,,), which makes the
probe test not applicable to industrial processes involving
rapid evaporation. Crucially, this includes spray drying,
for which there is no adequate method to predict droplet
stickiness in the initial evaporation phase. Future methods
should focus on the drying droplet’s surface conditions for
finding the tack point T,(x,), either through direct mea-
surement or by modeling the gradient formation under the
influence of evaporation (Adhikari et al., 2005).

5. Conclusion

In this review, we provided an overview of methods that

Erik J.G. Sewalt et al. / KONA Powder and Particle Journal No. 38 (2021) 26—41

measure the stickiness of amorphous powders relevant in
the food industry. The reviewed methods included visual
observation tests, shear tests, the penetration test, the blow
test, the sticky-point test, the fluidized bed, the particle
gun, the cyclone test, the optical test, and the probe test.
For each method, we described how either the sticky-point
temperature T,(x,) or the tack boundary T,(x,) can be
determined. We have classified the methods based on the
particle mobility during the conditioning and measurement
steps into static stickiness tests and dynamic stickiness
tests.

Static stickiness tests have limited particle motion
during the conditioning step, which can be as long as
desired. Therefore, these tests are particularly suitable to
measure the caking rate of powder beds. Hence, industrial
applicability is predominantly in predicting the long-term
behavior of powder during storage or in packaging. Static
stickiness tests have shown that the caking rate can be re-
latedto T - T, when T - T,> (T- Tg)c, although the nature
of the relation is dependent on the used method. Nonethe-
less, this approach gives much insight into the stability of
stored powders.

Dynamic stickiness tests involve particles with signifi-
cant particle motion during the conditioning and measure-
ment step. The particle gun is a good method to measure
stickiness during particle-wall impacts, while the combi-
nation of the sticky-point test and fluidized bed measure
stickiness for particle-particle collisions and continuously
mixed systems. A wide range of testing conditions can be
achieved by varying the impact velocity or contact time
between particles. Hence, information from dynamic stick-
iness tests is highly relevant to the design and operation of
powder production and processing equipment. Dynamic
stickiness tests have shown that velocity plays an important
role in the location of the sticky region, with larger velocity
shifting the sticky-point curve T,(x,) to higher tempera-
tures so that a larger (T — Tg)C is obtained.

An essential type of stickiness test that is lacking is a dy-
namic test that measures particle stickiness when moving
from the liquid state to the sticky-region, hence, finding
the tack boundary T,(x,). Much unclarity exists for when
evaporating solute containing droplets are sticky, while
this is hugely relevant for spray drying, which is one of the
most used processes in the food processing industry. The
probe method does approach the sticky-region from the
liquid state, but the reliance on the droplet’s bulk properties
makes it unable to determine values for T,(x,). Further
work in predicting the surface stickiness, either through
direct measurement or by modeling the gradient formation
under the influence of evaporation, is required to predict
droplet stickiness.
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Abstract

Inertial impactors are applied widely to classify particulate matters (PMs) and nanoparticles (NPs) with desired
aerodynamic diameters for further analyses due to their sharp cutoff characteristics, simple design, easy
operation, and high collection ability. A few hundred papers have been published since the 1860s that addressed
the characteristics and applications of the inertial impactors. In the last 30 years, our group has also carried out
lots of studies to contribute to the design and the improvement of inertial impactors. With our understanding of
inertial impactors, this article reviews previous studies of some typical types of the inertial impactors including
conventional impactors, cascade impactors, and virtual impactors and the parameters for design consideration of
these devices. The article also reviews some applications of the inertial impactors, which are mass concentration
measurement, mass and number distribution measurement, personal exposure measurement, particulate matter
control, and powder classification. The synthesized knowledge of the inertial impactor in this study can help
researchers to design an inertial impactor with an accurate cutoff diameter, a sharp collection efficiency curve, and
no particle bounce and particle overloading effects for long-term use for PM classification and control purposes.

Keywords: inertial impactor, cascade impactor, virtual impactor, nanoparticles, sampling

1. Introduction

There was a great demand to develop devices for col-
lecting airborne particles of different sizes to study the ef-
fect of particulate matters (PMs) on human health
(Anderson J.0. et al., 2012). In the period from 1860 to
1880, researchers discovered that inertial impactors can
be used to collect airborne particles for further analysis
(Marple V.A., 2004). The inertial impactors including the
conventional impactor, cascade impactor, and virtual im-
pactor can classify particles into different size ranges
based on particle’s inertia. In the inertial impactors, when
the airflow is forced to change the direction, the particles
with sufficient inertia escape the turning flow while the
particles with less inertia remain in the flow resulting in
the particle size-based classification. A burst of develop-
ment of the inertial impactors has exploded since 1945
when the first cascade impactor (a series of conventional
impactors) was developed to collect size-fractionated air-
borne particle samples with a high collection efficiency to
obtain the particle mass distribution (May K.R., 1945).
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Since the 1970s, researchers computed the flow field and
particle trajectories within the impactor by using the finite
difference methods and showed that the impactor has a
sharp cutoff characteristic (McFarland A.R. et al., 1978).
Thereafter, the impactor was considered as a standard de-
vice for PM classification based on particle aerodynamic
diameter.

The virtual impactor was developed later since 1966
(Conner W.D., 1966) with a feature not found in the con-
ventional impactor, in which particles are collected in a
probe instead of on the collection plate to avoid particle
bounce. The virtual impactor also attracted lots of interest
from researchers for PM classification since two particle
size fractions can be collected for further analysis as the
design theory was studied and better understood (Marple
V.A. and Chien C.M., 1980; Zahir M.Z. et al., 2018). Since
1970 until now, inertial impactors have been used exten-
sively for various purposes such as (i) size-based classifi-
cation for mass concentration measurement (Le T.C. and
Tsai C.J., 2017; Le T.C. et al., 2019), (ii) particle mass dis-
tribution measurement (Marple V.A. et al., 1991;
Demokritou P. et al., 2004a), (iii) chemical composition
measurement (Marple V.A. et al., 1991), (iv) personal ex-
posure measurement (Tsai C.J. et al., 2012b), and (v)
nanoparticle (NP) measurement (Chow J.C. and Watson
J.G., 2007).

The main reasons behind the diverse application of the
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But several limitations are inherent to the impactors such
as particle bounce and re-entrainment (Turner J.R. and
Hering S\V., 1987; Fujitani Y. et al., 2006), particle over-
loading (Tsai C.J. and Cheng Y.H., 1995; Demokritou P.
et al., 2004b), and particle loss (Fang C. et al., 1991;
Durand T. et al., 2014), which can degrade their perfor-
mance. Moreover, some typical characteristics of the in-
ertial impactors such as the cutoff diameter, the sharpness
of collection efficiency curve, and the properties of the
impaction substrate should be understood well since PMs
have different sizes, shapes, types, compositions and
characteristics (Loo BW., 1975; Hinds W.C., 1999). There
have been many studies conducted to resolve these issues
from 1970 onward, which are reviewed in detail in Sec-
tion 2.

In the last 30 years, our group has also carried out lots
of studies to contribute to the design and the improvement
of inertial impactors. In 1995, an impactor with an in-
verted conical cavity as the collection plate was developed
to eliminate the particle bounce and re-entrainment and
enhance the loading capacity (Tsai C.J. and Cheng Y.H.,
1995). This design was studied further by other research-
ers (Chang M. et al., 1999; Kim D.S. et al., 2006; Kim Y.J.
and Yook S.J., 2011; Kim W.G. et al., 2013) and used for
the development of the EPA (Environmental Protection
Agency) PM, s well impactor ninety-six (WINS) (Peters
T.M. et al., 2001). Some different personal samplers were
developed to measure respirable particles and NPs for the
exposure assessment at workplaces such as personal iner-
tial impactor (Huang C.H. et al., 2006) and novel active
personal nanoparticle sampler (PENS) (Tsai C.J. et al.,
2012b). The PENS was used for further studies by other
research groups (Hsiao T.C. et al., 2010; Hsiao T.C. et al.,
2011; Sung G. et al., 2018) or for field measurements
(YYoung L.H. et al., 2013; Zhou Y. et al., 2014; Zhu C.S. et
al., 2016; Ashach C. et al., 2017; Zhu C.S. et al., 2017).
Some commercial sampling devices were studied to im-
prove their sampling performance at our laboratory. We
found the inter-stage loss of NP clogging in the last four
stages of the micro-orifice uniform deposit impactor
(MOUDI) due to its step-wised nozzle structure with
abrupt contraction (Liu C.N. et al., 2013b) and developed
the NCTU micro-orifice cascade impactor (NMCI) with
smooth nozzle shape to eliminate these problems (Chien
C.L. et al., 2015). The sampling performance of the stan-
dard EPA louvered PM,j, inlet and PM, s WINS inlet was
studied and the particle bounce, re-entrainment, and par-
ticle overloading effects of these devices were found (Le
T.C. and Tsai C.J.,, 2017; Le T.C. et al., 2019). The
non-bouncing modified louvered PM;, (M-PM,) inlet and
the modified WINS (M-WINS) were developed for the
long-term sampling purpose without the need for frequent

Thi-Cuc Le et al. / KONA Powder and Particle Journal No. 38 (2021) 42—-63

maintenance. A multi-filter PM,, and PM, s sampler
(MFPPS) which consists of PM;; and PM, 5 impactors
was developed for collecting multiple samples of PMy,
and PM, s simultaneously for different analyses or com-
parison tests of different devices (Liu C.N. et al., 2011).
Besides, numerous theoretical and experimental studies
have been carried out by our group, which explored fun-
damental issues of the inertial devices including the effect
of gravity on particle collection efficiency (Huang C.H.
and Tsai C.J., 2001), the influence of impaction plate di-
ameter and particle density on the collection efficiency of
inertial impactors (Huang C.H. and Tsai C.J., 2002a), the
effect of porous metal (Huang C.H. et al., 2001; Huang
C.H. and Tsai C.J., 2002b; Huang C.H. and Tsai C.J.,
2003) and porous foam (Huang C.H. et al., 2005) as the
impaction substrate on the cut-size and collection effi-
ciency, and the influence of the relative humidity (RH) on
NP concentration and particle mass distribution measure-
ments by the MOUDI (Chen S.C. et al., 2011).

With our understanding of inertial impactors, this arti-
cle aims to synthesize the existing knowledge of impactor
design and discuss future perspectives in the applications
of inertial techniques to classify PMs, NPs, and powder.
The design principle, cutoff characteristics, and the ad-
vantages and disadvantages of each type of inertial im-
pactors are reviewed. Some typical applications of inertial
impactors including mass concentration measurement,
mass and number distribution measurement, personal ex-
posure measurement, PM control, and powder classifica-
tion are discussed. Two types of inertial impactors
including the conventional impactor and the virtual im-
pactor are covered.

2. Principle and design consideration

The types and principles of the inertial impactors are
presented in textbooks (Hinds W.C., 1999; Marple V.A.
and Olson B.A., 2011) and are described briefly here to
support the design and application considerations. The
description and pros and cons of each type of inertial im-
pactors are summarized in Table 1. The lists of their
commercial devices can be found in Watson J.G. and
Chow J.C. (2011).

2.1 Conventional impactor and cascade impactor

A conventional single-stage impactor consists of a
single or multiple nozzles which are either round- or
rectangular-shaped and an impaction plate below the noz-
zle as shown in Fig. la. When the particle-laden air
passes through the nozzle(s) and makes a turn above the
impaction plate, particles with sufficient inertia are not
able to follow streamlines and impact on the collection
plate while particles with less inertia will flow out of the
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Pros and cons

Typical devices

References

Single-stage, single-
nozzle impactor

Single-stage,

multi-nozzle impactor

Cascade impactor

Low pressure impac-
tor (LPI)

Electrical low pres-
sure impactor (ELPI)

Virtual impactor

The impactor consists
of a single nozzle and
an impaction plate,
used to collect parti-
cles smaller than a
certain size.

The impactor consists
of a nozzle plate with
multiple nozzles and
an impaction plate,
used to collect parti-
cles smaller than a
certain size.

The impactor is a
series of multi-nozzle
impactors, used to
measure particle mass
distribution.

The cascade impactor
operates at low
pressure condition.

The device consists of
a charger and a
cascade impactor cou-
pled with electrome-
ters, used to measure
particle number
concentrations electri-
cally

The impactor consists
of a single nozzle and
a single collection
probe, used to collect
two particle size
fractions.

Pros: Simple configuration, easy
operation, and low cost.

Cons: Low flow rate, large
cut-size, and possible particle
bounce, particle overloading, and
particle loss.

Pros: Simple configuration, easy
operation, a wide range of flow
rates, and a smaller cut-size.
Cons: Particle bounce, particle
overloading, particle loss, and
multiple jet interactions.

Pros: It can measure particle
mass distribution ranging from
10 nm to 10 um.

Cons: Possible overloading,
particle re-entrainment, and
interstage loss.

Pros: It can measure particle
mass distribution of NPs down to
10 nm.

Cons: High pressure drop.

Pros: Automatic and nearly
real-time measurement with a
response time of less than 5 s.
Cons: Possible particle bounce
unless the oil-coated sin-
tered-metal substrate is used;
Resolution is not good for NPs.

Pros: No particle bounce and
particle loading effect; Simulta-
neous measurement of two
particle size ranges.

Cons: Contamination of coarse
particles by particles smaller
than the cut-size; Particle loss;
Use of two flow meters.

EPA PM, 5 WINS;
EPA louvered PMyq
inlet; EPA flat-topped
PMyg inlet

EPA Hivol PM,
impactor (1133 L/
min); Harvard sharp-
cut impactor (10 and
20 L/min)

MOUDI; MOUDI-II;
Andersen cascade
impactor; NMCI

Berner-type low-pres-

sure impactor

Dekati® ELPI

Dichotomous sampler

McFarland A.R. et al.,
1984;

Peters T.M. et al.,
2001;

Tolocka M.P. et al.,
2001

McFarland A.R. et al.,
1984;

Turner W.A. et al.,
2000

Andersen A.A., 1966;
Marple V.A. et al.,
1991;

Chien C.L. et al., 2015

Berner A., 1972

Keskinen J. et al.,
1992;
Jarvinen A. et al.,
2014

McFarland A.R. et al.,
1978

impactor and are either collected by a filter for further
analyses or measured directly by an aerosol instrument
(Marple V.A. and Olson B.A., 2011). In order to classify
particles into many size ranges, a series of single-stage
impactors are used, which is called cascade impactor
(Marple V.A. and Olson B.A., 2011). The successive
stages are designed to provide progressively higher jet
speeds and/or reduced pressures so that the average aero-
dynamic size of particles collected at each stage is pro-
gressively smaller. Many nozzles (multi-nozzle) are
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mainly used to increase the airflow rate. These nozzles
are drilled on a nozzle plate which is placed on the top of
the impaction plate with a given jet-to-plate distance.

2.1.1 Design theory

The design theory of the conventional impactor is
based on the numerical modeling of the flow field and the
equations of particle motion by Marple and co-workers
(Marple V.A. and Rubow K.L., 1986). The performance
of the inertial impactor is characterized by the collection
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Fig. 1 Inertial impactor problems (a) normal case (b) particle bounce, (c) particle overloading, and (d) particle loss.

efficiency curve, which is an “S” shape curve due to the
non-ideal and non-uniform flow field in the impactor. The
collection efficiency curve is represented by the cutoff
aerodynamic diameter (Dy,s0), Which is the aerodynamic
diameter for 50 % collection efficiency, and the sharpness
or geometric standard deviation (GSD > 1.0) of the parti-
cle collection efficiency curve. The GSD is calculated as
(Marple V.A. and Olson B.A., 2011)

D
GSD = | P8t o)
Dpa16

where Dp.g, and D6 are the aerodynamic diameters for
84 % and 16 % collection efficiencies, respectively. The
most important parameter that governs the collection effi-
ciency is the Stokes number (Stk) which is used to predict
whether a particle will impact on the impaction plate or
follow the air streamlines to exit the impactor. Stk is the
ratio of the particle’s stopping distance to the characteris-
tic dimension of the nozzle and is calculated as follows
(Marple V.A. and Olson B.A., 2011)

poD5C (D,)Uq _
ouw

ppODgaCc (Dpa )UO
ouw

Stk = (@)

where p,, is the particle density (kg/md), Ppo is the unit
density (1000 kg/m®), C is the slip correction factor, U, is

the air jet velocity (m/s), D, is the particle diameter (m), x
is the dynamic air viscosity (kg-s/m?), and W is the diam-
eter or the width of nozzle (m). Stks, is the Stokes number
for 50 % collection efficiency. For an impactor, Stksy is
usually fixed under optimized conditions, and D5, can
be calculated as the following equation (Marple V.A. and
Olson B.A., 2011):

ouw
ppOCc (DpaSO)UO

\/Sths ©)

DpaSO =

Jet Reynolds number (Re) is another parameter govern-
ing the flow field and the particle collection efficiency. Re
influences the sharpness of the collection efficiency curve
more than the cutoff diameter. Re of the round-nozzle im-
pactor is expressed as (Marple V.A. and Olson B.A., 2011)

_ paWUO
u

Re @)

where p, is the air density (kg/m®). The inertial impactors
will have sharp and nearly the same collection efficiency
curves with a fixed Stksy, of 0.24 (round nozzle) or 0.59
(rectangular nozzle) if Re ranges from 500 to 3000.

The S/W ratio, which is the jet-to-plate distance (S) di-
vided by W, also influences the collection efficiency. An
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than 1.5 for a rectangular-nozzle impactor (Marple V.A.
and Rubow K.L., 1986). S/W usually ranges from 1 to 5 to
eliminate the effect on Stk for single nozzle impactors
(Marple V.A. and Liu B.Y., 1974). Furthermore, in order
to provide a sufficient time for the particles to accelerate
to the fluid velocity, the throat length (T) divided to W (T/
W) should be larger than 1.0 and the entrance of the noz-
zle should be tapered or conical (Marple V.A. and Willeke
K., 1976). In addition, the effect of particle gravity on the
increasing particle collection efficiency was found when
Re is below 1500 (Huang C.H. and Tsai C.J., 2001). Other
parameters influencing the collection efficiency curves
are the impaction plate diameter, the particle density
(Huang C.H. and Tsai C.J., 2002a) and the design of im-
paction surfaces (Tsai C.J. and Cheng Y.H., 1995; Tsai
C.J. and Lin TY., 2000). A small impaction plate will
cause an increase in the cutoff diameter (Huang C.H. and
Tsai C.J., 2002a) while a small impaction well will de-
crease the cutoff diameter due to the secondary impaction
on the wall of the well (Hu S. et al., 2007).

It is noted that the above design considerations are not
only suitable for singe-nozzle, single-stage impactor but
also applicable for the multi-nozzle, multi-stage impactor
with nozzles far enough from each other. If the nozzles
are too close, nozzle crossflow interaction occurs, which
affects the collection efficiency of the multi-nozzle impac-
tor (Fang C. et al., 1991; Kwon S.B. et al., 2002). The
cross-flow parameter, which is a function of the number
of nozzles, nozzle diameter, and nozzle cluster diameter,
should be less than 1.2 to eliminate the effect of the cross-
flow interaction (Fang C. et al., 1991). Other previous
studies showed that the cutoff characteristics of the
multi-nozzle impactor are also effected by S/W and Re
even if they fall in the recommended range for the single-
nozzle impactor (Gudmundsson A. et al., 1995; Kwon S.B.
et al., 2002; Yao M. and Mainelis G., 2006). The cutoff
characteristics of successive stages of the cascade impac-
tor with the Dy.s0 < 100 nm was found to be very sensitive
to S/W (Arffman A. et al., 2011; Tsai C.J. et al., 2012b; Liu
C.N. et al., 2013b). In the multi-nozzle impactor, the sec-
ondary deposit of particles due to the jet interaction leads
to the differences between the theoretical and experi-
mented collection efficiencies and the less sharp collection
efficiency and lower Stk (Rocklage J.M. et al., 2013;
Garcia-Ruiz E. et al., 2019).

To achieve smaller cut-sizes in the lower stages of the
cascade impactor, multiple micro-orifice impactors
(MOIls) or low pressure impactors (LPIs) are used. In the
LPIs, particles with a very small cutoff diameter (e.g.
0.05 um) are collected due to the increase of the slip cor-
rection factor with the decrease in the pressure. A large
vacuum pump to draw the air through the nozzles at a
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high flow velocity is needed which creates a large pres-
sure drop for the impaction to take place at low pressure
(e.g. 3 kPa). The nano-size cutoff diameter (e.g. 2 or 5 nm)
can also be achieved by expanding the aerosol into an
evacuated region creating hypersonic impaction condi-
tions (Fernandez de la Mora J. and Schmidt-Ott A., 1993).
These low pressure impactors may have the evaporation
loss of semi-volatile particle materials (SVM) (Biswas P.
et al., 1987). In comparison, in the MOls, the smaller cut-
off diameter is obtained by using numerous small micro-
orifices, which provide the desirable flow rate at a rela-
tively low pressure drop. The evaporation loss of SVMs
was shown to be eliminated in the MOIs if the pressure
drop is less than 40 kPa (Fang C. et al., 1991). The cas-
cade impactor can be developed with the above design
considerations and calibrated with the standard method
presented by Marple V.A. and Olson B.A. (2009). The
consideration of designing an inertial impactor with a
smaller cut-size, a sharper collection efficiency curve, and
a higher flow rate is summarized in Table 2.

There major drawbacks of the conventional impactor
are particle bounce, particle overloading and particle loss
as shown in Fig. 1b—d. Since these effects can cause the
shift of the cutoff diameter and the collection efficiency
curve leading to incorrect PM measurement, numerous
researches have studied these problems to find out the
solutions (Liu C.N. et al., 2013b; Le T.C. and Tsai C.J,,
2017; Le T.C. et al., 2019).

2.1.2 Particle bounce effect

Particle bounce occurs when the impactor plate is un-
able to absorb the kinetic energy of the incident particles
completely (Fig. 1b). The particles are not retained by the
surface, resulting in the lower particle collection effi-
ciency for particles larger than the cutoff diameter (John
W. et al., 1991; Bateman A.P. et al., 2013). The rebound
particles can be collected on the after filter or a subse-
quent stage resulting in the positive bias of PM measure-
ment or the shift of the mass distribution toward smaller
aerodynamic sizes (Marple V.A. and Olson B.A., 2011;
Jain S. and Petrucci G.A., 2015). The particle bounce de-
pends on the adhesion energy between particles and the
impaction surface, the energy loss mechanisms in parti-
cles (dissipation energy) and the initial velocity (or kinetic
energy) of particles (Bateman A.P. et al., 2013; Jain S. and
Petrucci G.A., 2015). After impaction, the incident kinetic
energy is balanced by several energy relaxation terms in-
cluding dissipation energy, adhesion energy, and rebound
energy. Rebound energy that is greater than the sum of
dissipation and adhesion energies will result in particle
bounce. Physical properties of particles such as hygro-
scopicity, size, density, phase, elasticity, and hardness can
also play an important role in particle bounce behavior
(Matthew B.M. et al., 2008; Bateman A.P. et al., 2013;
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$>QO REquirements

Solutions

Limitations

References

To decrease the
cut-size by

To increase the
sharpness of the
collection efficiency
curve by

To increase the flow
rate by

increasing the flow rate

decreasing the diameter or
width of nozzles

decreasing the jet-to-plate
distance

increasing nozzle throat length

increasing the impaction plate
diameter

using the elliptical concave
impaction plate

gravitation force assistance

reducing the pressure by using
high jet velocities

reducing the nozzle throat
length

using an additional punched
impaction plate

using horizontal inlet with
rectangular-slit-nozzle

increasing the number of
nozzles

using rectangular nozzles

Re numbers should be in the range of
500-3000 to achieve a sharp collection
efficiency curve

It may cause an increased pressure drop
and it is hard to fabricate the micro-size
nozzles

It may cause an increased pressure drop
if S/W is < 1.0 for round-nozzle impac-
tors and < 1.5 for rectangular-nozzle
impactors

TW=>1.0

It is applicable as Re < 1500

It is applicable for round-nozzle impac-
tor

It is applicable as Re < 1500

Evaporation of semi-volatile compounds

T/W < 1.0. It is just applicable for low
pressure impactors

It is a complicated configuration

It is a complicated configuration

W should be > 0.04 ¢cm to lower fabrica-
tion cost

The less sharp collection efficiency
curve was found

Marple V.A. and Rubow K.L.,
1986

Berner A., 1972;
Marple V.A. et al., 1991

Chien C.L. et al., 2015

Marple V.A. and Liu B.Y.,
1974

Huang C.H. and Tsai C.J.,
2002a

Kim Y.J. and Yook S.J., 2011
Huang C.H. and Tsai C.J.,

2001
Chen S.C. et al., 2007;

Arffman A. et al., 2011
Arffman A. et al., 2011
Cheon TW. et al., 2017
Kim M.K. et al., 2014

Chien C.L. etal., 2015

Kim M.K. et al., 2014

Kang M. et al.,, 2015; Chen M. et al., 2016). It was re-
ported that liquid and liquid-coated particles were col-
lected with an efficiency of nearly 100 %, while the
collection efficiency of solid particles could be as low as
20 % (Matthew B.M. et al., 2008).

To increase the adhesion energy and minimize the solid
particle bounce, the impaction plate is usually coated with
vacuum grease, vacuum oil or silicone oil (Turner J.R.
and Hering SV, 1987), covered by a glass-fiber filter
(GFF) saturated in water (Dunbar C. et al., 2005), or
soaked in vacuum oil (Vanderpool RW. et al., 2007). Use
of rough impaction plates (Marjaméki M. and Keskinen
J., 2004), porous substrate (Huang C.H. et al., 2001;
Huang C.H. and Tsai C.J., 2003; Huang C.H. et al., 2005),
or specially designed impaction plate (Kim Y.J. and Yook
S.J., 2011; Kim W.G. et al., 2013) can also reduce particle
bounce. For the coated substrate, the type and the thick-
ness of the coating material also affect the particle

bounce. If the coating materials interfere with chemical
analysis (Wang L. et al., 2005; Fujitani Y. et al., 2006), an
uncoated impaction surface is preferred (Kang M. et al.,
2015). In addition, the relative humidity of incoming
aerosols conditioned to a higher value (> 70 %) can mini-
mize particle bounce, due to the increase in the adhesion
energy by capillary force between adsorbed water on the
particle and the impaction plate (Chen S.C. et al., 2011,
Bateman A.P. et al., 2013).

2.1.3 Particle loading effect

Although the coating materials help to reduce the parti-
cle bounce effectively, the particle loading effect occurs
when too many particles are collected on the impaction
substrate after a long sampling period (Fig. 1c). When the
grease-coated impaction plate is loaded heavily with par-
ticles, the incident particles strike on previously deposited
solid particles rather than the coated plate, resulting in
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$?\QOI\AIS&\feover, the particle blow-off problem may take place

when heavily loaded particles are swept away from the
substrate by high-velocity jet flow.

Therefore, the net effects of substrate overloading are
similar to particle bounce: lower collection efficiencies for
particle larger than the cut-size and the shift of the mea-
sured size distribution toward the smaller particle sizes
(Tsai C.J. et al., 2012b). The problem of particle overload-
ing can be overcome by reducing the sampling time since
it affects the amount of particles collected. Many methods
have been proposed to increase the particle loading
capacity on the impaction substrate to extend the sam-
pling period, including the special designs of impaction
plates (Tsai C.J. and Cheng Y.H., 1995), oil-soaked filters
(Peters T.M. et al., 2001), oil-coated impaction substrate
(Tsai C.J. et al., 2012b), multi-hole impactor with Trypti-
case Soy Agar (TSA) substrate (Lai C.Y. et al., 2010) or
rotating substrates (Marple V.A. et al., 1991; Tsai C.J. et
al., 2012b).

However, when the oil-coated filter substrate is used to
eliminate particle bounce, the particle loading effect can
still occur since the oil, which has a lower viscosity than
the grease, wicks up through the previously deposited
particle layer by the capillary action, and eventually leads
to the pile-up of the deposited particles on the substrate.
This causes the shift of the cutoff diameter and collection
efficiency curve to the smaller sizes leading to incorrect
PM measurements (Kenny L.C. et al., 2000; Vanderpool
RW. et al., 2001). Even with the rotating stage design in
the MOUDI (Marple V.A. et al., 1991), it is expected that
several tens of layers of deposited particles will appear on
the grease-coated stage for particle bounce and loading
effect to occur when the typical stage inlet aerosol mass
concentration is 1020 pug/m® during 24-h sampling (Tsai
C.J. and Cheng Y.H., 1995). The special designs of impac-
tion cavities and wells have better performance compared
to that of flat impaction surfaces since rebound particles
can be retained (Tsai C.J. and Cheng Y.H., 1995; Peters
T.M. et al., 2001).

An M-PM,q, impactor with oil-soaked GFF substrate
supported by a porous metal disc as shown in Fig. 2 was
designed to avoid the particle bounce and overloading ef-
fects (Le T.C. et al., 2019). In the M-PM,, impactor, there
is a 1-mm layer of oil remaining on the top of the sub-
strate and the pores of the porous metal disc are filled
with vacuum oil to enhance the loading capacity. With
these improvements, the modified PM;, impactor showed
a good sampling performance with a bias of less than
+ 10 % during 30 sampling days. Based on the concept of
water-saturated GFF substrate of Dunbar C. et al. (2005)
and impaction well (Peters T.M. et al., 2001), a PM, 5 im-
pactor with the water-wetted GFF substrate modified
from the WINS was developed by our group as shown in
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Fig.2 Schematic diagram of the M-PMy, impactor (Le T.C. et al.,
2019).

Nozzle
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well

Wetted GFF

DI ————————
water |

Fig. 3 Schematic diagram of the M-WINS (Le T.C. and Tsai C.J.,
2017).

Fig. 3. This impactor design not only can eliminate the
particle bounce by using the water-wetted GFF impaction
substrate but also avoid the particle overloading effect by
injecting a small amount of water upward to wash the de-
posited particles off the impaction surface continuously
(Le T.C. and Tsai C.J., 2017). Instead of using water, the
M-WINS can inject vacuum oil periodically to wash off
particles to save oil consumption. Washing impaction
substrate to eliminate particle bounce and particle over-
loading effects can be applied to different types of impac-
tors as well.

2.1.4 Particle loss effect

Particle loss is another limitation of inertial impactors
(Fig. 1d). Instead of being collected on the impaction
substrate, particles can also deposit on the inner walls of
the impactor, including the nozzle and the casing, leading
to the underestimation of the collection efficiency and the
distortion of the measured mass distribution. Large parti-
cles can be lost by impaction while nanoparticles can be
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will adhere to any surface upon contact with it. Some of
dry particles, however, may rebound when they hit the
surface and remain airborne. Experimental and theoreti-
cal studies have been conducted for determining the par-
ticle losses by impaction and diffusion (Chen S.C. et al.,
2007). The inertial loss of large particles normally occurs
on the contractions which connect the big inlet tube to the
small nozzle or on the surface of nozzle plate (Durand T.
et al., 2014; Kumar A. and Gupta T., 2015a, 2015b).

Another particle loss in the cascade impactor is the
inter-stage particle loss, which occurs in the inter-stage
space above the intended stage to collect particles. The
inter-stage loss is due to turbulent particle deposition
when they pass through sharp corners or obstructions be-
tween two adjacent stages (Marple V.A. et al., 1991). Typ-
ically, significant particle loss occurs in the lower stages
of the cascade impactors due to diffusion-convention
(Demokritou P. et al., 2002b; Watson J.G. and Chow J.C.,
2011). The NMCI with smooth nozzles could minimize
the convection-diffusion particle deposition in the nozzle
(Liu C.N. et al., 2013b). In another study, 80 % of particle
loss was found to concentrate around the nozzles and
20 % on the impaction plate in a stage of the DLPI
(Dekati® Low-Pressure Impactor) (Durand T. et al., 2014).

Some conventional impactors were designed by chang-
ing the geometry of the impactor to enhance the collec-
tion efficiency to obtain a lower cut-size, including using
the horizontal inlet to concentrate particles in the central
axis of nozzle (Kim M.K. et al., 2014; Kim W.G. et al.,
2014; Heo J.E. et al., 2018), using an additional punched
impaction plate installed between the nozzle outlet and
impaction plate (Cheon TW. et al., 2017), and the combi-
nation of the impactor and the initial filter to achieve a
sharp collection efficiency curve (Zhang T. et al., 2017,
Zhang X. et al., 2018). Table 3 lists the design solutions to
resolve the problems of conventional impactors.

2.2 Virtual impactors

The virtual impactor is another type of inertial impac-
tors, which consists of the nozzle(s), and the collection
probe(s) (Marple V.A. and Olson B.A., 2011). In the vir-
tual impactor, the collection probe diameter (D), which is
slightly larger than W, is used to replace the collection
plate of the conventional impactor to eliminate particle
bounce and particle overloading effects (Loo B.W., 1975).
Particles with sufficient inertia are retained in a relatively
stagnant air passing through the collection probe while
particles with less inertia follow the airflow to exit the
impactor. The minor flow (Q,) is about 5-20 % of the to-
tal air flow (Q) or the major flow (Q,) is about 80-95 % of
the total air flow (Hinds W.C., 1999).
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Many studies have been conducted to examine the cut-
off characteristics and the influencing parameters of the
virtual impactor of the basic design (McFarland A.R.
et al., 1978; Marple V.A. and Chien C.M., 1980; Lim K.S.
and Lee KW., 2006). They concluded that the theoretical
cutoff characteristics of the virtual impactors are similar
to those of conventional impactors, which are mainly gov-
erned by Stk and Re (Marple V.A. and Chien C.M., 1980).
The other parameters such as collection probe/nozzle di-
ameter ratio, nozzle length, entrance cone angle, and noz-
zle to collection probe distance do not have an important
effect on the collection efficiency. Although the value of
D/W does not affect the cutoff characteristic, it should be
less than 1.49 to eliminate the flow field effect. The cutoff
diameter increases as the minor and major flow ratio (Q,/
Q,) decreases (McFarland A.R. et al., 1978; Marple V.A.
and Chien C.M., 1980). The virtual impactor avoids the
particle bounce effect without using the impaction plate,
but an intrinsic disadvantage of the virtual impactor is the
contaminations of coarse particles in the major flow by
fine particles. That is, a portion of particles less than the
cutoff diameter will remain in the minor flow or the so-
called minor flow contamination. A virtual impactor with
reduced fine particle contamination was designed by con-
fining the aerosol flow within a central core enveloped by
a sheath of clean air (Chein H. and Lundgren D.A., 1993).
The opposing jets design and the introduction of a clean
air core as the envelope around the particle-laden stream
were also used to eliminate fine particle contamination.

Another major disadvantage of the virtual impactor is
the particle internal losses which affect the cutoff diame-
ter significantly (Xu Z., 1991). Particles are normally lost
at the upper edge of the collection probe or on the back-
side of the probe plate. The particle loss is affected by D/
W, Re, Q,/Q, the nozzle protruding through the nozzle
plate, the shape of the collection probe inlet, and the
alignment of the axes of the nozzle and the collection
probe. High particle losses occur for particles having a di-
ameter close to the cutoff point (Marple V.A. and Chien
C.M., 1980). The particle loss can be reduced by proper
contouring of the probe entrance, decreasing Re, and in-
creasing Q4/Q, and S/W ratio (Marple V.A. and Chien
C.M., 1980). The particle loss can be reduced by increas-
ing D/W but it may reduce the sharpness of the particle
collection efficiency curve. Certain values of the throat
length of the probe opening, the radius of the rounded
shoulder of the probe opening, and the diameter of the
lower surface of the nozzle required to reduce the particle
loss were suggested (Marple V.A. and Chien C.M., 1980).
It is summarized that D should be about 30-50 % larger
than W, the radius on the inside of the collection probe in-
let is about 30 % of W, the nozzle should protrude two to
three times W through the nozzle plate, S should be about
1-1.8 times W, and the axes of the nozzle should be
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Solutions

Pros and cons

References

Particle bounce

Particle over-

loading

Particle loss

Multiple-jet
interaction

Using glass fiber filter
or Teflon filter as an
impaction substrate

Greased substrate

Oiled substrate

Porous metal substrate

Foam substrate

Water substrate and
water washing

Cavity-type impaction
substrate

Elliptical concave
impaction plate

Cup impactor

Using virtual impactor

Oiled substrate

Porous metal substrate

Continuous water
washing

Rotated impaction plate

Horizontal inlet in
virtual impactor

Smooth nozzles

The symmetrical
arrangement of nozzles

Pros: Simple and no chemical interference
Cons: Expensive

Pros: Easy implementer
Cons: Can’t be suitable for chemical analysis;
Particle overloading effect

Pros: Cheap, high loaded mass, low viscosity, and
uniform coating
Cons: Particle loading effect and oil evaporation

Pros: No chemical interference
Cons: The shift of the collection efficiency curve
and cutoff diameter; Less sharp curve

Pros: No chemical interference
Cons: The shift of the collection efficiency curve
and cutoff diameter; Less sharp curve

Pros: No chemical interference; Can be used to
collect samples for chemical analysis; Long-term
use

Cons: Pumps are needed to inject and drain water

Pros: No energy, solutions or materials are needed
Cons: The curve is not very sharp

Pros: No chemical interference
Cons: The determination of dimensions is needed;
It just helps trap some re-bound particles

Pros: No chemical interference
Cons: Special design; The cut-size can’t be pre-
dicted

Pros: Two size fractions
Cons: Fine particle contamination; High particle
loss near the cut-size.

Pros: Cheap and high loaded mass
Cons: Short-term use and oil evaporation

Pros: High loaded mass
Cons: The shift of the collection efficiency curve
and cutoff diameter; Less sharp curve

Pros: Long-term use without frequent maintenance
Cons: Pumps are needed to inject and drain water

Pros: Long-term use
Cons: A motor is needed; Coated substrate;
Complicated configuration

Pros: High collection efficiency
Cons: Complicated configuration

Pros: No particle clogging
Cons: Need special technique to fabricate micro-
size nozzles

Pros: Uniform deposition
Cons: Not enough study

Marple V.A. etal., 1991

Turner J.R. and Hering S.V.,
1987;
John W. et al., 1991

Turner J.R. and Hering S.\V.,
1987;

Peters T.M. et al., 2001,

Le T.C. etal., 2019

Huang C.H. et al., 2001;
Huang C.H. and Tsai C.J.,
2002b; 2003

Huang C.H. et al., 2005

Dunbar C. et al., 2005;
Le T.C. and Tsai C.J., 2017

Tsai C.J. and Cheng Y.H., 1995

Kim W.G. et al., 2013

Kim D.S. et al., 2006

McFarland A.R. et al., 1978;
Marple V.A. and Chien C.M.,
1980

Turner J.R. and Hering S\V.,
1987

Huang C.H. et al., 2001

Le T.C. and Tsai C.J., 2017

Marple V.A. et al., 1991;
Tsai C.J. et al., 2012b

Heo J.E. et al., 2018

Fang C. et al., 1991;
Liu C.N. et al., 2013b;
Chien C.L. et al., 2015

Kwon H.B. et al., 2018
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Some special designs of the virtual impactor to elimi-
nate particle loss and improve the collection efficiency
were developed. This includes the slit virtual impactor as-
sembled with an orifice installed upstream of the acceler-
ation nozzle to concentrate the minor flow at the center of
the collection probe (Lim K.S. and Lee KW., 2006; Lee
H. et al., 2014) or the impactor with three-partitioned hor-
izontal inlet (Zahir M.Z. et al., 2018). The virtual impac-
tor with an ultrafine cutoff diameter at a moderate
pressure drop was developed by using a very small round
nozzle and at a low flow rate (Sioutas C. et al., 1994b) or
slit nozzles to operate at a high flow rate (Sioutas C. et al.,
1994a).

Since it is hard to control both minor and major flows,
the virtual impactor is usually designed as a single-stage
virtual impactor. The multi-stage virtual impactor to col-
lect particles in different size ranges simultaneously was
studied (Marple V.A. et al., 2013, 2014a; Wada M. et al.,
2017). To increase the flow rate to 1000 L/min, the use of
multi-nozzle virtual impactors was also designed to re-
duce the pressure drop (Szymanski WW. and Liu B.Y.,
1989). It is noticed that the multi-nozzle virtual impactor
may have multiple jet interaction problem leading to the
degradation of the impactor’s performance (Fang C. et al.,
1991). The virtual impactor with the rectangular nozzle
can increase the flow rate without changing the cut-size as
compared to the single round-nozzle virtual impactor
(Masuda H. and Nakasita S., 1988). A slit-shaped nozzle
virtual impactor in which the width of the slit is the same
with the diameter of the round nozzle was developed to
overcome the crossflow interaction problems of the multi-
ple jets at a high flow rate (Ding Y. and Koutrakis P.,
2000).

3. Application of inertial impactors

The development of the inertial impactor is in line with
the need to develop PM measurement devices. PM mea-
surement serves various purpose such as (i) the determi-
nation of PMy or PM, 5 concentrations to determine the
compliance with the national ambient air quality standard
(NAAQS), (ii) the determination of particle mass distri-
bution, (iii) the determination of physical and chemical
properties of particles, and (iv) the exposure assessment
of PMs. Many studies were carried out by our group for
ambient mass measurement of PM, s and ultrafine parti-
cles using commercial inertial impactors for PM, s mass
concentration measurement and the evaluation of the per-
formance of PM, s monitors (Liu C.N. et al., 2013a), the
measurement of mass concentration and chemical compo-
sition of PM, 5 (Liu C.N. et al., 2014; Liu C.N. et al., 2015)
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and ultrafine particles (Chen S.C. et al., 2010a; Chen S.C.
et al., 2010b), long-term measurement for PM, 5 and ultra-
fine particles mass concentrations (Lin G.Y. et al., 2015),
and the measurement of PM,,, PM, 5 and PM, ; for source
characterization and apportionment (Gugamsetty B. et al.,
2012).

3.1 PM mass measurement

In order to measure the ambient PM mass concentra-
tion to determine the compliance with NAAQS for PM,,
and PM, s, respectively, the PM FRM (Federal Reference
Method) samplers and FEM (Federal Equivalent Method)
monitors are used (U.S.EPA, 2017a; Le T.C. et al., 2020).
The FRM samplers and FEM monitors use size-selective
inlets to classify the desired particle sizes for collecting
on the filter for further analysis. Due to the sharp cutoff
characteristics of the inertial impactors, they are widely
deployed for the size-selective inlets. The PM;, and PM, 5
size-selective inlets are designed based on the U.S. EPA
requirements for the cutoff diameter, the sharpness of the
collection efficiency curve, the flow rate, and the accuracy
for long-term sampling. A list of PM,, and PM, 5 size-
selective inlets including the conventional impactor and
virtual impactor is shown in Table 26.1 in Watson J.G.
and Chow J.C. (2011) and is not repeated here. U.S. EPA
designated that the PM,, size-selective inlets should have
the cut-size of 10 = 0.5 pm and the sharpness of the sam-
pling efficiency curve of 1.5+ 0.1 (U.S.EPA, 2017a) and
the PM, 5 size-selective inlets should have the cut-size of
2.5 £ 0.2 um but the curve sharpness is not specified. The
sharpness curve of the PM, 5 inlet needs to agree with
that of the WINS (GSD = 1.18) (Peters T.M. et al., 2001)
and very sharp-cut cyclone (VSCC, GSD = 1.16) (Kenny
L.C. et al., 2004), which are the standard inlets specified
in U.S.EPA (2017a). Other countries specified the curve
sharpness of 1.2 + 0.1 (MEPC, 2013; ECS, 2014).

3.1.1 The inlet for a single size fraction

The conventional impactors are used extensively as an
inlet to classify a single size fraction since they have
sharper cutoff characteristics than that of the cyclone,
which include AMI (Airmetrics) MiniVol™ impactors
(AMI, 2020), Harvard sharp-cut impactors (Turner W.A.
et al., 2000), Hi-vol PMyq samplers (McFarland A.R. et al.,
1984), Med-vol (Medium volume) PM,, samplers (Olin
J.G. and Bohn R.R., 1983), Flat Top Dichot PMy, inlet
(McFarland A.R. et al., 1978), BGI FRM Louvered PMy
samplers (Tolocka M.P. et al., 2001), and EPA WINS
PM, 5 inlet (Peters T.M. et al., 2001). These inlets are dif-
ferent in the sampling flow rate, cutoff diameter, and sam-
pling curve sharpness. The Hi-vol PM,, sampler is widely
used for sample PM,, with a high flow rate of 1133 L/min
(Fujitani Y. et al., 2017). The impaction plate of the Hi-vol
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w&%ﬁ\gler was suggested to be grease-coated to elimi-
afd the particle bounce and re-entrainment to avoid PMy,
overestimation as compared to other samplers (Lee S.J.
et al., 2005). A slight difference in the cutoff characteristic
of the PMyq inlet can cause a sensible difference in PMyq
measurements between different PM;, inlets since the
mode of many ambient mass-size distributions is nearly
10 pm (Ranade M.B. et al., 1990). The Med-vol PM;,
sampler is the one used for sampling PMy, at the medium
flow rate of 113 L/min (Gertler A.W. et al., 1993) but is not
deployed widely. Some other impactors have been de-
signed to operate at high flow rates that exceed hundreds
of liters per minute (Misra C. et al., 2002) and even thou-
sands of liters per minute (Fulghum M.R. et al., 2012;
Staymates M. et al., 2013) to collect more mass of PMyj,
PM, 5, PM; or PMg .

Nowadays, many FRM samplers and FEM monitors
use low-volume flat-topped (McFarland A.R. et al., 1984)
and louvered PMy, inlets (Tolocka M.P. et al., 2001) to
classify particles smaller than 10 pm at the low flow rate
of 16.7 L/min (U.S.EPA, 2017b). However, several studies
found that the low-volume PMyq inlet has uncertainty in
the measured sampling efficiency. These studies found
that the sampling performance of PMy, inlet is very sensi-
tive to variation of particle sources (Wang L. et al., 2005),
particle size distribution (Buser M.D. et al., 2008), and
TSP/PM,, ratio (Total suspended particulates) (Watson
J.G. et al., 2011). The low-volume PM,, sampler overesti-
mated PM,q when it was used to measure fly ash particles
as compared to the Andersen cascade impactor (Park J.M.
et al., 2009). When the particle source is dominant by
particles larger than the cut-size, a small fraction of parti-
cles larger than the cut-size may cause the overestimation
(Faulkner W.B. et al., 2014). In the previous study, we
found that the distortion of the sampling performance of
the low-volume PM,, sampler could be due to particle
bounce and re-entrainment from the uncoated surface of
the PMy, inlet, and particle overloading of the PM;, im-
pactor after a long sampling period, resulting in
over-measurement and under-measurement, respectively.
Thus, the PMy, inlet was required to be cleaned every day
to eliminate these effects. Similarly, most of FRM sam-
plers and FEM monitors (16.7 L/min) using PM, s WINS
as the PM,5 inlet (U.S.EPA, 2017b), whose impaction
well have to be replaced after 3-5 days sampling to elimi-
nate the particle overloading problems (Le T.C. and Tsai
C.J.,, 2017). The M-PMy, inlet and PM, s M-WINS inlet
developed by our group were tested for one month with-
out frequent cleaning and maintenance. They can be used
to replace the traditional PM;j inlets and PM, s WINS in-
let for PM sampling.

The MiniVol impactor with the flow rate of 5 L/min is
also used to determine the mass and chemical composi-
tion of fine particles (Du W. et al., 2017; Fan Z.L. et al,,
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2017; Thuy N.T.T. et al., 2018) or used as the reference for
calibration (Begum B.A. and Hopke P.K., 2019). However,
the previous studies showed that the MiniVol data did not
agree well with the other collocated samplers and moni-
tors (Kingham S. et al., 2006). This could be due to the
particle bounce and particle loading effect. The impaction
plate of the MiniVol impactor needs to be cleaned and re-
coated grease after 5 sampling days or more often if over-
loading is observed to recovery the good performance
(AMI, 2020). The mini-volume (4 L/min) or low-volume
(1020 L/min) Harvard sharp-cut impactors with different
cut-sizes of 10, 2.5 and 1.0 um, which use the oil-coated
impaction substrate to eliminate the particle bounce ef-
fect, were mainly used for indoor measurement and out-
door field tests (Rovelli S. et al., 2017).

3.1.2 The inlet for two size fractions

To determine the compliance with NAAQS, it is often
desirable to fractionate particles into two size fractions
simultaneously, one corresponding to the coarse particle
mode (> 2.5 pm) and one corresponding to the fine parti-
cle mode (<2.5 um). The virtual impactor is very suitable
for this application (Lin G.Y. et al., 2015; Landis M.S. et
al.,, 2017). The Andersen Dichotomous Virtual impactor
(McFarland A.R. et al., 1978) is the most widely used for
collecting coarse and fine particles at a low flow rate of
16.7 L/min (Gugamsetty B. et al., 2012). Other types of
virtual impactors were developed and deployed for spe-
cific measurement purposes. For instance, the PM; g5 510
trichotomous sampler (cascade virtual impactor) with the
high sampling flow rate of 1133 L/min was developed to
measure the mass and the ion concentrations of PM at
Phoenix, Arizona, USA (Marple V.A. et al., 2013, 2014a).

3.2 Particle mass distribution measurement

The determination of the mass concentration of the
particles less than a certain size is valuable but it is desir-
able to determine the mass distribution of entire aerosol
particles. In this case, the cascade impactor can be de-
ployed to cover a very wide particle size range from a few
nanometers to tens of micrometers (Marple V.A. et al.,
1991; Fernandez de la Mora J. and Schmidt-Ott A., 1993;
Arffman A. et al., 2015). It is desirable to have a cascade
impactor for particle mass distribution measurement with
a wide range of flow rates, a large range of particle sizes,
a good size resolution (or number of channels), low pres-
sure drop, uniform particle collection, less inter-stage
loss, no particle bounce, high loaded mass, and easy as-
sembly and disassembly of the stages (Marple V.A.,
2004). The list of the commercially available cascade im-
pactors is shown in Table 8-1 in Marple V.A. and Olson
B.A. (2011). Some commonly used cascade impactors are
Andersen cascade impactor (Andersen A.A., 1966), Mer-
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\gé?"g@&&s\ge impactor (Mercer T.T. et al., 1970), Quartz
QOC@%taI Microbalance (QCM) cascade impactor (Hering
SV, 1987), Pilat cascade impactor (Pilat M.J. et al., 1970),
Berner low-pressure cascade impactor (Berner A., 1972),
Low-Pressure Impactor (Berner A., 1972), Dekati®
Low-Pressure Impactor (DLPI) (Durand T. et al., 2014),
MOUDI (Marple V.A. et al., 1991; Marple V.A. et al.,
2014b) and NMCI (Liu C.N. et al., 2013b; Chien C.L.
etal., 2015).

The most widely used cascade impactor for determin-
ing particle mass distribution is MOUDI, which measures
mass concentrations in ten size fractions down to
nano-size particles with a moderate pressure drop
(Dpaso = 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, and
0.056 um) at the medium flow rate of 30 L/min (Marple
V.A. et al., 2014b). In the MOUDI, particles with different
size ranges are collected on the well-prepared substrates
such as oil-coated aluminum foil or Teflon filter to deter-
mine the mass concentration distribution. An advantage
of the MOUDI is that it can collect particles uniformly on
the substrate by using multiple nozzles and rotating im-
paction plates and/or nozzle plates. The impaction sub-
strates can either be Teflon filters for mass determination
and chemical composition or grease-coated aluminum foil
for mass concentration only without significant particle
bounce effect. The MOUDI coupled with nano-MOUDI
or 10 L/min MOUDI-II was further developed to have
higher resolution for nanoparticles with three additional
stages (Dpaso = 0.010, 0.018 and 0.032 pm) after the 10t
stage (Dpaso = 0.56 um) (Marple V.A. and Olson B.A.,,
1999). The MOUDI-II is used for size-fractionated mea-
surement of mass concentration, chemical composition,
and morphology of ambient ultrafine particles. The
MOUDI-II needs a long sampling time to collect enough
NP mass to measure their mass concentrations and chem-
ical compositions accurately. Our group studied the per-
formance of the MOUDI and found that the nozzles of
7'"-10™ stages of the MOUDI are clogged easily due to
the stepwise structure with abrupt contractions. The noz-
zle plates are not suitable for ultrasonic cleaning to re-
move particle deposits due to their thin and fragile
structure (Liu C.N. et al., 2013b). Therefore, the NMCI
with a smooth nozzle shape was developed to eliminate
the clogging problems (Liu C.N. et al., 2013b).

Due to the need for the automatic measurement of par-
ticle mass distribution, several cascade impactors have
been developed and commercialized. The requirement of
the real-time measurement is the sensitivity for low parti-
cle concentration detection and short response time. The
ten-stage QCM cascade impactor, in which piezo-electric
quartz crystals sensors are flush-mounted on the impac-
tion plates, was developed earlier (Chuan R.L., 1970). In
the QCM cascade impactor, the mass concentrations are
calculated based on the difference in the frequencies of
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the QCMs before and after particle impaction on the
piezoelectric crystal (Chen M. et al., 2016). The previous
studies showed that the QCM cascade impactor has the
particle bounce effect (Hering S.V., 1987), high particle
loss of up to 50 %, low off-center sensitivity, and low sen-
sitivity of nanoparticle concentrations (Keskinen J. et al.,
1992). A novel QCM cascade impactor was developed to
overcome these problems, in which the RH controller was
used to control the RH of incoming aerosol to between
40 % and 65 % to eliminate the particle bounce effect and
ensure particle coupling with the QCM, and the imped-
ance measurement was used to achieve nanogram mass
resolution (Chen M. et al., 2016).

The Electrical Low-Pressure Impactor (ELPI) devel-
oped by Keskinen J. et al. (1992) can be used to detect the
number concentration distribution in real-time. The ELPI
consists of a unipolar charger followed by a cascade im-
pactor coupled with multichannel electrometers. Particles
are first charged unipolarly when they pass through the
charger and then collected on the electrically isolated im-
paction plates in the cascade impactor. The current of
each stage is read by a corresponding electrometer chan-
nel and converted to particle number concentration. Nu-
merous studies have been conducted to calibrate and
improve the performance of the ELPI. The latest ELPI
(Dekati® ELPI®+) was developed to measure particle
number distribution with very high size resolution (13
channels), wide particle size range (from 6 nm to 10 pm),
and fast response (seconds) (Jarvinen A. et al., 2014). It
should be noticed that the performance of the ELPI can be
affected by the charging efficiency which depends on par-
ticle size and concentration and is influenced by the aging
of the charger (Jarvinen A. et al., 2014). The electrical
low-pressure cascade impactor was developed further for
achieving higher resolution with 100 or 500 size fractions
(i.e. HR-ELPI+) (Saari S. et al., 2018) or measuring
nanoparticle mass concentration using a wire-to-rode co-
rona charger to eliminate the new particle formation
which may occur in the pin-to-plate corona charger (Han
J. etal., 2018).

3.3 Personal exposure measurement

Personal exposure measurement of PM is to assess the
PM exposure of individual workers in workplaces or mi-
croenvironments where they spend most of their time
daily (Marple V.A. and Olson B.A., 2011). The personal
exposure measurement depends on the pollutant concen-
tration and exposure time. Comparison to the inertial im-
pactors used for PM sampling, the inertial impactors
which are used for personal exposure measurement have
specific requirements. The devices have to be light, small,
portable, self-contained and battery-powered to move
easily from one location to another and are placed near
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These devices need to collect an adequate amount of par-
ticle mass with a uniform deposit on the substrate for sub-
sequent PM mass concentration, chemical composition,
morphological, and crystallographic analyses manually.
The personal exposure devices are listed in Volkwein J.C.
et al. (2011) for workplaces and in Rodes C.E. (2011) for
non-occupational microenvironments. Personal exposure
impactors measure PM,,, PM,s, and PM,,, inhalable
(Dpaso = 100 pm, thoracic (Dyas0 = 10 pm), and respirable
(Dpaso = 4 um) particles regulated by the National Institute
for Occupational Safety and Health (NIOSH), Interna-
tional Organization for Standardization (ISO), and Com-
ite’ European de Normalisation (CEN) (Volkwein J.C. et
al., 2011).

To meet the respirable aerosol sampling criteria, the in-
ertial impactors are designed to have a less sharp effi-
ciency curve (Volkwein J.C. et al., 2011). Personal
single-stage impactor (Tsai C.J. et al., 2012b), two-stage
impactor (Demokritou P. et al., 2001), three-stage per-
sonal impactor (Tsai C.J. et al., 2008), and cascade impac-
tor (Chen M. et al., 2018) and multipollutant samplers
were developed for personal exposure measurement since
1970s and some which were widely used. These include
Marple personal impactor, personal environmental moni-
tor (PEM), mini-MOUDI, parallel particle impactor, per-
sonal modular impactor, Sioutas cascade impactor,
personal PUF pesticide sampler, and personal impactor
filter pack (Marple V.A. and Olson B.A., 2011). The
Marple personal impactor with 8 stages at the flow rate of
2 L/min and Sioutas cascade impactor at the flow rate of
9 L/min are the most frequently used samplers for mass
distribution measurement (Tsai C.J. et al., 1997b; Sharma
R. and Balasubramanian R., 2018).

The personal exposure measurement for nanoparticles
has drawn serious concern due to the adverse health effect
of nanoparticles released from nanopowders and nanoma-
terial manufacturing processes. Nanopowders such as
TiO,, SiO,, and ZnO are released to the workplaces de-
pending on their dustiness or the property of a given ma-
terial to generate dust (Tsai C.J. et al., 2009; Tsai C.J. et
al., 2011). Some studies were carried out by our group
(Tsai C.J. et al., 2011; Tsai C.J. et al., 2012a) to determine
the generation and dispersion characteristics of nanoparti-
cles.

Some commercialized personal cascade impactors can
be used for the nanoparticle exposure measurement such
as mini-MOUDI (13 stages with particle sizes ranging
from 10 nm to 10 um) operating at the flow rate of 2 L/
min and Sioutas cascade impactor (4 stages with particle
sizes ranging from 0.25 to 2.5 um) operating at the flow
rate of 9 L/min (Asbach C. et al., 2017). Due to the high
pressure drop that is needed to classify nanoparticles,
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only a few of personal exposure samplers were developed
to collect nanoparticles. Besides, the nanoparticle sam-
plers need to operate for a long sampling period to collect
enough mass for further gravimetric analysis since
nanoparticle mass is very small. The personal cascade
impactors using inertial filters for nanoparticle collection
were developed with a moderate pressure drop
(< 5-10 kPa) (Kumsanlas N. et al., 2019) which is based
on the design of inertial filter (Zhang T. et al., 2017).

Our group developed the PENS, which can be used to
collect respirable particles and nanoparticles simultane-
ously by using a cyclone as a pre-separator to remove par-
ticles larger than 4 um and a micro-orifice impactor with
the Dpaso of 101.4 nm followed by the filter cassette (Tsai
C.J. et al.,, 2012b). The PENS eliminated the particle
bounce and overloading effects by using a rotating, sili-
cone oil-coated Teflon filter as the substrate. The PENS
operates at a low flow rate of 2 L/min and slightly high
pressure drop (< 14-15 kPa), which is still acceptable for
a personal sampling pump of 21 kPa (AirChek XR5000,
USA). The PENS are used for NP mass concertation mea-
surement in workplaces (Young L.H. et al., 2013; Asbach
C. et al., 2017) and ambient air as well (Zhu C.S. et al.,
2016; Zhu C.S. et al., 2017). The field comparison test of
the PENS with the collocated SKC respirable dust alumi-
num cyclone (SKC Inc., PA, USA) and sequential mobility
particle sizer (SMPS; GRIMM Aerosol Technik, Gmbh,
Germany, Model 5.500) in metal working places showed
that the PENS correlated well with the cyclone for PM,
and SMPS for PNy, (Young L.H. et al., 2013). The aspira-
tion efficiency of the PENS was good and agreed well
with that of NIOSH two-stage personal bioaerosol sam-
plers (Zhou Y. et al., 2014).

The PENS is currently being studied further to enhance
its performance at a higher flow rate of 3—5 L/min and a
lower pressure drop of < 15 kPa. To achieve the same cut-
size of lower than 100 nm at the higher flow rate and
lower pressure drop, the PENS can be re-designed with
more nozzles with larger diameter and smaller S/W. The
wetted GFF substrate can be used in the PENS to wash
off deposited particles continuously to achieve a long
sampling period without particle bounce and overloading
effects (Le T.C. and Tsai C.J., 2017).

3.4 PM control

Control of PM emission is critical to reduce airborne
PM concentration and health risks. Major particle control
devices include wet scrubber, electrostatic precipitators
(ESPs), cyclones, and baghouses, each of which has the
advantages and disadvantages in the application. The wet
scrubbers remove particles by using water spray or water
film, which causes a very high operating pressure drop,
metal corrosion, and water pollution (Huang C.H. et al.,
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tr@\ﬁatlc force to remove particles have the minimum re-
moval efficiency for particles ranging from 0.1 to 1.0 pm
due to the minimum electrical mobility in this sub-
micrometer range (Hinds W.C., 1999; Pui D.Y.H. et al.,
2014). The cyclones are used extensively for PM control
due to its simple structure, low pressure drop, and low
cost but the collection efficiency for fine particles is low
(Pui D.Y.H. et al., 2014). The baghouses use fabric filters
to remove particles based on dust cake filtration with a
high pressure drop (Hinds W.C., 1999; Pui D.Y.H. et al.,
2014). Thus, the baghouses are required to be cleaned and
regenerated frequently. Special materials such as electret
filters can be used to enhance the efficiency of the depth
filtration with a low pressure drop (Tien C.Y. et al., 2020).

Our group developed successfully some control devices
overcoming some drawbacks to achieve high removal ef-
ficiency for fine and ultrafine particles including a wire-
on-plate ESP (Li Z. et al., 2015), an efficient single-stage
wet ESP (Lin G.Y. et al., 2010), an efficient venturi scrub-
ber system (Tsai C.J. et al., 2005; Huang C.H. et al.,
2007), and a wet electrocyclone (Lin G.Y. et al., 2013).
The efficient venturi scrubber system uses a condensation
device to grow sub-micron particles to super-micron sizes
before they are removed by a traditional venturi scrubber
operating at a moderate pressure drop of 4.3 kPa (Huang
C.H. et al., 2007). The wet electrocyclone combining the
cyclone with an electrostatic precipitator with wall clean-
ing by water film was developed to enhance the collection
efficiency for ultrafine particles for a long service period
(Lin G.Y. et al., 2013). This combination technique was
referred by other researchers (Titov A., 2015; Zhang X. et
al., 2018).

The well-designed control devices can be used for PM
and NP control in industries but they are not suitable for
some circumstances such as the semiconductor industry
with the coexisting residual gases and ultrafine particles
(Tsai C.J. et al., 1997a). For instance, the ESPs may cause
fire hazard or explosion. The inertial impactor is a poten-
tial device to replace the conventional control devices for
removing NPs with a smaller footprint than the wet
scrubber, a higher efficiency than the cyclone, less costly
than the ESP, and a longer service time than the baghouse
since it can be designed to have ultrafine cut-sizes and can
use water/oil-wetted impaction substrate to eliminate
overloading effect without frequent maintenance. How-
ever, the impactor requires a high operating pressure drop
for NP control. This can be resolved by growing particles
by condensation method. Recently, by coupling with par-
ticle condensation growth method, the inertial impactors
were deployed to control ultrafine particles as a filterless
control method to save the cost (Pyo J. et al., 2017). This
condensation technique was used in the past to enlarge
ultrafine particles to submicron particles to increase the
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collection efficiency of the impactor (Demokritou P. et al.,
2002a). The combination of the inertial impactor with the
particle growth device has the potential for ultrafine par-
ticle removal with a high removal efficiency, small foot-
print, moderate pressure drop and long-term use without
frequent maintenance need.

3.5 Powder classification by inertial devices

Powder classification is different from PM sampling
since powder sources generate high mass concentration
and wide size range (0.01 to 1000 um) (Lai W.H. et al,,
2005). Powder classification is to separate powder smaller
than a certain size from the source powder to obtain de-
sired narrow powder distributions with high precision to
use in bio-medicine, electronic information, fine ceram-
ics, food industry, and coating industry (Guo L. et al.,
2007; Wang D. et al., 2014). Powder classifiers can also be
designed to classify coarse, fine, and nano-sized particles
simultaneously with precise cutoff sizes and sharp cutoff
characteristics to achieve high production rates (Liang S.,
2010). Classification by inertial/centrifugal force such as
cyclone is one of the popular methods since the cyclone
has a simple structure and cheaper to make (Yoshida H. et
al., 1991; Yoshida H. et al., 2008). It is found that large
particles are repulsed or re-entrained if the inner wall of
the cyclone is not oil-coated (Yoshida H. et al., 1991), and
particles smaller than cut-size will be collected due to the
turbulent eddies in hydrocyclone resulting in the so-called
fishhook effect of the powder classification efficiency
curve (i.e., the raise of curve in small particle size range)
(Roldanvillasana E. et al., 1993; Lai W.H. et al., 2005). It
is to be noted that the sharpness mentioned here refers to
the ratio of Dpa75/Dyaps (Morimoto H. and Shakouchi T.,
2003; Lai W.H. et al., 2005).

Nowadays, powder classifiers are developed to separate
nanopowder with a sharp classification efficiency (i.e.,
without contamination of coarse powders and fishhook ef-
fect) to have a uniform powder to use in ultra-conductor,
optical, thermal, electromagnetic, and biomedical fields
(Morimoto H. and Shakouchi T., 2003; Wang D. et al.,
2014). In comparison to the cyclones, the inertial impac-
tors, which have sharp cutoff characteristics and accurate
cut-size, have a good potential to be used for powder clas-
sification with a narrow size range. The water/oil wetted
inertial impactor in which the impaction substrate is
washed clean by using water or oil can be used for powder
classification at a high particle loading rate without parti-
cle loading effect. Further investigation to use the impac-
tors for power classification is worthwhile.
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lower pressure drop than the baghouse and less costly
than the electrostatic precipitator if they are coupled with
condensation particle growth devices. The biggest chal-
lenge of the inertial impactors for the control and powder
classifications is how to scale up and extend the lifetime.
To meet these challenges, this article has reviewed and
provided the design considerations and applications of the
inertial impactors for the benefit of aerosol and powder
communities.
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Abstract

This article provides a review of the recent progress in understanding and predicting additives-induced drag
reduction (DR) in turbulent wall-bounded shear flows. We focus on the reduction in friction losses by the dilute

addition of high-molecular weight polymers and/or fibers to flowing liquids. Although it has long been reasoned

that the dynamical interactions between polymers/fibers and turbulence are responsible for DR, it was not until
recently that progress was made in elucidating these interactions in detail. Advancements come largely from
numerical simulations of viscoelastic turbulence and detailed measurements in turbulent flows of polymer/fiber
solutions. Their impact on current understanding of the mechanics and prediction of DR is discussed, and
perspectives for further advancement of knowledge are provided.

Keywords: turbulence, drag reduction, polymers, fibers

1. Introduction

Over the last decades, there has been a steady increase
in the number of scientific events and publications dedi-
cated to the phenomenon of Drag Reduction (DR) in tur-
bulent wall-bounded flows. The reduction in turbulent
friction losses by the dilute addition of high-molecular
weight polymers, fibers or other types of additives (e.g.
surfactants) to flowing liquids has been extensively stud-
ied since the phenomenon was first observed over 70
years ago. One of the reasons is the huge practical impor-
tance of turbulent DR in a wide range of process engi-
neering applications that are commonly found in the food,
pharmaceutical, and biomedical industries (Han et al.,
2017; Bhambri et al., 2016; Jovanovi¢ et al., 2006). Indeed,
almost all these applications, such as transport of crude
oil in pipelines (Hart, 2014) or heat transfer and exchange
(Tiong et al., 2015; Fsadni et al., 2016), involve the use of
drag-reducing additives in gas-liquid/liquid-liquid flows.

It has long been argued that DR is determined by the
dynamical interactions between additives and turbulence
(see Lumley, 1969; Berman, 1978 for further details), yet
it was not until recently that progress had been made in
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understanding these interactions and predicting DR in
turbulent shear flows. Advancements have been granted
by the possibility to perform high-fidelity simulations of
viscoelastic turbulent flows and detailed measurements of
turbulence in dilute/semi-dilute additive solutions, mostly
via non-invasive optical techniques. Facing the applica-
tions quest for more quantitative information on DR
mechanisms, numerical and experimental techniques
characterized by unprecedented accuracy and access into
the flow have been developed to disclose new features
that are peculiar of additive-induced DR phenomena. In
this review, we address precisely these phenomena, focus-
ing on the case of polymer- and fiber-induced DR in tur-
bulent wall-bounded shear flows. DR phenomena are
discussed in connection with current physical understand-
ing of how polymers and/or fibers interact with the vari-
ous scales of turbulence: from the small scales resolving
the flow in Lagrangian models to the large-scales of
Euler-Euler models. Since the targeted field of research is
extremely vast, we will cover only the issues relevant to
the use of high-molecular weight polymers and fibers as
Drag-Reducing Agents (DRA) in processes of industrial
interest, leaving other types of additives (surfactants,
micro-bubbles and compliant coatings) and applications
out of the discussion.

2. Background: Phenomenology of DR

In this section, we will try to highlight current under-
standing of the microscopic interactions that occur
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nomena. The essential dynamical interactions were poorly
understood and remained largely unknown until faithful
direct numerical simulations (DNS) of polymer/fiber-
induced DR in channel flows became feasible (Kim et al.,
2008). We will discuss such interactions considering the
review by White and Mungal (2008) as the starting point
to provide an update on the advancements that have been
achieved over the last decade through numerical and ex-
perimental evidence. In their review, White and Mungal
(2008) already established that DR produced by polymer
and/or fiber additives can be described phenomenologi-
cally as the outcome of dynamic interactions that take
place between the additive and the turbulent flow. This
interaction leads to a significant modification of the near-
wall turbulence structure, as demonstrated, for instance,
by the LDA measurements of viscoelastic polymer solu-
tions of Escudier et al. (2009), thus altering the nature and
strength of the coherent structures that populate this re-
gion of the flow and play a crucial role in the self-
sustaining mechanism of wall turbulence. The reader is
referred to Marchioli and Soldati (2002) and Picciotto et
al. (2005), and references therein for further details on
these mechanisms. A nice pictorial view of this process,
as induced by rigid neutrally-buoyant fibers, was given by
Paschkewitz et al. (2004, 2005), and is shown in Fig. 1.
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Fig. 1 Instantaneous visualization of near-wall vortices and wall-
normal velocity contours for (a) single-phase Newtonian and (b) fiber-
laden channel flow. Fiber parameters: Peclet number Pe = 1000,
aspect ratio 4 =100, concentration nL®=18. Velocity contours are
equally spaced in the range +0.013U, with U, the centerline velocity.
Panel (c): Mechanism for fiber-induced DR. I. Fibers align in inter-
vortex regions. 1l. Fibers generate large stresses and body forces that
oppose vortex motion. I1l. Vortex structures are dissipated and fibers
realign in flow direction. IV. Vortices re-emerge and cycle repeats.
Reproduced with permission from Paschkewitz et al. (2004).
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Panels (a) and (b) of this figure show the effect of the fi-
bres on the near-wall vortices, which are usually referred
to as Quasi-Streamwise Vortices (QSV) and are visual-
ized here using iso-surfaces of the second invariant of the
velocity gradient tensor (Blackburn et al., 1996). In the fi-
ber flow, QSVs are both larger and weaker, and the con-
tours of the wall-normal velocity show an increase in
spacing. The vortices are also spread out over a larger re-
gion in the wall-normal direction relative to the Newto-
nian flow. In the case of fibers, this happens because
fibers that move through the high stress regions of the
flow (phase I in Fig. 1), most pronounced in regions of in-
tense vortex activity, generate large stresses and body
forces that oppose to vortex motion (phase I1). This inter-
action weakens the vortices and enhances fiber alignment
in the flow direction (phase I1l). Upon fiber reorientation,
the reduction in local fiber stress allows the vortices to re-
emerge and the turbulence is sustained in a weakened
state (phase 1V).

A similar phenomenology is observed in the case of
polymer-induced DR, and is summarized in Fig. 2, taken
from Graham (2014). This figure refers to situations in
which the ratio of the elastic forces to the viscous forces
within the flow, parameterized by the Weissenberg num-
ber Wi (defined more precisely in the next section), are
low to moderate. In the case of Newtonian turbulence, the
flow is characterized by active intervals, dominated by
strong three-dimensional, coherent vortical motions
(Marchioli and Soldati, 2002), for the majority of the time
and only occasionally enters hibernation intervals. Once
Wi exceeds an onset value, indicated as Wi, in the figure,
these flow structures start to stretch the polymer chains.
Such stretching weakens the near-wall coherent struc-
tures, thus leading to reduction of the friction drag (re-
garded as the primary mechanism operating at low levels
of DR). Specifically, the polymers are stretched within the
low-speed streaks and relax as they get rolled into the
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Fig. 2 Schematic of the stochastic cycle displayed by viscoelastic tur-
bulent minimal channel flow at low Reynolds number (Re ~3000) and
moderate Weissenberg number (Wi ~ 25). Reproduced with permission
from Graham (2014).
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stretching by turbulence becomes persistent and stresses
accumulated over time reach: The polymer chain is de-
formed more rapidly than it can relax, so a threshold value
beyond which the active turbulence can no longer sustain
itself is reached: Flow hibernation sets in and allows the
polymer molecules to relax again. Once the turbulence
becomes active again, the cycle repeats. Note that this
scenario implies that DR is primarily a near-wall phenom-
enon. Under these circumstances, a limiting state may be
reached, in which turbulence must be entirely suppressed
near the wall (Graham, 2014; Wang et al., 2014). The sce-
nario just described is in accordance with several studies
(see Paschkewitz et al. (2004), Dubief et al. (2004, 2005)
and Gillissen et al. (2008) among others) which revealed
that the body forces due to polymeric stresses oppose the
vortical motions of the QSV that populate the buffer layer
that mediates momentum exchange between the near-wall
region and core fluid in channels and pipes.

The similarity between the phenomenological interpre-
tations of Paschkewitz et al. (2004, 2005) and of Graham
(2014) highlights the fact that polymer and fiber stress
tensors show the same characteristics, at least in the low
drag reduction regime as noted by Boelens and
Muthukumar (2016). In particular, because fibers cannot
store turbulent Kinetic energy in their backbone, this
mechanism has to be explained by viscosity effects. The
macroscopic manifestation of the mechanism just dis-
cussed is a reduced wall friction, namely a modified mean
velocity profile, a redistribution of the shear stress inside
the boundary layer and a reduction in the energy dissipa-
tion rate at length scales close to the lower end of the en-
ergy cascade yet still within the inertial range (de
Chaumont Quitry and Ouellette, 2016; Xi et al., 2013;
Ouellette et al., 2009).

Further evidence of the above-mentioned mechanisms
has been provided by the analysis of the effect of elasticity
on the coherent flow structures, which suggests that the
self-sustaining process of wall turbulence becomes
weaker because the additive is able to counteract both the
biaxial and uniaxial extensional flow regions around
QSVs (Roy and Larson, 2006). Above the buffer layer,
however, hairpin vortices are more prevalent than QSV.
In Newtonian flows, hairpins can regenerate to form hair-
pin packets that produce large amounts of streamwise Ki-
netic energy, as well as multiple ejections resulting in
turbulent bursts and formation of new QSVs (Adrian et
al., 2000). Further, hairpin vortex packets significantly
contribute to the mean Reynolds shear stress (Jodai and
Elsinga, 2016; Ganapathisubramani et al., 2003), which
has two parts: the coherent stress caused by non-linear in-
teractions among individual vortices within the packet
and incoherent stress originated from velocity fluctuations
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induced by each vortex (Lee and Sung, 2011; Adrian et
al., 2000). In drag-reduced flows, the hairpins in the log
layer are weakened by the counter torques produced by
the additive (Kim et al., 2007), similarly to what happens
to QSV in the buffer layer. Kim et al. (2008) have exam-
ined the time evolution of hairpin packets interacting with
a polymer conformation field, showing that the non-linear
threshold of initial vortex strength required to trigger
auto-generation of new hairpins increases as the flow vis-
coelasticity increases, especially in the buffer layer. In
other words, the generation of new vortices is suppressed
by the polymer stresses, thereby decreasing the turbulent
drag. Similar findings were obtained by Guan et al. (2013)
and Fu et al. (2014). Guan et al. (2013) used time-resolved
particle image velocimetry to investigate the effect of
DRA on the spatial topological character of coherent vor-
tices in wall-bounded turbulence. Although the (polymer)
additive solution was not found to affect the spatial topo-
logical shape of these vortices, a drastic decrease of the
associated fluctuating velocity and velocity derivatives in
the solution was observed. The resulting reduction of the
wall friction was ascribed to the suppression of vortex oc-
currence and intensity. Fu et al. (2014) used particle image
velocimetry in combination with planar laser induced flu-
orescence to investigate DR in turbulent channel flow
upon inhomogeneous injection of polymer solution from
one channel wall. The focus of the study was polymer dif-
fusion, which controls the local polymer concentration
and was found to be suppressed due to turbulence inhibi-
tion compared to the diffusion of a passive scalar in un-
laden turbulence.

Very recently, Elsnab et al. (2019) have provided new
experimental evidence of the effect of DR on the structure
of turbulence in channel flow. These authors have shown
that, for the DR between 6.5 % and 26 %, several fluid
velocity statistics (e.g. the mean profile slope in the iner-
tial sublayer or the peak value and peak position of the
streamwise r.m.s.) tend to increase with DR in a continu-
ous and essentially linear manner, whereas the relation-
ship between the injected polymer concentration and the
level of DR is nonlinear. According to Elsnab et al. (2019),
a primary effect of polymer is that it limits near-wall vor-
ticity stretching and reorientation, and thus attenuates/
delays the three-dimensionalization of the vorticity field.
This scenario is corroborated by the observed onset of the
inertial layer at large-enough wall distance, as well as an
increase in the scale of the organized vortical motions,
and, finally, a reduction in the overall scale separation in
the inertial range.
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Two features of DR due to additives have been considered
extensively in archival literature: the onset of DR and the
so-called Maximum Drag Reduction (MDR) asymptote.
In this section, we will recall these features showing how
the physical mechanisms of DR and the underlying dy-
namical interactions between additives and turbulence
have been incorporated in suitable criteria to predict DR.

Scaling arguments and experimental data have led to
devise a time criterion for polymer-induced DR in wall-
bounded flows (Hershey and Zakin, 1967, Lumley and
Kubo, 1985), which requires that for DR to occur, the
polymer relaxation time must be longer than a representa—
tive time scale of the near-wall turbulence, i.e., T, > T{
where T, is the average time taken by a stretched polymer
to return to a coiled configuration, g and pg are the vis-
cosity and the density of the solution, and U, =+/7y / ps
is the wall friction velocity, with 7, the wall shear stress.
For a flexible linear polymer in solution, the relaxation
#S(NSISa)3

kgT
number of repeating monomers in the polymer molecule,
a is length of a single monomer (the repeat unit from
which a polymer is built), kg is the Boltzmann constant,
and T is the solution temperature (Flory, 1953). According
to the classical formulation of the time criterion, onset of
DR occurs when the ratio of the polymer timescale to the
timescale of the near-wall turbulence, defined as the wall-

time can be expressed as T, ~ , Where N is the

shear Weissenberg number Wi, =

% is of order unity.

Whenever this condition is met, the polymer molecule
undergoes the so-called coil-stretch transition (Somani et
al., 2010): Molecules become abruptly stretched and the
elongational viscosity increases, up to several orders of
magnitude. Elongational viscosity increases preferentially
near the wall, where the extensional strain rates are the
highest, and acts to suppress turbulent fluctuations, in-
crease the buffer layer thickness and eventually reduce
wall friction (Sher and Hetsroni, 2008). The flow-induced
coil-stretch transition of high molecular weight polymers
has generally been considered to be of first order (Ghosal
and Cherayil, 2018). However, there is evidence of signifi-
cant slowing down in the rate at which the polymers relax
to equilibrium in the vicinity of the transition: This sug-
gests that the transition may be more complex, since the
slowing down effect is typical of a second-order transi-
tion, and characterized by a broad spectrum of conforma-
tional states (Ghosal and Cherayil, 2018).

A recent development of the time criterion for DR has
been put forth by Boelens and Muthukumar (2016), who
investigated numerically the drag-reducing mechanism in
the onset regime for both flexible polymers and rigid fi-

bers. Based on the similarity of the polymer and fiber
stress tensors in turbulent flow, these authors infer that a
common drag-reducing mechanism exists, and suggest
that it must be associated with a viscous effect. In particu-
lar, they find that all terms in the stress tensor are negligi-
ble, except the off-diagonal terms associated with rotation:
Therefore, DR arises from rotational motion of fibers and
partially stretched flexible chains. Based on these obser-
vations, the rotational orientation time is proposed as the
unifying time scale to characterize DR by both types of
additive. This time scale can be defined as 7, = KV,us/KgT,
where K is a proportionality constant including terms re-
lated to the shape and the volume of the rotating molecule,
and V, is the free space per molecule. The rotational ori-
entation time of rod-like macromolecules can be obtained
either directly by dielectric measurements or by relaxation
of dichroism, or indirectly by viscoelastic measurements
(Boelens and Muthukumar, 2016).

The time criterion for DR is generally confirmed by
numerical and experimental data, yet the omission of
polymer concentration represents a serious limit to the
application of the criterion for predictive purposes. In-
deed, several works in which mono-disperse polymers
characterized by a single value of T, (instead of a distri-
bution of T, as found for poly-disperse polymers) have
demonstrated that the onset of DR depends systematically
on polymer type and concentration (Campolo et al., 2015;
Yang and Ding, 2013). The contribution of concentration
in determining the onset of DR has been accounted for in
the context of the so-called elastic theory developed by
De Gennes and co-workers (Tabor and De Gennes, 1986;
de Gennes, 1990) based on the elastic behaviour of
stretched polymers. According to this theory, DR by coil-
stretch transition occurs when the elastic energy stored by
the partially-stretched polymers, which increases with de-
creasing length scale of turbulence (i.e. increased stretch-
ing characteristic of turbulence dynamics), becomes
comparable to the energy of the turbulent flow, which de-
creases with the scale size. When this situation occurs,
the elastic energy interferes with the turbulent cascade
mechanism preventing it to proceed all the way to the
Kolmogorov scale (Xi et al., 2013). This can lead to buffer
layer thickening and reduced drag. Experimental mea-
surements by OQuellette et al. (Ouellette et al., 2009; de
Chaumont Quitry and Ouellette, 2016), who studied the
effect of long-chain polymers on the Eulerian structure
functions in a turbulent von Karman swirling flow, sup-
port this framework as they indicate that the introduction
of polymers into the flow modifies the energy cascade by
extracting turbulent kinetic energy from the flow and par-
tially dissipating it directly (Valente et al., 2014). As a re-
sult, the rates of energy injection, transfer and dissipation
for the turbulence are no longer all equal, as they must be
in Newtonian turbulence where viscosity provides the
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Fig. 3 Schematic representation of the elastic theory for the onset of
DR. Panel (a) shows the time scales in homogeneous turbulence, in-
cluding the onset length scale r*. The 2/3 power law is valid for scales
larger than the Kolmogorov scale 7, L being the largest flow scale.
Panel (b) sketches the condition for which the scale r** can be deter-
mined, namely when the turbulent energy per unit volume, which
scales as r??, is equal to the elastic energy per unit volume, which be-
gins to grow at r* and scales as [A()]*?, with A(r) = (r*/r)" the power
law of polymer stretching for r < r*. Reproduced with permission from
Sreenivasan and White (2000).

only mechanism of energy dissipation.

When the elastic theory is applied to homogeneous iso-
tropic turbulence, one might expect that, for a given com-
bination of the polymer and the flow and using the same
notation as in Sreenivasan and White (2000), a turbulent
length scale r* exists, whose corresponding time scale z,*
matches T, as sketched in Fig. 3(a). This length scale can
be expressed as r* =u.Tz, with u. the velocity scale
characteristic of the scale r*. Following Kolmogorov 41
theory, such velocity scale can be expressed as Ux =

ST
()" . Polymer molecules are expected to undergo
stretching by all scales smaller than r* and to affect the

flow only at scales smaller than r** The scale r** is
smaller than r* and can be determined assuming that the
elastic energy per unit volume stored by the polymer
equals the turbulent energy per unit volume that can be
associated to that scale, as sketched in Fig. 3(b). Another
crucial result of the elastic theory is the relation that con-
nects the elastic energy with the power law scaling of
polymer stretching, which reads as G[A(r™)]>2 = psur%* =
ps(err™)?3 (Sreenivasan and White, 2000), where
G = ckT/N is the elastic energy (c being the polymer con-

centration in units of monomers per unit volume) and the
quantity on the right-end side is the turbulent kinetic en-
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ergy at scale r**, which can be expressed via the energy
transfer rate per unit mass through the inertial range, e.
Note that, in non-Newtonian turbulence, ¢ differs from
the energy injection rate through the cascade and from
the energy dissipation rate due to viscosity, since poly-
mers can provide a non-viscous mechanism for draining
energy from the cascade (de Chaumont Quitry and
Ouellette, 2016). When concentration is very small, the
scale r** will be smaller than the Kolmogorov scale » and
the turbulence will be unaffected by the polymer. A mini-
mum concentration exists for which r** =7, and onset of
DR occurs. Following the onset, for a fixed value of the
flow Reynolds number Re, DR initially increases with
polymer concentration but saturates beyond a certain
value. This threshold value for concentration corresponds
to the so-called Maximum Drag Reduction (MDR), which
is generally attributed to the dynamics being reduced to a
marginal yet persistent state of subdued turbulent motion
(Virk, 1975; Li et al., 2015; Choueiri et al., 2018). In the
literature, the MDR asymptote is found to be identical for
different types of polymer-solvent combinations (Calzetta,
2010). For a fixed value of polymer concentration, DR ini-
tially increases with increasing Re, following a unique
concentration-dependent trajectory up to a certain Re af-
ter which an abrupt change of trajectory is observed. Such
change indicates the location at which the DR curve
merges with the MDR asymptote.

One scenario is that MDR occurs when the concentra-
tion of the polymer is high enough to allow for un-
stretched coils to overlap. This implies (see also
Sreenivasan and White (2000) for experimental valida-
tion) that Gy, = psu2 -Wit where G, is the elastic energy
when concentration is equal to the value c,,, at which DR
data cross over the MDR asymptote. Since this expression
for G, neglects the dependence on the scale r**, the fol-
lowing additional expression for the energy can be de-
rived (Sreenivasan and White, 2000):

G 1/3
m 5/6 —
LSUE} W= Re ®
where Re, = u.R/v is the shear Reynolds number of the
flow (R being the characteristic size of the flow domain,
e.g. the pipe radius in pipe flow) and £ is a constant that
can be determined upon comparison with experiments.
For pipe flow, the best agreement with available data is
obtained for # = 1, which implies that r** near the MDR
asymptote scales with R. The interpretation of this scaling
is that, at the MDR asymptote, a small amount of stretch-
ing (characteristic of length scales of order R) will be
enough to make the elastic energy of the polymer compa-
rable to the turbulent kinetic energy of the fluid. When
this condition is met, polymers cause the growth of the
buffer layer thickness across the entire boundary layer.

In spite of the apparently sound theoretical ground on
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self-consistent since it assumes that, whenever stretched,
polymers can drain energy from the flow but also that
they can affect the flow only at scales r < r** <r* This
inconsistency was addressed by Xi et al. (2013), who pro-
posed to modify the original elastic theory framework by
balancing the rate of energy transfer rather than the en-
ergy itself. By doing so, these authors were able to iden-
tify the scale at which the additive is expected to affect
the energy cascade and use this scale to collapse their ex-
perimental DR data on a single master curve. The same
model, referred to as energy flux-balance model, has been
assessed by de Chaumont Quirty and Ouellette (2016),
who focused on the characterization of concentration ef-
fects on the Eulerian and Lagrangian structure functions.
One example of their results is provided in Fig. 4, which
shows the compensated velocity transverse structure
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Fig. 4 Panel (a): Compensated transverse velocity structure function
as a function of r/y", with " the Kolmogorov scale in flow of pure wa-
ter. Panel (b): same data as in panel (a) with length rescaled by a factor
#%", derived from the energy flux-balance model. Reproduced with per-
mission from de Chaumont Quitry and Ouellette (2016).
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where C, is a known scaling constant. The figure com-
pares the compensated structure function for pure water
with that obtained for polymer solution at varying con-
centration ¢, expressed in ppm, at high Re but moderate
Wi. As ¢ increases, the structure function reaches a pla-
teau at larger length scales and the value of this plateau is
different from that measured in pure water. The important
points, however, are that (1) data for different polymer
concentrations are found to collapse when curves are res-
caled by the factor ¢%° (see Xi et al. (2013) for further de-
tails), and (2) data collapse on two distinct curves: One
for concentrations below 5 ppm and one for concentra-
tions above 10 ppm. Such different ¢-dependent behaviour
was ascribed to the possible onset of interactions between
individual polymer chains, which are favoured at higher
concentrations and are more likely at small Wi (e.g. below
the range for which a sharp coil-stretch transition is ob-
served). Based on these findings, which were observed to
hold also for structure functions in the time domain, de
Chaumont Quitry and Ouellette (2016) concluded that the
energy flux-balance model seems to be able to capture the
essential effect of polymer concentration on turbulence,
even if its application should be limited to dilute solu-
tions.

In addition, there is evidence of situations in which
MDR occurs when the Reynolds stresses are due primar-
ily to the fluctuating stresses of the additive (see White
and Mungal, 2008 for further details) and situations in
which the polymer concentration field is inhomogeneous,
e.g. in injection experiments: The theory does not take
such inhomogeneities into account. Most importantly,
however, the difficulty in predicting MDR comes from
the fact that the flow, at the onset of MDR, does not reach
a purely laminar state: Rather, turbulence is reduced (ei-
ther via elastic or viscous effects or both) to a marginal
state at the edge between laminar and turbulent motion.
This may suggest the existence of a peculiar self-sustaining
transitional flow regime in which the stresses produced by
the additive play a key role and promote DR mechanisms
that are inherently different from those known for
Newtonian fluids. Indeed, very recent results from
Choueiri et al. (2018) provide evidence of a dynamical
disconnection of the asymptotic state from ordinary tur-
bulence: These authors show that, for an appropriate
choice of parameters, additives can reduce the drag be-
yond the MDR limit, eliminating turbulence and giving
way to laminar flow. At higher polymer concentrations,
however, the laminar state becomes unstable, resulting in
a fluctuating flow with the characteristic drag of the MDR
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e. At sufficiently high Reynolds numbers, such

VQOfk\ﬁ/s are observed to be structurally different from

Newtonian turbulence albeit being characterized by
streak patterns that are similar to those resulting from
elastoinertial turbulence at Reynolds numbers well below
the threshold for Newtonian turbulence. This type of be-
haviour has brought to a new interpretation of MDR,
which is based on the idea that the dynamics of the flow
upon onset of MDR are driven by the elastoinertial insta-
bility for high-enough polymer concentrations (Choueiri
et al., 2018; Samanta et al. 2013). In other words, the MDR
limit and the characteristic approach towards it may be
seen as the result of two states of turbulence: Newtonian
turbulence and elastoinertial turbulence. When these two
turbulent states coexist, a transition from one to the other
is observed. Based on such observations, Choueiri et al.
(2018) have proposed a state map for Reynolds number
versus polymer concentration, in which the different man-
ifestations of turbulent flow observed for a specific type
of additive (polyacrylamide) are summarised. This map is
reported in Fig. 5 and shows a number of interesting fea-
tures. First, the onset of turbulence (the left lower branch
in Fig. 5) is delayed by the action of polymers. Second, as
Re is increased, turbulence sets in as localized turbulent
puffs and, subsequently, to growing turbulent slugs pro-
vided that polymer concentration remains below a certain
threshold of concentration (C <20 ppm in Fig.5). The
onset of puffs and slugs is delayed compared to
Newtonian fluids, and leads to mixed state which then
eventually approaches MDR instead of allowing for com-
plete relaminarization of the flow. Third, above the
threshold for concentration, fluctuations set in more uni-
formly in space and lack the spatial intermittent character
of the Newtonian transition scenario. For a further in-
crease in concentration (C > 90 ppm in Fig. 5), this insta-
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Fig. 5 State map for Reynolds number versus polymer concentration.
While Newtonian turbulence is controlled by the Reynolds number,
elastoinertial turbulence and its instabilities are controlled by the rela-
tion between shear rate 7 and concentration. I1so-7 lines are shown in
the portion of the map where elastoinertial instabilities are observed.
Reproduced with permission from Choueiri et al. (2018).
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bility occurs at Re significantly smaller than the lowest
value for which Newtonian turbulence would be observed.
The important finding here is that, at intermediate con-
centrations, elastoinertial instability sets in before MDR
is reached.

The discussion made so far highlights that drag reduc-
tion may be characterized by relatively few dimensionless
groups, notably the flow Reynolds number and the
Weissenberg number. Such parameter space has been
nicely summarized by Graham (2014), and the schematic
proposed by this author is shown in Fig. 6. In this figure,
Ex is the extensibility number, representing the maximum
value of the ratio between the extensional stress due to the
polymer and the extensional stress due to the solvent,
B = usl(us + 1) With ug the solvent viscosity and u, the ad-
ditive viscosity, while El = Wi/Re is the elasticity number
(EI'=0 for Newtonian flow). For a given set of experi-
ments, Ex and # have constant value the schematic pro-
vides the DR map as a function of Re and Wi only. Each
oblique line in the figure is characterized by constant El
and represents a series of experiments at increasing flow
rate. As Re increases, transition from laminar to turbulent
flow occurs. The lowest oblique line, labeled “A”, corre-
sponds to small El. As flow rate increases, transition to
turbulence occurs first, then at some higher flow rate, Wi
becomes sufficiently large for the polymers to stretch and
DR to set in. This onset Weissenberg number, denoted as
Wi, in the figure, is around 10-20. The MDR regime is
eventually reached at Re much higher than those consid-
ered in the plot. The line labeled “B” corresponds to
larger El, and refers to a situation in which transition oc-
curs at a sufficiently high Wi to prevent Newtonian turbu-
lence: Polymer relaxation is slow enough to leave the
turbulence unaffected by viscoelasticity, yet the flow rate
must still increase beyond transition to reach MDR. The
line labeled “C” corresponds to values of El large enough
to let the flow enter the MDR regime directly upon transi-

Ex, B

Fig. 6 Parameter space of turbulence and DR in dilute polymer solu-
tions. Boundaries are in general fuzzy and oblique. The linear stability
limit Re = 5772 is also shown but is not relevant for the present discus-
sion. Reproduced with permission from Graham (2014).
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?\Qosg@ﬁds to the case of elastoinertial turbulence (referred to

as early turbulence): In this case, transition can occur at
significantly lower Re than in Newtonian flow. As men-
tioned by Graham (2014), the detailed correspondence be-
tween this regime and the MDR regime is still poorly
understood. Experiments suggest the existence of a con-
tinuous transition from the laminar flow curve to the
MDR curve, driven by the occurrence of some kind of
linear instability of the laminar state at sufficiently high
Re and El: To the best of our knowledge, however, no sim-
ulation data obtained from available viscoelastic constitu-
tive models has provided evidence of such linear
instability yet.

4. Recent analyses of DR onset and MDR in
wall-bounded turbulence

In this section, we provide a survey of both numerical
and experimental analyses of DR onset and MDR in wall-
bounded flows, with a twist towards viscoelastic effects,
to highlight current trends and research pathlines in the
study of turbulence-additives interaction. Shahmardi et
al. (2019) investigated the turbulent flow of a polymer
solution in non-axisymmetric square ducts, using the
FENE-P model to simulate the presence of polymers. The
main macroscopic effect associated to the presence of the
polymers is to modify the secondary flow by increasing
the circulation of the streamwise main vortices and mov-
ing the location of the maximum vorticity towards the
centre of the duct. In addition, the low- and high-speed
streaks that characterize the fluid velocity distribution
near the wall are found to grow in size and coherence. As
far as the viscoelastic behaviour of the flow is concerned,
the Weissenberg number is found to influence strongly
the flow (as also shown in Zhou and Schroeder, 2016):
The cross-stream vortical structures grow in size and the
in-plane velocity fluctuations are reduced as flow elastic-
ity increases. Overall, the viscoelastic flow is less uniform
than its Newtonian counterpart, even if the direct contri-
bution of the polymer stress term in the energy budget is
found to be small in amplitude. The same type of numeri-
cal approach, namely direct numerical simulation of an
incompressible FENE-P fluid, was employed by Li et al.
(2015) and Teng et al. (2018) to study DR in both turbulent
Poiscuille and Couette flow in a plane channel. Focus of
the analysis was the additive-induced modification of the
near-wall flow structures. In Poiseuille flow, the ratio of
polymer relaxation time to the time scale of vorticity fluc-
tuations in the mean flow direction is found to remain
close to unity in the near-wall region, from the onset of
DR to MDR. Moreover, the average axial energetic vortex
convection time is observed to increase with increasing
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DR while its rotation speed decreases. Since the rate of
decrease in the rotation speed is found to exceed the in-
crease of the vortex convective time, MDR is achieved
when these two time scales become nearly equal. A simi-
lar DR mechanism is observed in Couette flow only in the
near-wall region. In the core region of the flow, differ-
ences are found, the most intriguing being the significant
polymer stretching that arises from a more intense mutual
exchange between the elastic potential energy and the
turbulent kinetic energy of the flow (Teng et al., 2018).
Also, the spanwise and wall-normal components of the
conformation tensor are found to reach their peak value:
Such finding is in contrast with that observed in Poiseuille
flow, where polymer stretching and elastic/kinetic energy
exchanges in the core region are negligible and peak val-
ues of the conformation tensor components occur near the
wall (Teng et al., 2018).

White et al. (2018) also investigated polymer drag-
reduced flow in a wall-bounded domain, focusing on the
redistribution of mean momentum and the mechanisms
underlying the redistribution processes in channel flow.
From a mechanistic perspective, the experimental obser-
vations of White et al. (2018) indicate that polymers re-
duce the intensity of near-wall vorticity stretching, thus
leading to an outward migration of the peak in the Reyn-
olds shear stress and its gradient. In turn, such migration
leads to a reduced mean velocity gradient at the wall, a
more gradual decay of the mean vorticity, and causes the
wall-normal position where inertially dominated mean
dynamics occurs to move outward from the wall. At high
enough DR, the inertial sublayer runs out of physical
space and ceases to exist: This implies that the state of
MDR is attained only upon annihilation of the inertial
sublayer.

Owolabi et al. (2017) investigated experimentally the
turbulent DR mechanism in flow through ducts of circu-
lar, rectangular and square cross-sections using two
grades of polyacrylamide (a flexible linear polymer) in
aqueous solution having different molecular weights and
various semi-dilute concentrations. The authors explored
the relationship between DR and fluid elasticity, exploit-
ing the polymer mechanical degradation® to vary the rhe-
ological properties of the solution. Under controlled
degradation conditions, streamwise velocity profiles at
various levels of DR indicated a thickening of the buffer
layer, up to the entire cross-section at MDR, in agreement
with previous studies (Gillissen and Hoving, 2012;
Paschkewitz et al., 2004). Based on their measurements,
Owolabi et a. (2017) were able to derive a quantitative
prediction of DR from the knowledge of polymer relax-
ation time, flow rate and geometric length scale (using ei-

!Mechanical degradation and its effects on DR will be discussed in
Sections 5 and 6.
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Fig. 8 (a) Combined f-Re data for cylindrical pipe, rectangular channel and square duct (symbols and colours as in Fig. 7). (b) Variation of DR %
with Weissenberg number. The solid black line represents Eq. 3. Reproduced with permission from Owolabi et al. (2017).
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< funttional dependence of DR % on Wi alone, the depen-
dence on the ratio f of solvent to total viscosity, on inertia
(i.e. on the flow Reynolds number) and on other viscomet-
ric functions, e.g. first or second normal-stress differ-
ences, is neglected. In spite of these approximations, the
prediction fits reasonably well with the data, as shown in
Figs. 7 and 8. It must be noted that, in the MDR limit,
some weak Reynolds number dependence remains, as
DR % scales roughly as Re®! in this limit, and there is a
spread in the literature for data nominally at MDR
(Graham, 2014), highlighted by the grey region in
Fig. 8(b). Given the quality of the data collapse illustrated
in Fig. 8(b), however, the authors concluded that both g
and Re should be regarded as second-order effects, at least
for the concentrations and range of Re investigated.

Another correlation to predict the upper limit of DR us-
ing polymers as DRA has been proposed recently by
Zhang et al. (2018), for the case of turbulent pipe flow.
The main equation of the model computes the average
drag reduction as:

DR%=(1—ﬁ)(l+l !

2Wi2

).H @

where £ is the ratio of the solvent viscosity to the liquid
viscosity after the polymer is added at the zero shear rate,
and H =%HCQ);2; , with ¢ the trace of the conformation
tensor and | the dimensionless maximum length of the
polymer in the solution. Since ¢ and | cannot be mea-
sured, the above equation must be used assuming ¢ = 0 to
make it useful for practical engineering applications. The
model assumes that all vortex structures disappear in the
turbulent flow, i.e. complete laminarization is achieved. A
slightly older work on DR in dilute polymer solutions was
carried out by Xi and Bai (2016). These authors investi-
gated the laminar-turbulent transition of the solution
showing its connection with MDR. The idea of the study
comes from the speculation (prompted by the universality
of MDR) that the MDR asymptote might be associated
with a class of weak or marginal turbulent states that al-
ready exist in Newtonian flows but only become un-
masked at high levels of polymer elasticity. As fluid
elasticity increases, the transition to hibernating states
becomes much more frequent, resulting in them taking up
a larger proportion of the overall statistics or a flow more
dominated by features of MDR. This idea clearly hints to
the already-mentioned DNS results (Graham, 2014; Xi
and Graham, 2012) on the intermittent transitions be-
tween strong active turbulence and weak hibernating tur-
bulence. Xi and Bai (2016) identified the marginal state
associated to the weakest form of turbulence that can be
sustained as a dynamical edge state consisting of travel-
ing waves and relative periodic orbits. The dynamics of
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such state are characterized by low-frequency fluctuations
and exhibit regular bursts of turbulent activities separated
by extended quiescent periods. The flow field is domi-
nated by elongated vortices and streaks, with weak exten-
sional and rotational motions. Flow structures and ES
kinematics match hibernating turbulence and, according
to Xi and Bai (2016), offer explanations for the existence
and universality of MDR. Yet, the quantitative magnitude
of MDR still remains unsolved.

Fujimura et al. (2017) studied numerically the influence
of the polymer aggregation length on turbulent DR in
channel flow. Polymer aggregation was modeled using a
bead-spring chain model. The authors find that the local
polymer relaxation time increases as the natural length of
the polymer increases and the spring constant decreases,
and observe that DR increases logarithmically with the
relaxation time. Based on this logarithmic dependency,
the authors speculate that the drag-reducing effect of the
polymer occurs when it is longer than the diameter of tur-
bulent vortical structures: Longer polymers are found to
induce higher energy dissipation upon interacting with
the flow structures and tend to suppress turbulent fluctua-
tions. The role of polymer length was also examined by
Yang and Dou (2010) in connection with wall roughness
effects. These authors proposed and validated a theoreti-
cal formula to describe the flow resistance in laminar,
transitional and turbulent flows from the hydraulically
smooth regime to the fully rough one. This formula was
developed based on the findings that, while polymers in
smooth pipe flow increase the viscous sublayer thickness
(thus leading to DR), polymers in rough pipes also in-
crease the near-wall velocity when compared to Newto-
nian flow conditions, implying that roughness has a
negative effect on DR. Indeed, larger roughness tends to
narrow the gap between the resistance in viscoelastic
flows and that in unladen flows.

As far as analysis of fiber-induced DR is concerned,
Moosaie and Manhart (2011, 2013) used a sophisticated
rheological model based on direct Monte-Carlo solver to
compute fiber orientation dynamics and study the effect of
Brownian diffusivity and fiber aspect ratio on the
non-Newtonian stress generated by the fibers. The model
enables stochastic simulation of the Fokker-Planck equa-
tion, in contrast to the moment approximation simulation
approach used by Paschkewitz et al. (2004), which re-
quires a closure model. Application of the model to turbu-
lent channel flow shows a shift of the logarithmic law
region of the mean velocity profile, indicating a thicken-
ing of the viscous sublayer. The streamwise velocity
fluctuations are enhanced, while the spanwise and wall-
normal ones are attenuated. However, there are discrep-
ancies with the results of the moment approximation
approach. The closure model required by the moment
approximation approach provides wrong estimates of the
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Fiber-induced DR has been investigated also by
Gillissen and Hoving (2012). These authors performed
pipe flow experiments showing that turbulent DR in plug-
flow of concentrated suspensions of macroscopic fibers is
a self-similar function of the wall shear stress over the fi-
ber network yield stress. This behaviour was modelled in
terms of a central fiber network plug, whose radius is de-
termined by the yield stress. The pipe cross section can
then be divided into a solid plug for r < r;, with r the ra-
dial coordinate at which the surface of the plug is located
(corresponding to the point in the pipe where the shear
stress of the fluid equals the fiber network yield stress),
and a Newtonian annulus for r > r.. The plug constrains
the size of the turbulent eddies in the surrounding annu-
lus, thus reducing the friction factor as compared to
Newtonian flow. Note that, if the notion that a large aspect
ratio is key for DR, then one should expect polymers and
fibers to reduce the drag by similar mechanisms. The ex-
periments by Gillissen and Hoving (2012), however,
showed marked differences, e.g. in the profiles of the
mean flow. Polymers act in the near-wall, buffer layer, ef-
fectively thickening the viscous sublayer, while leaving
the momentum transfer in the turbulent core unaffected.
Macroscopic fibers, on the other hand, act in the turbulent
core, and have little effect in the near-wall region. This
difference stems from the different lengths of polymers
and fibers. Polymers are usually of sub-Kolmogorov
length scale and, on the scale of the near-wall vortices,
can be regarded as a continuum that induces an additional
viscosity and acts to reduce the momentum transfer of the
near-wall vortices (Voth and Soldati, 2017). Fibers, on the
other hand, are rarely below the Kolmogorov scale.
Rather, they are usually orders of magnitude larger than
the near-wall vortices and, instead of inducing internal
friction, tend to impose external constraints on the near-
wall vortices, which are thus forced to restructure them-
selves.

5. Predictive correlations for DR in wall-
bounded flows

In the previous sections, we focused on the phenome-
nology of polymer/fiber-induced turbulent DR and on the
theoretical frameworks that have been developed to ex-
plain the underlying physics. In this section, we focus on
one aspect of practical relevance for the design of indus-
trial systems exploiting DRA, namely the predictive cor-
relations that are available to determine amount of DR
expected for a given DRA concentration in a specific sol-
vent. The amount of DR can be predicted using two types
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of correlations: those that simply fit the experimental data
(typically collected in small-scale pipes), whose predict-
ability for industrial scale applications is however rather
limited (Campolo et al., 2015), or those developed based
on physics of the DR phenomena which appear more
promising in the industrial practice (Dubief et al., 2005).
Given the wealth of correlations for drag-reducing flows
that are available in the literature, we will purposely focus
only on those providing the friction factor. Specifically,
we will discuss results from unpublished experimental
tests made with polymers (polyethylene oxide, PEO) in
pipes of different diameter, equipped with centrifugal
pumps to assess the predictive capability of some wide-
ly-used correlations, discussing the efficacy of the tested
additives as DRA. Tests were performed under controlled
conditions: A pre-mixed homogeneous mixture of addi-
tive and solvent was introduced in the test rig and pumped
along the loop using a low-shear pumping system in order
to avoid peaks of shear stress, which could prematurely
degrade the additive (Elbing et al., 2009; Choi et al.,
2000). Details on the experimental facility are provided in
Campolo et al. (2015).

The theoretical variation of friction factor expected in
the polymeric regime when polymer degradation is negli-
gible reads as (Shetty and Solomon, 2009; Virk, 1975):

1

= (4 ogs (Rey/T)-0.4-slogs (ReVT)  (5)

where ¢ is the slope increment and (Re\/T) is the onset
Reynolds number, defined as:

* 2t/ p-D
(ReT) B Pz e o o g8 6)
S

where D is the pipe diameter, v; is the kinematic viscosity
of the solvent, z,, is the wall shear stress and y,, is the wall
shear rate. Fig. 9 shows the results of tests performed in
the pipes using PEO (Polyox WSR-301 by Dow
Chemicals), and hydrolized Polyacrylammide (HPAM,
Magnafloc 1011 by Basf) as water-soluble polymer. Each
panel in the figure shows the variation of friction factor,
1/JT , for a given polymer concentration (symbol) as a

function of wall Reynolds number, Reﬁ: ReV2 ,in
Prandtl Karman coordinates. The black line represents

the Prandtl-Karman friction factor (P-K) for pure water
and smooth pipe; the gray line in the top left corner rep-
resents Virk’s MDR asymptote. Dashed lines shown to-
gether with the experimental points represent the
theoretical variation of friction factor given by Eq. (5).
The experimental data follow the polymeric regime up to
a threshold value of (Re\/T) above which they depart
from theory due to mechanical degradation. The latter
can be ascribed to two different phenomena: the mechani-
cal degradation due to turbulence and the mechanical
degradation due to the injection system. Mechanical deg-
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Fig. 9 Prandtl-Karman plot of friction factor variation produced by polymer injection: different symbols refer to different polymer concentrations;
each row shows the effect of polymer type: WSR-301 (top row) and Magnafloc 1011 (bottom row); each column shows the effect of pipe diameter
(D =30 mm, left column; D =100 mm, right column); colours represent concentration (0.25 ppm, red; 0.50 ppm, blue, 1.00 ppm violet; 2.50 ppm,

green; 5.00 ppm, brown; 10.00 ppm, purple). Results from the Authors.

radation due to turbulence is associated to breakage of the
monomers of the polymer chain produced when the shear
rate exceeds the threshold value y, which is a function of
polymer molecular weight, M,: y5, = A-M8 , with A and
B coefficients that depend on polymer type (Elbing et al.,
2009). For PEO: A =3.4-10"® and B = -2.20; for HPAM:
A =1.16-10%% and B = -2.73. We remark here that, follow-
ing Tabor and De Gennes (1986), the onset condition
identifies a value of the fluid time scale, usually equal to
1/y,, matching the relaxation time scale of the polymer,
which depends on the polymer molecular weight. This
yields 7 < M3t . The use of such relation assumes that
the onset of drag reduction is independent of polymer
concentration. This assumption has been widely used
since Virk (1975) showed a negligible influence over a
wide range of polymer concentrations. However, other
studies (see Elbing et al. (2009) and references therein)
have shown that weak concentration dependence may be
observed under certain conditions. Winkel et al. (2009)
and Vanapalli et al. (2006) found that y,, =a-My! with
a=23.3510° for PEO, as derived from the experimental
data reported by Campolo et al. (2015). Elbing et al.
(2009) report 7, = 1.68 + 0.60Pa for HPAM having
M,, = 5.5-10° from which one can calculate a = 9.25-10°.

The slope increment 6 depends on molecular weight and
concentration, whereas it should not depend on pipe di-
ameter (Campolo et al., 2015) and a specific slope incre-
ment 6/C%° can be defined to characterize the drag
reducing ability of a polymer-solvent pair and an intrinsic
slope increment IT = 6/(C/M,,)*° can be defined which de-
pends only on the species skeletal structure. Based on
these assumptions, one can use experimental data to iden-
tify the value of onset Reynolds number and slope incre-
ments.

The second mechanism for polymer chain degradation
is due to the injection system, characterized by locally-
large values of strain rate, €p =Ug /d , with ug and d the
velocity of polymer master solution and the injection pipe
diameter, respectively. Recent experimental evidence (El-
bing et al., 2011) has demonstrated that individual poly-
mer chains are stretched and fractured on a relatively
short time scale (order of milliseconds in the cited experi-
ments), whereas changes in the mean molecular weight
occur on a significantly longer time scale (order of tenths
of seconds). This large time scale separation is ascribed to
the fact that, at any instant in time, a relatively low per-
centage of polymer chains are significantly stretched.
According to Vanapalli et al. (2006), polymer chain deg-
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radation under elongational flow is triggered by strain
rates exceeding a threshold given by: ¢ = D-M§ |, where
D and E are also coefficients, e.g. E =4.2651.10'° and
=-1.23 for PEO; D =1.64737-10" and E =-1.27 for
HPAM (Vanapalli et al., 2006). These data on polymer
mechanical degradation can be used to identify and plot
in P-K coordinates the limiting value of shear stress and
elongational stress the polymer can be exposed to before
being degraded by the flow. Fig. 10 shows these curves
together with the experimental data collected for PEO
(WSR-301) at 1 ppm concentration in the three different
pipes. TC (red line) is the theoretical line corresponding
to the polymeric regime (Eq. 5); OP (green line) is the
curve corresponding to one-pass scission; SS (blue line)
corresponds to steady state scission and INJ (purple line,
visible only in the largest pipe) corresponds to degrada-
tion produced by the injection system. The agreement be-
tween experimental data (red symbols) and reference
curves for degradation is quite good and indicates that
drag reduction in real systems can be predicted with some
confidence also for situations in which Re\/? > Re\/f—) .
Mechanical degradation leads to the alteration of the mo-
lecular weight (Yang and Ding, 2013). To determine the
local molecular weight of the injected polymer, Elbing et
al. (2011) proposed the following scaling:
% =exp[-8.6-107(t; - ,,)] )
where M,, is the local molecular weight, M, is the steady-
state molecular weight (defined as the minimum M,, that
can be obtained at a given y,), My, is the non-degraded
value of M,, at the point of injection, and t; = (X — Xi)/U.,
is the polymer residence time in the flow, (X - Xjy;) being
the distance travelled by the polymer, and U, the convec-
tion velocity. Fig. 11 shows the accuracy of this scaling
for different characteristics of polymer degradation within
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Fig. 11 Normalized difference between measured and steady-state mo-
lecular weights scaled with the product of residence time and wall shear
rate. Results refer to rough (solid symbols) and smooth (open symbols)
surfaces. The solid curve is the fit to the data and is provided by Eq. 7,
namely Eq. (3.12) in Elbing et al. (2011). The error bars were deter-
mined from standard error propagation analysis. Reproduced with per-
mission from Elbing et al. (2011).

a turbulent boundary layer. Changes in mean molecular
weight occur on a time scale proportional to the polymer
residence time. In addition, M,, tends to a finite level with
increased residence time and shear rate, and the key pa-
rameters that control the degradation process appear to be
the shear rate, polymer residence time in the TBL flow,
M,,, and M, (Elbing et al., 2011).

6. Additive DR from a physico-chemical
perspective

As mentioned in the previous section, mechanical deg-
radation represents an important aspect of DR phenomena
because of its practical implications for the design of ac-
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< radiltion pertains the physico-chemical aspects of DR,
which are in strong connection with the rheological and
fluid mechanics aspects already covered. We believe that
discussing physico-chemical aspects is thus important to
provide a coherent picture of the intrinsic complexity of
DR phenomena.

Regarding mechanical degradation, a crucial issue is
the polymer resistance to chain scission, which poses an
upper bound to the level of DR that can be achieved by
the additive as well as the time/distance over which the
additive is effective as drag reducer (see Choi et al., 2000;
Elbing et al., 2009; Soares et al., 2015). When polymers
are added to the flow as a homogeneous mixture in a
wall-bounded flow, protocols (e.g. batch mixing by low
shear impeller or tumble blenders, in line mixing by recir-
culation using low shear pumps, as in Campolo et al.,
2015; Japper-Jaafar et al., 2009) are typically enforced
during polymer mixture preparation to avoid mechanical
degradation. When polymers are injected at the wall,
small information is generally given on details of the in-
jection system used which, per se, might induce degrada-
tion. Whichever the origin of mechanical degradation, the
limiting value of the shear rate able to produce chain scis-
sion can be measured by experiments. Scaling relation-
ships have been derived to link the limiting shear rate to
the polymer molecular weight and to the strength of
chemical bonds (Vanapalli et al., 2006). As demonstrated
by Vanapalli et al. (2006), in a system properly designed
to avoid any local degradation, the local stress at the
Kolmogorov scale able to generate the molecular tension
leading to polymer covalent bond breakage inside the pipe
can be evaluated and the effect of polymer mechanical
degradation can be accounted for. The loss of efficiency
of the additive as the mechanical degradation proceeds
has been analysed by Choi et al. (2000) in a rotating appa-
ratus and by Soares et al. (2015) in pipe flow. Whichever
the flow configuration, the physical mechanism governing
degradation is independent of geometry. Kalashnikov
(2002) found that for low enough additive concentration,
the initial value of the friction coefficient and its varia-
tions in the course of degradation are also independent of
the Weissenberg number. A half-degradation time can be
defined from theoretical considerations and measured in
connection with the flow hydrodynamics and network
characteristics to estimate the span over which periodic
polymer injection should be performed to maintain a de-
sired level of DR.

A recent investigation focusing on the deformation of
polymer molecules is reported in Shaban et al. (2018),
who used planar PIV to gather detailed measurements of
the turbulent flow field in a channel when polymers
(PAM) are exploited as DRA. Their data, together with
the rheological characterization (shear and elongational
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viscosity) of the polymeric solution allowed to character-
ize the interaction between the polymer molecules and
turbulence. Measurements of mean flow, second-order
turbulence statistics, and local strain-rate and rotation rate
obtained using time-resolved 2D-PIV, showed that the ex-
tent of polymer deformation strongly depends on the
wall-normal location, and is caused mainly by the stream-
wise strain rates. In the log-layer, polymer molecules do
not exhibit significant stretching, since they were found to
sample regions of strong rotation more often than regions
of strong shear. At a high polymer concentration, rotation
and shear were found to be in balance both in the buffer
layer and in the log layer.

Another important physico-chemical aspect of DR is
represented by the polymer microstructure, which nowa-
days can be designed ad-hoc to support the synthesis of
well-defined macromolecules able to achieve desired supra-
molecular characteristics (D’hooge, 2015). Wever et
al. (2013) used controlled synthesis to produce high mo-
lecular weight branched polyacrylamides, PAM, to be
used as drag reducing agents. The equilibrium conforma-
tion of polymers having the same molecular weight but
different microstructure were analysed using Dynamic
Light Scattering (DLS) to measure their hydrodynamic
volume; their intrinsic viscosity in solution was measured
by viscosity tests. Results showed that the molecular ar-
chitecture of more branched (13 and 17-arm PAMS) poly-
mers was more extended in solution than that of their
linear (4 and 8-arm analogues) counterpart; as a conse-
quence, the elastic response of polymers solutions was
enhanced, leading to an improved thickening efficiency
that supported the use of branched PAMs for application
in Enhanced Oil Recovery and DR. Controlling the mi-
crostructure of the polymer may also allow controlling its
extensional viscosity, which according to many authors,
can become much higher than the intrinsic viscosity (see
Housiadas and Beris (2004) and references therein). An
abrupt increase in the extensional viscosity that depends
on the extensional strain rate is therefore deemed to be a
key factor in turbulent DR (Hidema et al., 2013). Polymer-
induced DR under different extensional strain rates
have been analyzed by image processing calculating the
curvature histogram of the interference pattern, which is
related to the distribution of the velocity fluctuation. Re-
sults indicate that different processes of energy transfer
reduction are activated depending on the polymer type
(flexible/rigid). Flexible polymers are stretched and ori-
ented parallel to the streamwise direction, whereas rigid
rod-like polymers are only re-oriented parallel to the
streamwise direction without extension. In the normal di-
rection, the energy transfers are prohibited by orientated
polymers. The stretching process of flexible polymers
(PEO) increased the extensional viscosity, which also pro-
hibits energy transfer in the streamwise direction (Shaban
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Fig. 12 Interference images of turbulence in flowing soap films of PEO
solution at different extensional rates. Images refer to increasing PEO
solution (C = 0.5-10° wt %, 1..10° wt % and 2.-1073 wt % from left to
right) and increasing extensional rates (¢ = 250 s and 350 s from top
to bottom). Reproduced with permission from Hidema et al. (2013).

et al., 2018). Hidema et al. (2013) developed ad-hoc tests
in two-dimensional turbulence made by flowing soap
films to investigate DR by flexible polymers (e.g. PEO)
and rod-like polymers (e.g. HPC, hydroxypropyl cellu-
lose) in the absence of shear flow. Using a grid to generate
extensional strain in a flowing solution containing poly-
mers, Hidema et al. (2013) recorded the interference pat-
tern of soap films with a video camera to observe the
effect of polymer stretching and polymer re-orientation on
2D turbulence. Fig. 12 shows the corresponding interfer-
ence images of the turbulence in flowing soap films of
PEO-added solution at different extensional rate.

7. Conclusions and future perspectives

The discussion proposed in this review highlights a
number of crucial challenges for future research. Many
experimental and numerical results indicate that the
structure of a turbulent flow laden with polymers and/or
fibers can be modified over a wide range of length scales
even for very small concentrations of the additives. Addi-
tionally, effects due to additives depend strongly and not
straightforwardly on the concentration: While the flow
statistics in the dissipation range of turbulence change
smoothly as a function of additive concentration, there is
evidence that the inertial-range values of the structure
functions are modified only when the concentration ex-
ceeds a specific threshold (which is flow and polymer-type
dependent). Open issues are therefore related to the lack
of a clearcut explanation of the qualitative change in the
effect of the additive above the critical concentration, and
to the need for a better understanding of the exact ways in
which the additives affect the energy cascade. Consider-
ing that the time criterion for the onset of DR does not
hold in the bulk of the flow, a physical mechanism by
which the polymers can affect scales much larger than
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their size has yet to be identified. A promising route to
achieve this goal seems to be represented by the possibil-
ity to describe the effect of the polymer/fiber additive
through models derived from viscoelastic turbulence the-
ory. In terms of available scaling laws, it appears that
more comprehensive datasets (both experimental and nu-
merical) are needed to develop truly universal relations.
Datasets need to be expanded by including a wider range
of polymer types, molecular weights, injection conditions
(for processes involving polymer degradation) and flow
parameters to properly assess the universality of the scal-
ing. This would lead to further improvement of existing
correlations, which aim to predict mechanical degradation
and the resulting loss of efficiency of drag reducers in-
duced either by turbulence or by the injection system.
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| Agglomeration and Dispersion Related to Particle
Charging in Electric Fields'
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Abstract

Electrostatic forces cause spontaneous movement of charged particles; subsequently, electrostatic technology is
attracting attention because of its application in powder handling processes, such as separation, classification,
dispersion, and collection. Dielectric and conductive particles are charged by induction in a strong electric field
and moved by Coulomb forces. The magnitude and polarity of the transferred charges are controlled by the
strength and direction of the electric field. The dielectric particles are also polarized in the electric field, and dipole
interactions occur between particles or in the particle layers, complicating the particle behavior. This review paper
presents induction charging, agglomeration, levitation, and other behaviors resulting from particle layers in electric
fields. A series of particle phenomena occur in parallel electrode systems, which consist of a lower plate electrode
and an upper mesh electrode. Charged agglomerates are formed on the particle layers, levitated by the Coulomb
forces, and disintegrated with rotation when approaching the mesh electrode. The mechanisms of agglomeration
and disintegration have been elucidated in multiple studies, including microscopic observations and theoretical
analyses of particle motion, based on numerical calculations of the electric field. Furthermore, a new system is

proposed for continuous feeding of dispersed particles using electric fields and vibration.

Keywords: particle, electric field, charging, agglomeration, levitation, dispersion

1. Introduction

In powder handling processes, the deposition of charged
particles is a common phenomenon. The accumulation
of charged particles on surfaces reduces operability and
leads to lower productivity; thus, charged particles must
be removed from the surfaces. Fluid flow (Masuda et al.,
1994; Gotoh et al., 2015) and vibration (Kobayakawa et
al., 2015; Adachi et al., 2017) are effective for removing
particles. Another effective method is the application of
external electric fields, which enables remote control of
the motion of charged particles (Masuda et al., 1972; Calle
et al., 2009; Kawamoto et al., 2011). Dielectric particles
and conductive particles can be charged by induction in
a strong electric field and moved by Coulomb forces.
The magnitude and polarity of the transferred charge are
controlled by the strength and direction of the electric field.
The dielectric particles are also polarized in the electric
field, and dipole interactions act between the particles or in
the particle layers; thereby, the particle behavior becomes
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more complicated.

The induction charging, agglomeration, levitation, and
other behaviors resulting from particle layers in electric
fields have been studied in detail (Shoyama and Matsusaka,
2017, 2019; Shoyama et al., 2019). Furthermore, a new
system has been proposed for the continuous feeding
of dispersed particles using electric fields and vibration
(Shoyama et al., 2018). Based on previous studies, this
review paper summarizes the mechanisms of induction
charging, the control of particle behavior, and the concept
of its application.

2. Induction charging of single particles

When a conductive particle comes into contact with an
inside wall of a parallel electrode with a different polarity,
the particle is charged to the same polarity as the electrode.
This phenomenon is called induction charging (Blanchard,
1958; Cho, 1964). Charges cannot pass through ideal di-
electric materials; however, dielectric materials have a low
degree of conductivity on the surface or in the body. Thus,
various types of particles can be charged by induction.

The equilibrium charge of a conductive particle by in-
duction is represented by (Cho, 1964)



\“6?: =3 65me 80D 2E o Q)
N
where ¢ is the relative permittivity of the fluid, &, is the
vacuum permittivity, D, is the particle diameter, and E,, is
the external electric field strength.

The equilibrium charge of a dielectric particle is repre-
sented by (Wu et al., 2003)

9% :O.SSPTCEIrf{;‘ODgEeX (2)
and
3¢
p=—=" ©)
Ept2
where ¢, is the relative permittivity of the particle. The

particle charge as a function of time is expressed as

0 (6) = gpe [l —exp(~t / 7)] (4)
and
T = PyEolnp (5)

where p, is the volume resistivity of the particle.

3. Motion of charged particles between
parallel electrodes and other applications

Particles sufficiently charged by induction can be made
to levitate from the electrode by Coulomb forces, and then
move toward the counter electrode. When the particles
come into contact with the counter electrode, their polarity
is inverted. Consequently, the particles move back to the
first electrode and then oscillate between the electrodes
(Cho, 1964). Highly conductive particles are charged
immediately after contact with the electrodes. For low
conductivity particles, charging takes time (Ohkubo and
Takahashi, 1996a, 1996b; Wu et al., 2003; Nader et al.,
2009). However, if electrical resistance is extremely high,
induction charging will not occur. Instead, contact charging
will dominate (Matsusaka et al., 2010; Matsusaka, 2011).
As the quantity of charge transferred by one contact
charging event is rather small, particles involved in contact
charging cannot be levitated.

In the above system, there can be both positively and
negatively charged particles between electrodes. To extract
unipolar charged particles, openings may be required in
one of the parallel electrodes. Replacing the upper plate
electrode with a mesh electrode allows the passage of
unipolar charged particles through the openings (Tada et
al., 2004). When charged particles with the same polarity
are extracted from the revised system, these particles are
dispersed by their mutual electrostatic repulsion (Masuda,
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2009).

There are many electrostatic applications for the control
of particle position (Matsusaka et al., 2008), separation
(Dwari et al., 2015), classification (Kawamoto, 2008), and
surface cleaning (Mazumder et al., 2007; Kawamoto et al.,
2011). In addition, there are reports regarding particle lev-
itation using various configurations of electrodes (Adachi
et al., 2016; Blajan et al., 2017). These electric fields allow
particles to move even in the absence of mechanical and/or
pneumatic systems. Thus, electrostatic techniques are ex-
pected to be used in various fields such as space exploration
(Kawamoto et al., 2011; Adachi et al., 2016), and under
atmospheric pressure.

4. Agglomeration and levitation in electric
fields

Dielectric particles are polarized in an electric field and
tend to form chain agglomerates along the direction of the
electric field because of the interactions between polarized
particles (Hollmann, 1950; Pearce, 1954; Nakajima and
Matsuyama, 2002). The interaction between dipoles is
illustrated in Fig. 1. A typical example of the application
of this interaction is an electrorheological fluid (ERF),
which is a suspension of dielectric particles dispersed in
an insulating liquid. The ERF changes apparent viscosity
by forming chain-like structures of particles (Parthasarathy
and Klingenberg, 1996).

Shoyama and Matsusaka (2017) conducted experiments
on the behavior of particles (glass beads: Dyso = 100 pm)
in gases using parallel electrodes at a distance of 10 mm.
Fig. 2 schematically shows the experimental setup. Particle
layers with a thickness of 1 mm are placed on the lower
electrode, which is connected to a power supply, and the
upper electrode is grounded. The behavior of the particles
in the external electric field is recorded by a high-speed
camera with a zoom lens.

When the voltage of the lower electrode is set to
V, =5kV, single particles and chain agglomerates levitate
from the particle layers, as shown in Fig. 3. These phenom-
ena can be explained as follows. (1) The dielectric particles

Unstable states Stable state

External
electrlc field

(a) Repulsion  (b) Repulsion and attraction  (c) Attraction

Fig. 1 Interaction between dipoles.
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\@ﬁi‘s& gds) are polarized in the upward electric field. (2)

$VQOAS\\W\nutuaI electrostatic interactions act between the par-

\(\0 ticles, chain agglomerates are formed. (3) As the particle

surfaces have a relatively low conductivity, the electrons

move downward due to induction; consequently, the parti-

cles on the top surface of the particle layers are positively

charged. (4) The charged particles experience upward Cou-

lomb forces in the electric field. (5) As the Coulomb forces
overcome the downward forces, the particles levitate.

Fig. 4a shows a simulation model for electric field cal-

culation using FEM (COMSOL Multiphysics, COMSOL,

Inc.). A chain agglomerate is placed on the top surface of

1-mm-thick particle layers in a 3D Cartesian coordinate

system (X, y, z). The calculation domain is set to 5 D, %

33 D, for the horizontal cross section and 10 mm for

the height, which is the same as the distance between the

electrodes in the experimental setup. The top and bottom

boundaries are set to zero and a given voltage, respec-

tively. Periodic boundary conditions are applied at the side

Acrylic chamber

Vacuum
Dry gas e
Upper electrode :1><]: I:>
(mesh)
—O O 0 o0 o .
Particles chg;;lsgeaed
Power \ Lower electrode
= supply (plate)
Controller

Fig. 2 A parallel electrode system.

Fig. 3 Snapshots: (a) levitation of single particles and chain ag-
glomerates and (b) formation of large agglomerates (glass beads:
Dyso = 100 pm, p, = 2300 kg/m?, ¢, = 7).
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boundaries. The charges of the agglomerate and the top
particle layer are given based on the experimental result.
The relative permittivity of the particles is also given for
the calculation.

Fig. 4b shows the calculated electric field strength E_,
in the z-direction. The E_, value in the region of z <1 mm
is almost zero in an electrostatic equilibrium state, although
there are small fluctuations caused by particle arrange-
ments. In contrast, the E_, values within the agglomerate
(z=1-1.18 mm) are relatively high and fluctuate signifi-
cantly at the particle contact points and on the top of the
agglomerate.

Fig. 5 shows a series of images of a levitated particle at
intervals of 2 ms. The particle moves upward, accelerating
in the electric field. Fig. 6 shows a series of images of
agglomeration and levitation at intervals of 10 ms. The
polarized particles form a straight-chain agglomerate by
mutual electrostatic interactions, and the agglomerate
levitates at 60 ms.

Particle charge can be calculated based on the motion
analysis of levitated particles. A straight-chain agglomerate
moving in an electric field experiences a drag force F, a
gravitational force F;, and an electrostatic force F,. The
equation of motion of the agglomerate is expressed as

a
Agglomerate
n=3
z (mm)
Particle layers Y X
7 D, =60 um
b 1,500
. Agglomerate
= E Particle layers
B2 1,000
i
iZI
chy Particle |
T = S0k article layer
=2 surface D, =60 pm
= Vp=5kVv
3 g 0 & =
M o n=3
= ¢;=0.017 pC
—-500 1 1
0 0.5 1 1.5 2

Vertical position, z (mm)

Fig. 4 Electric field calculation using FEM: (a) simulation model and
(b) calculated values along the axis of the chain agglomerate.

Fig. 5 Levitation of a single particle (glass beads: D 5, = 100 pm).
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20 ms

Fig. 6 Agglomeration and levitation (glass beads: D 5, = 100 um).

dv,

nm
Pdr

=F3+ F,+F, (6)

where n is the number of the primary particles constituting
the agglomerate, m, is the mass of each primary particle, v,
is the velocity of the agglomerate, and t is time. The mass
of each particle is defined as

_ nD,3p,

p=s ™

where p, is particle density. For a stationary fluid, Fy is
given by (Kasper et al., 1985; Niida and Ohtsuka, 1997)

Fy=3nuD,v,x (8)

where 1 is the viscosity of the fluid and D, is the volume
equivalent diameter of the agglomerate, which is defined as

1
D, =n3D, ©
x is the dynamic shape factor given by
1 1 1 1
—=—+|———/cos?6,, (10)
K K| K// K|

where @ is the angle between the agglomerate axis and
the moving direction. ¥ ; and %, are the dynamic shape
factors perpendicular and parallel to the moving direction,
respectively. That is,

1.00 (n=1)
K, =41.16 (n=2) (12)
1.26 (n=3)
and
1.00 (n=1)
ky=41.03 (n=2) (12)
1.07 (n=3)

The gravitational force of the agglomerate is defined as
F,=nm,g (13)

where g is gravitational acceleration. When the agglomer-
ate is close to an object, such as the surface of the particle
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layers, the electrostatic force F, consists of the Coulomb
force F,, in the external electric field, the image force
F;, the interaction force F between polarized particles,
and the gradient force F g, in a non-uniform electric field
(Morgan and Green, 1997). That is,

FezFex+Fi+Fp+Fgrad (14)

Here, F,, is expressed as
Fex = z Fqi (15)
i=1

where Fy is the Coulomb force acting on the i-th particle in
the agglomerate, which is defined as

Fqi = qiEex (16)

where ¢; is the charge of the i-th particle, and E_, is the
external electric field. F; is expressed as (Weber, 1950)

1 &g — & S q12
F, = : iy (17)

N 2
167.E‘c"rf"c:0 Ers T Eif i=1 Zpi

where ¢ is the relative permittivity of the particle layers,
and Z, is the position of the i-th particle on the top surface
of the particle layers in the z-direction. When the axis of the
chain agglomerate is parallel to the external electric field,
F is expressed as (Parthasarathy and Klingenberg, 1996)

2 4
3 e —1 D
F, = —mnege, | —2 —2 | D2E2 18
PTg 8°8f(grp+2j(d) P (18)
where ¢, is the relative permittivity of the particle. F g is
expressed as (Hywel and Green, 1997)
1 ep =1 s 2
Fgrad = anogrf ) Da grad Eex (19)

Erp

Fig. 7 shows the experimental data (circles) regarding
the position of the levitated particle in the vertical direction
z shown in Fig. 5. The solid lines in this figure are particle
trajectories calculated using Eq. (6). The experimental data
agree well with the solid line calculated with a charge of

1.4 o
€12
é n=1
o 1
- o Experimental
g 08|
E=] — Calculated
'Z 0.6
%
L 04
.2
502
o~
0 !
0 2 4 6 8 10

Elapsed time, ¢ [ms]

Fig. 7 Particle position as a function of elapsed time with a parameter of
particle charge (glass beads: D 5, = 100 pm).
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Fig. 8 Relationship between specific charge and the number of primary
particles in levitating agglomerate (glass beads: D 5, = 100 pm).

0.134 pC, which is 58 % of the value calculated using Eq.
(1) and 75 % of the value calculated using Eq. (2). The
charge of a particle levitated from particle layers is gener-
ally smaller than the charge of a particle levitated from an
electrode because of the difference of ¢ in Eq. (17).

Fig. 8 shows the relationship between specific charge, g,
(= q/mp), and the number of primary particles constituting
a levitated agglomerate (n > 2) or a single particle (n = 1).
The q,, value decreases with an increase in n. When the
charge of the single particle is small, that is, the Coulomb
force is small, the particle cannot be levitated. However,
when the magnitude of the total Coulomb force of the
constituent primary particles is large, the agglomerate can
be levitated from the particle layers.

5. Effects of particle characteristics on
agglomeration and levitation

Fig. 9 shows the images of particles levitated from dif-
ferent types of particle layers. The applied electric voltage
is V_ =5KkV. For the glass beads (Fig. 9a) and alumina
particles (Fig. 9b), large numbers of both single particles
and chain agglomerates are levitated. In contrast, for the
ferrite particles (Fig. 9c), very few chain agglomerates are
levitated. This difference is mainly caused by the electri-
cal resistances of the particles. In cases of low electrical
resistance (ferrite particles: p,= 0.8 Q-m), particles are
immediately charged up by induction before forming
agglomerates, resulting in single-particle levitation. How-
ever, when there is high electrical resistance (glass beads:
p, = 1.1 x 107 Q-m; alumina particles: p, = 0.3 x 10% Q-m),
particles take time to be charged; in the meantime, chain
agglomerates are formed on the particle layers. Although
the relative permittivity also affects the relaxation time of
charge transfer, as shown in Egs. (4) and (5), the difference
in materials is small (glass beads: & =1, alumina parti-
cles: ¢, = 8.5; ferrite particles: ¢, =2.2). The effect of the
applied voltage on the agglomeration is also small, fitting
within a range of V| =4 -6 kV.
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Fig. 9 Images of particles levitated from particle layers at V, =5 kV.

=)
=4

Glass beads
V. =5kV F
n=3

o
S

Forces acting on an agglomerate,
ch: Fga Fp’ F1 Fgrad (l’lN)
13
(=)

20 40 60 80 100 120
Mass median diameter, Djs, (um)

Fig. 10 Forces acting on a charged agglomerate just prior to its separa-
tion from particle layers.

To analyze the condition of levitation, the forces acting
on agglomerates on the top surface of the particle layers
should be studied. Fig. 10 shows the forces calculated
from the experimental values of particle diameter, particle
charge, and other physical properties for n = 3. Although
the polarization force F,, image force F;, and gradient force
Fyraq are small, the Coulomb force F,, and gravitational
force F, are significantly large. That is, the dominant up-
ward and downward forces are F,, and F;, which increase
as a function of particle diameter. These analytical results
indicate that the concept of force balance is valid within a
permissible error.
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tegration of agglomerates in non-

The motion of charged particles is changed in a
non-uniform electric field. Fig. 11a shows an electric field
generated by parallel electrodes, which consist of the plate
electrode and mesh electrode. The electrode configuration
for the simulation is the same as those used in the ex-
periment (see Fig. 2). The lines and arrows in this figure
indicate the electric potential and electric field direction,
respectively. The electric field is uniform in the lower area
but non-uniform in the upper area. Fig. 11b shows the
details of the upper area, indicating that the non-uniform
electric field is directed to the center of the wire of the mesh
electrode.

Fig. 12a shows a series of images of a chain agglomer-
ate passing through the mesh electrode. The agglomerate
consisting of three primary particles moves upward, but
its velocity decreases with an increase in height. During
this movement, the agglomerate changes its state. Fig. 12b
shows enlarged images of the same agglomerate. The
agglomerate is in a straight-chain structural state at the be-
ginning. From top to bottom, the three primary particles are
denoted as P1, P2, and P3, respectively. After the agglom-
erate begins to rotate counterclockwise, P3 separates from
it and moves upward and to the right. The agglomerate
consisting of the two primary particles continue to rotate
counterclockwise; finally, P1 separates from P2. The prob-
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Fig. 11 Calculated electric field: (a) overview and (b) enlarged view.
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ability of disintegration generally increases as a function of
the number of constituent primary particles.

When the forces acting on each primary particle in the
agglomerate are not the same, the agglomerate experiences
the forces in the circumferential as well as in the radial
direction. Fig. 13 illustrates the rotation models in an
electric field E,, for n = 2 and 3, respectively. ¢ is the angle
of the agglomerate axis relative to the vertical, and ¢ is the
angle between the agglomerate axis and the electric field
direction. That is,

9p=0-0, (20)
where 6, is the angle of the external electric field direction
at the position of the agglomerate relative to the vertical.

Fig. 14 illustrates the torques acting on chain agglomer-
ates with different values of ¢. Here, it is assumed that the
charge q, for the upper particle is larger than the charge g,
for the lower particle at ¢ = 0. The larger charge generates a
stronger Coulomb force; thus, the agglomerate experiences
a torque (Tq) around the centroid. The agglomerate also
experiences a torque (T ) caused by the dipole interactions

a 1 mm

2 ms 6 ms 10 ms 14 ms 18 ms
b 0.5 mm

6s 8 ms

12ms 14ms 16ms

10 ms

Fig. 12 Disintegration of a chain agglomerate passing through the mesh
electrode: (a) fixed-point images and (b) enlarged images of the agglom-
erate (glass beads: D50 =100 pm).

a n=2 b

0
E

ex Hex

Fig. 13 Rotation model of chain agglomerates in an electric field (a)
n=2and (b)n=3.
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L £ F,; = Fy|—=| {B3cos2p—1)e, +sin2pe,} (25)
o PCX ) \Tp q O Ty
g Ny / g where r; is the distance between the two particle centroids.
/ 7 ? o a e, and e, are unit vectors in the radial and circumferential
T\ @ : (a) 9= 0 G T directions, respectively. F, is expressed as
4 2
(h) /2 <¢p<0 (b) 0 <gp<m/2 3 e —1
Fy=—meoe, D, 2| —2 E2
Eex T o E 0 16 0“rf~'p Erp +2 € (26)
q
( ee 7> a0 ( i ee ) The first and second terms on the right-hand side of Eq.
7 (25) represent the electrostatic interaction forces in the ra-
Ty @ @ a9 dial and circumferential directions, respectively. Therefore,
(g op=-n2 (¢) (/) =n/2 . . . .
the force acting on the i-th particle due to the other particles
/ F oo in the circumferential direction is given by
e AN
a \ S Be g e
j=1 ij
()~ < p< —n/2 (@ n/2 <g<m Torque T, caused by dipole interactions in the electric field

(e) p = +n

Fig. 14 Torques acting on chain agglomerates (n = 2).

in the electric field. T, allows the particle axis to align with
the electric field direction.

Furthermore, an agglomerate consisting of n primary
particles experiences a torque (T,) caused by the drag
forces during rotation; therefore, the equation for rotational
motion is expressed as

dw

IE:ﬂﬁI;, +T; (21)
where | is the moment of inertia given by
1= Z mr;? (22)
i=1

where r; is the particle position relative to the axis of rota-
tion, and e is the angular velocity. The magnitude of w is
given by
_ 40
d¢
The torque T, around the centroid caused by Coulomb
forces is given by

TqZZ(Fqixri)

i=1

(23)

(24)

The interaction force F; between particles polarized in
the electric field was defined by Klingenberg et al. (1989)
and Washizu and Jones (1994). They considered an induced
field caused by the existence of the particles in the electric
field. A simple model was also presented by Klingenberg
et al. (1989) and Parthasarathy and Klingenberg (1996).
Using this simple model, the electrostatic interaction force
F; between the i-th and j-th particles is determined as
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is given by

T, Z

In the same manner, torque T, caused by the drag forces
is given by

n
T, = Z (Fg;ixr;)
i=1

(28)

p(pz i

(29)

where F; is the drag force of the i-th primary particle as a
function of the velocity V- That is,
Fy; =3muD,v, (30)
The rotation of the agglomerate can be calculated using
Eqg. (21). The angular velocity increases as a function of the
spread of charge distribution in the agglomerate. Charge
distribution is generally caused by electrostatic induction
during levitation in the external electric field. The rotation
generates centrifugal force, which can cause the disintegra-
tion of the agglomerate. The centrifugal force |F | acting on
a constituent primary particle is given by
|Fol=m,ro? (31)
Fig. 15 shows the temporal variation of the adhesion
force |F,| and centrifugal force |F | based on the actual
particle behavior (see Fig. 12). The values of |F,| and |F |
are calculated using the first term on the right-hand side
of Eq. (25) and Eq. (31), respectively. |F| is initially high
but decreases with time, whereas |F| increases with time
for both n =3 and n = 2. Particle separation is initiated at
10 and 15 ms when |F | > |F | is satisfied. This implies that
the centrifugal force plays a significant role in agglomerate
disintegration in the non-uniform electric field.
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In powder handling processes, continuous feeding
and the control of particle motion are essential for stable
operation and the quality control of products. To realize
these operations, a conceptual system using electric fields
and vibration has been proposed (Matsusaka et al., 2013;
Kawamoto et al., 2016). This system can also be applied
to the electrostatic characterization of particles, where the
particles are charged by the contact potential difference
(Mizutani et al., 2015). Shoyama et al. (2018) have de-
veloped a new system for continuous particle feeding and
dispersion using both parallel electrodes and a vibrator.
The experimental setup is schematically shown in Fig. 16.
A mesh electrode is placed at a distance of 20 mm from
the plate electrode, which is attached to an inclined acrylic
base. One of the electrodes is connected to a DC power
supply, and the other electrode is grounded. Particles are
fed at a constant flow rate and transported on the lower
electrode, which is vibrated to improve particle flowability.

Fig. 17 shows images of particle behaviors observed at
different applied voltages. The particles are levitated from
the lower electrode and widely dispersed. When voltage
is applied to the upper electrode, the particles are more
widely spread than when a voltage is applied to the lower
electrode. The spread area of the particles increases as a
function of the absolute value of the applied voltage.

200 T

—~ 1 n=3 n=2
z \
S 150 - \ Calculated for P3 for P1
- \
= \
~ \ Adhesion
g& 100 | \ force |F,|
g Centrifugal
E oo e
= c Y4

0 I

0 5
Time, ¢ (ms)

Fig. 15 Comparison between centrifugal force and adhesion force
(glass beads: D50 =100 pm).
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(@) I
Acryllc — Upper
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(mesh)
Controller Lower
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Piezoelectric supply echtrode
vibrator | (plate)

Fig. 16 Experimental setup for continuous feeding of dispersed parti-
cles.
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Fig. 18 shows the quantitative analysis of particle
dispersion for different applied voltages. For V; =0 and
V, >0 (Fig. 18a), the range of particle position increases
as a function of the value of V|, and the distributions are
monomodal. As for V =0 and V<0 (Fig.18b), the
distributions are bimodal, and the range is obviously wider.

Fig. 19 illustrates the concept of the charging and the
motion of particles in this system. The upper virtual bound-
ary is assumed to be zero. For V, = 0and V| > 0 (Fig. 19a),
the electric field below the upper electrode is directed
upward. Particles that are positively charged on the lower
electrode experience upward Coulomb forces. The levitated

(b) V. =+5kV, Vy=0kV

@ v =+3kV, Iy=

0kV

(© 7 =+8kV,7y=0kv | (@ v .=0kv,,=-8kV

Fig. 17 Effect of applied voltage on particle dispersion (alumina parti-

cles: D g = 48 pm, p, = 3800 kg/m3).
a
1
T
= 0.8
g Alumina particles
o 0.6 Dysp =48 pm
S
2 Vy=0
B 04 O ¥y =+4kV
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.5 0.2 (z=20-20.6mm) 0Oy =+8kV
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—_

o
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Fig. 18 Quantitative analysis of particle dispersion in the z-direction
(alumina: Do = 48 pm): (@ Vy=0and V >0; and (b) V, =0 and
vV, <0.
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kc@%an pass through the mesh electrode due to par-
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?\Qotm@ inertia. However, there are limits to the maximum

heights of the particles under the effect of the gravitational
forces; thus, these particles are attracted to the upper elec-
trode. After adhesion, their polarity is changed by induction
charging. The negatively charged particles levitate from the
upper electrode. However, the Coulomb forces above the
upper electrode drastically decrease with increasing height;
therefore, the particles cannot reach higher positions. The
polarities in Fig. 19b are opposite to those in Fig. 19a;
however, the motions of the particles are the same.

When V|, <0 (Fig. 19c), two electric fields are formed;
one is directed upward below the upper electrode, and the

Upper
boundary ——————— Vvi=0 ——m—————- Vi=0
(?,/Particle (?
Upper 2 Ge
electrode © 3 % O mw=0 O 3 % O =0
o P E
Lower @ @' ﬁEe" @ @' B
electrode V>0 V<0
(€)) (b)
Upper
boundary ——é———— Vi=0 ——é———— Vi=0
GP ‘\ @ECX C? \\ ﬁE ex
Upper : b
electrode O % O <0 O % O >0
L ! E.
Lower @‘ @ ﬁEex @‘ g' ¢
electrode Vp=0 V=0
© (d

Fig. 19 Concept of the charging and the motion of particles in this sys-
tem: (@) V,=0and V >0; (b) V,=0andV, <0;(c)V =0andV,<0;
(d)V, =0andV,>0.

1 |
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Fig. 20 A series of a particle’s motions on the lower electrode and the
specific charge of the particle (alumina: D g, =48 um, V, = +8 kV and
Vy=0).
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other is directed downward above this electrode. Once
the particles adhere to the upper electrode, their polarity
changes. As the Coulomb forces above the upper electrode
are directed upward, the particles can reach higher posi-
tions. Consequently, the polarity of the charged particles at
the higher position is opposite to that of the particles lev-
itated from the lower electrode. The polarities in Fig. 19d
are opposite to those in Fig. 19c; however, the motions of
the particles are the same.

The polarity of charged particles is changed by the
conditions; thus, some particles repeatedly collide with the
electrodes. Fig. 20 shows a series of a particle’s motions on
the lower electrode and the specific charge of the particle
0.,- The upper figure indicates the particle position in the
z-direction as a function of time. The experimental results
(solid lines) agree well with the calculated results based
on the equation of motion (broken lines). The lower figure
indicates the variation of the specific charge estimated from
the motion analysis. The particle motion can be classified
into three categories, namely, collision, adhesion, and
levitation. In the collision process, the charged particle is
attracted to the lower electrode by the Coulomb force and
repeatedly collides with decreasing rebound height. The
absolute value of the negative charge of the particle de-
creases with the number of collisions because the particle
acquires some positive charge during each collision. After
losing its kinetic energy, the particle adheres to the lower
electrode. As the particle acquires a larger positive charge
by induction charging for a period of 15 ms, the polarity
of the particle is changed to positive. When the Coulomb
force becomes sufficiently large, the particle is levitated
again. Here, it is worth noting that the transferred charge
depends on the contact time.

8. Conclusions

This review paper presents a series of particle phenom-
ena occurring in parallel electrode systems consisting of a
lower plate electrode and an upper mesh electrode. Particle
layers are placed on the plate electrode. The mechanisms
of induction charging, the control of particle behavior, and
the concept of its application are summarized as follows:
(1) Particles on the top surface of the particle layers are
charged by induction in a strong electric field even though
the particles are dielectric. These particles are also polar-
ized and form a straight-chain agglomerate on the particle
layers by mutual electrostatic interactions.

(2) Single particles and agglomerates can be levitated
from the particle layers by Coulomb forces. When the
charge of single particles is relatively small, the particles
are not levitated. However, when the magnitude of the
total Coulomb force of the constituent primary particles is
large, the agglomerates can be levitated. The charge of the

H

%

,
D



>

N
?

O QO . . .
\gﬁﬁngrsppartlcles decreases with an increase in the number

<

?\Qoo@imary particles in the agglomerate.
(3) In situations of low electrical resistance, particles are

immediately charged up by induction. When there is high
electrical resistance, particles take time to be charged.
Therefore, in the former, single particles are easily levitated
because of excessive charges on the surfaces. As for the
latter, agglomerates tend to be levitated.

(4) Levitated agglomerates disintegrate with rotation when
approaching the mesh electrode. The rotation is controlled
by the torque, which is caused by the charge distribution
in the agglomerates. The rotation generates a centrifugal
force, which acts as a separation force.

(5) A new system is proposed for the continuous feeding of
dispersed particles using electric fields and vibration. Par-
ticle charge depends on the contact time of the electrode.
When voltage is applied to the upper electrode, particles
are more widely spread above the electrode than when a
voltage is applied to the lower electrode. The spread area
of the particles increases as a function of the absolute value
of the applied voltage.

Nomenclature

volume equivalent diameter of agglomerate (m)
particle diameter (m)

mass median diameter (m)

external electric field (V/m)

external electric field strength in the z-direction (V/m)
unit vector (-)

magnitude of adhesion force (N)

magnitude of centrifugal force (N)

drag force (N)

electrostatic force (N)

Coulomb force in external electric field (N)
gravitational force (N)

gradient force (N)

image force (N)

interaction force between polarized particles (N)

interaction force between i-th and j-th particles polarized
in electric field (N)

Coulomb force acting on primary particle (N)

cumulative distribution of particle positions in the z-
direction (-)

gravitational acceleration (m/s?)

moment of inertia (kg-m?)

—

< <
c.

<
®
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mass of primary particle (kg)

number of primary particles constituting an agglomerate
or single particle (-)

specific charge (charge to mass ratio) (C/kg)

charge of primary particle (C)

equilibrium charge of primary particle (C)

particle position relative to its axis of rotation (m)
distance between centroids of i-th and j-th particles (m)
torque caused by rotational drag force (N-m)

torque caused by the interaction between polarized pri-
mary particles (N-m)

torque caused by the difference in Coulomb force of each
primary particle (N-m)

time (s)

voltage applied to the lower electrode (V)

voltage applied to the upper electrode (V)
velocity of agglomerate (m/s)

velocity of particle (m/s)

horizontal or longitudinal direction

transverse direction perpendicular to the xz plane
direction perpendicular to the xy plane

particle position in the z-direction (m)

vacuum permittivity = 8.85 x 1012 (F/m)

relative permittivity of fluid (-)

relative permittivity of particle (-)

relative permittivity of solid (or particle layers) (-)
angle of the agglomerate axis from the vertical (rad)

angle between external electric field direction and the
vertical (rad)

angle between the agglomerate axis and moving direc-
tion (rad)

dynamic shape factor (-)

dynamic shape factor perpendicular to moving direction
Q)

dynamic shape factor parallel to moving direction (-)
viscosity of fluid (Pa-s)

particle density (kg/m?3)

volume resistivity of particle (Q-m)

relaxation time (s)

angle between the agglomerate axis and electric field
direction (rad)

angular velocity of agglomerate (rad/s)

91

H

%

,
D



AN
<@
O
&
QPR
' o
8 ‘Qgcﬂpts
N\
i index for primary particle
r radial direction
) circumferential direction
References

Adachi M., Maezono H., Kawamoto H., Sampling of regolith
on asteroids using electrostatic force, Journal of Aerospace
Engineering, 29 (2016) 04015081. DOI: 10.1061/(ASCE)
AS.1943-5525.0000583

Adachi M., Hamazawa K., Mimuro Y., Kawamoto H., Vibration
transport system for lunar and Martian regolith using dielec-
tric elastomer actuator, Journal of Electrostatics, 89 (2017)
88-98. DOI: 10.1016/j.elstat.2017.08.003

Blajan M., Mizuno Y., Ito A., Shimizu K., Microplasma
actuator for EHD induced flow, IEEE Transactions on
Industry Applications, 59 (2017) 2409-2415. DOI: 10.1109/
TIA.2016.2645160

Blanchard D.C., Electrically charged drops from bubbles in
sea water and their meteorological significance, Journal
of Meteorology, 15 (1958) 383-396. DOI: 10.1175/1520-
0469(1958)015<0383:ECDFBI1>2.0.CO;2

Calle C.1., Buhler C.R., McFall J.L., Snyder S.J., Particle removal
by electrostatic and dielectrophoretic forces for dust control
during lunar exploration missions, Journal of Electrostatics,
67 (2009) 89-92. DOI: 10.1016/j.elstat.2009.02.012

Cho A.Y.H., Contact charging of micron-sized particles in
intense electric fields, Journal of Applied Physics, 35 (1964)
2561-2564. DOI: 10.1063/1.1713799

Dwari R.K., Mohanta S.K., Rout B., Soni R.K., Reddy P.S.R.,
Mishra B.K., Studies on the effect of electrode plate position
and feed temperature on the tribo-electrostatic separation of
high ash Indian coking coal, Advanced Powder Technology,
26 (2015) 31-41. DOI: 10.1016/j.apt.2014.08.001

Gotoh K., Mizutani K., Tsubota Y., Oshitani J., Yoshida M.,
Inenaga K., Enhancement of particle removal performance
of high-speed air jet by setting obstacle in jet flow, Par-
ticulate Science Technology, 33 (2015) 567-571. DOI:
10.1080/02726351.2015.1060653

Hollmann H.E., Semiconductive colloidal suspensions with
non-linear properties, Journal of Applied Physics, 21 (1950)
402-413. DOI: 10.1063/1.1699674

Hywel M., Green N.G., Dielectrophoretic manipulation of rod-
shaped viral particles, Journal of Electrostatics, 42 (1997)
279-293. DOI: 10.1016/S0304-3886(97)00159-9

Kasper G., Niida T., Yang M., Measurements of viscous drag on
cylinders and chains of spheres with aspect ratios between 2
and 50, Journal of Aerosol Science, 16 (1985) 535-556. DOI:
10.1016/0021-8502(85)90006-0

Kawamoto H., Some techniques on electrostatic separation of
particle size utilizing electrostatic traveling-wave field,
Journal of Electrostatics, 66 (2008) 220-228. DOI: 10.1016/j.

92

Mizuki Shoyama et al. / KONA Powder and Particle Journal No. 38 (2021) 82-93

elstat.2008.01.002

Kawamoto H., Shigeta A., Adachi M., Utilizing electrostatic force
and mechanical vibration to obtain regolith sample from the
moon and mars, Journal of Aerospace Engineering, 29 (2016)
04015031. DOI: 10.1061/(ASCE)AS.1943-5525.0000521

Kawamoto H., Uchiyama M., Cooper B.L., McKay D.S., Mitiga-
tion of lunar dust on solar panels and optical elements utiliz-
ing electrostatic traveling-wave, Journal of Electrostatics, 69
(2011) 370-379. DOI: 10.1016/j.elstat.2011.04.016

Klingenberg D.J., Swol F.V., Zukoski C.F., Dynamic simulation
of electrorheological suspensions, The Journal of Chemical
Physics, 91 (1989) 7888-7895. DOI: 10.1063/1.457256

Kobayakawa M., Kiriyama S., Yasuda M., Matsusaka S., Micro-
scopic analysis of particle detachment from an obliquely
oscillating plate, Chemical Engineering Science, 123 (2015)
388-394. DOI: 10.1016/j.ces.2014.11.046

Masuda H., Dry dispersion of fine particles in gaseous phase,
Advanced Powder Technology, 20 (2009) 113-122. DOI:
10.1016/j.apt.2009.02.001

Masuda H., Gotoh K., Fukada H., Banba Y., The removal of par-
ticles from flat surfaces using a high-speed air jet, Advanced
Powder Technology, 5 (1994) 205-217. DOI: 10.1252/
kakoronbunshu.20.693

Masuda S., Fujibayashi K., Ishida K., Inaba H., Confinement and
transportation of charged aerosol clouds via electric curtain,
Electrical Engineering in Japan, 92 (1972) 43-52. DOI:
10.1002/e€j.4390920106

Matsusaka S., Control of particle tribocharging, KONA Powder
and Particle Journal, 29 (2011) 27-38. DOI: 10.14356/
kona.2011007

Matsusaka S., lyota J., Mizutani M., Yasuda M., Characterization
and control of particles triboelectrically charged by vibration
and external electric field, Journal of the Society of Powder
Technology, Japan, 50 (2013) 632—-639. DOI: 10.4164/sptj.50.
632

Matsusaka S., Maruyama H., Matsuyama T., Ghadiri M.,
Triboelectric charging of powders: a review, Chemical
Engineering Science, 65 (2010) 5781-5807. DOI: 10.1016/j.
es.2010.07.005

Matsusaka S., Yoshitani K., Tago H., Nii T., Masuda H., lwamatsu
T., Sampling of charged fine particles by motion control
under AC field, Journal of the Society of Powder Technology,
Japan, 45 (2008) 387-394. DOI: 10.4164/sptj.45.387

Mazumder M.K., Sharma R., Biris A.S., Zhang J., Calle C., Zahn
M., Self-cleaning transparent dust shields for protecting solar
panels and other devices, Particulate Science Technology, 25
(2007) 5-20. DOI: 10.1080/02726350601146341

Mizutani M., Yasuda M., Matsusaka S., Advanced characteri-
zation of particles triboelectrically charged by a two-stage
system with vibrations and external electric fields, Advanced
Powder Technology, 26 (2015) 454-461. DOI: 10.1016/j.apt.
2014.11.021

Morgan H., Green N., Dielectrophoretic manipulation of rod-
shaped viral particles, Journal of Electrostatics, 42 (1997)
279-293. DOI: 10.1016/S0304-3886(97)00159-9

Nader B.F., Castle G.S.P., Adamiak K., Effect of surface con-
duction on the dynamics of induction charging of particles,
Journal of Electrostatics, 67 (2009) 394-399. DOI: 10.1016/j.

H

%

,
D



Y

N

(b“
(OPelsté2008.12.017
QON@ﬁjima Y., Matsuyama T., Electrostatic field and force calcula-

QP

tion for a chain of identical dielectric spheres aligned parallel
to uniformly applied electric field, Journal of Electrostatics,
55 (2002) 203-221. DOI: 10.1016/S0304-3886(01)00198-X

Niida T., Ohtsuka S., Dynamic shape factors of regular shaped
agglomerates and estimation based on agglomerate symmetry
— for rectangular parallelepiped, V-and W-shaped, hexagonal
and H-shaped agglomerates, KONA Powder and Particle
Journal, 15 (1997) 202-211. DOI: 10.14356/kona.1997024

Ohkubo Y., Takahashi Y., Lifting criteria of an induction-charged
spherical particle in a field with horizontally set parallel
plate electrodes, Kagaku Kogaku Ronbunshu, 22 (1996a)
113-119. DOI: 10.1252/kakoronbunshu.22.113

Ohkubo Y., Takahashi Y., Experimental investigation on lifting
criteria of an induction-charged spherical particle in a field
with horizontally set parallel plate electrodes, Kagaku
Kogaku Ronbunshu, 22 (1996b) 603-609. DOI: 10.1252/
kakoronbunshu.22.603

Parthasarathy M., Klingenberg D.J., Electrorheology: mecha-
nisms and models, Materials Science and Engineering, R17
(1996) 57-103. DOI: 10.1016/0927-796X(96)00191-X

Pearce C.A.R., The mechanism of the resolution of water-in-
oil emulsions by electrical treatment, British Journal of
Applied Physics, 5 (1954) 136-143. DOI: 10.1088/0508-
3443/5/4/304

Shoyama M., Kawata T., Yasuda M., Matsusaka S., Particle
electrification and levitation in a continuous particle feed and
dispersion system with vibration and external electric fields,

Mizuki Shoyama et al. / KONA Powder and Particle Journal No. 38 (2021) 82-93

Advanced Powder Technology, 29 (2018) 1960-1967. DOI:
10.1016/j.apt.2018.04.022

Shoyama M., Matsusaka S., Electric charging of dielectric
particle layers and levitation of particles in a strong electric
field, Kagaku Kogaku Ronbunshu, 43 (2017) 319-326. DOI:
10.1252/kakoronbunshu.43.319

Shoyama M., Matsusaka S., Mechanism of disintegration of
charged agglomerates in non-uniform electric field, Chemical
Engineering Science, 198 (2019) 155-164. DOI: 10.1016/j.
es.2018.12.055

Shoyama M., Nishida S., Matsusaka S., Quantitative analysis
of agglomerates levitated from particle layers in a strong
electric field, Advanced Powder Technology, 30 (2019)
2052-2058. DOI: 10.1016/j.apt.2019.06.018

Tada T., Yamamoto T., Baba Y., Takeuchi M., lon charging
and electron charging to an insulating toner, Journal of the
Society of Powder Technology, Japan, 41 (2004) 636-644.
DOI: 10.4164/sptj.41.636

Washizu M., Jones T.B., Dielectrophoretic interaction of two
spherical particles calculated by equivalent multipole-
moment method, Conference Record of the 1994 IEEE, 2
(1994) 1483-1490. DOI: 10.1109/28.491470

Weber E., Electromagnetic Fields: Theory and Applications,
\ol. I-Mapping of Fields, John Wiley & Sons, New York,
1950, pp. 215-233. DOI: 10.1063/1.3067394

Wu'Y., Castle G.S.P., Inculet L.I., Petigny S., Swei G.S., Induction
charge on freely levitating particles, Powder Technology, 135
(2003) 59-64. DOI: 10.1016/j.powtec.2003.08.004

Authors’ Short Biographies

Mizuki Shoyama is a Researcher of Chemical Engineering at Kyoto University. She
earned her PhD from Kyoto University. She has worked as a development engineer in the
aerospace division, IHI Corporation, and at Nuclear Fuel Industries, Ltd. Dr. Shoyama’s
current research interests include particle levitation on deposited particles with photoelec-
tric charging and particle mixing using superimposed electric fields.

Shuji Matsusaka is a Professor of Chemical Engineering at Kyoto University. He earned
his PhD from Kyoto University. He has held important positions in academic organiza-
tions in areas of powder technology, aerosol science, and electrostatics. He is an emeritus
editor-in-chief of Advanced Powder Technology. Dr. Matsusaka'’s current research interests
include characterizing particle electrification, adhesion, and flowability, as well as the
handling of micro-particles and nano-particles in gases.

Mizuki Shoyama

Shuji Matsusaka

93

o/

)
'

of

,
D

%



<\0®

Review Paper

\»Ifecent Progress in Efficient Gas—Solid Cyclone Separators
“witha High Solids Loading for Large-scale Fluidized Beds'

Chihiro Fushimi'*, Kentaro Yato!, Mikio Sakai

2, Takashi Kawano® and Teruyuki Kita®

! Department of Chemical Engineering, Tokyo University of Agriculture and Technology, Japan
2 Resilience Engineering Research Center, School of Engineering, The University of Tokyo, Japan

3 Project Center, TAKUMA Co., Ltd., Japan

Abstract

Circulating fluidized beds (CFB)s are important technical equipment to treat gas—solid systems for fluid catalytic
cracking, combustion, gasification, and high-temperature heat receiving because their mass and heat transfer rates
are large. Cyclones are important devices to control the performance of CFBs and ensure their stable operation;
heat-carrying and/or solid catalyst particles being circulated in a CFB should be efficiently separated from gas at
a reduced pressure loss during separation. In commercial CFBs, a large amount of solids (> 1 kg-solid (m*-gas)™
or > 1 kg-solid (kg-gas)™) is circulated and should be treated. Thus, gas—solid cyclones with a high solids loading
should be developed. A large number of reports have been published on gas—solid separators, including cyclones.
In addition, computational fluid dynamics (CFD) technology has rapidly developed in the past decade. Based on
these observations, in this review, we summarize the recent progress in experimental and CFD studies on gas—
solid cyclones. The modified pressure drop model, scale-up methodology, and criteria for a single large cyclone
vs. multiple cyclones are explained. Future research perspectives are also discussed.

Keywords: gas—solid cyclone, circulating fluidized bed, high solids loading, design

1. Introduction

Circulating fluidized beds (CFB)s are commercially
used for fluid catalytic cracking (FCC), and combustion
and gasification of coal, biomass, and waste material be-
cause their heat and mass transfer rates are very large
(Basu P, 2015; Grace J.R. et al., 1997; Gréabner M., 2015;
Lettieri P. and Macri D., 2016; Li C.-Y. et al., 2017; Pecate
S. et al., 2019; Scala F., 2013; Stolten D. and Scherer V.,
2011). Recently, novel CFB solar receivers have been de-
veloped for concentrated solar power generation (Ansart
R. et al., 2017; Garcia-Trifianes P. et al., 2016, 2018). In a
CFB, because heat-carrying and/or catalyst particles are
circulated to transfer heat between each reactor, fast and
efficient gas—solid separation is extremely important for a
stable operation and reducing particle loss due to entrain-
ment. Cocco R et al. (2017) investigated particle entrain-
ment and clustering in a fluidized bed. Cyclones are
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widely used as primary gas—solid separators owing to
their simple configuration and ease of operation. A stable
operation of cyclones is important to reduce load in sec-
ondary gas—solid separators, makeup of the heat-carrying
and/or catalyst particles, and pressure loss. Thus, much
attention has been paid to the research and development
of cyclones over the past several decades (Hoffmann A.C.
and Stein L.E., 2010).

In commercial CFB boilers where carbonaceous solids
are combusted to generate heat, a high solids-loading gas
(Cy> 10 kg-solid (kg-gas)™ as defined in Eq (1)) should
be treated in the primary gas—solid separator in order to
efficiently separate solids from the gas (Van de Velden M.
et al., 2007; Dewil R. et al., 2008).

total mass flow rate of solid to cyclones [ﬂ]
S

Cr= kg @
total mass flow rate of gas to cyclones [?]

Cortés C. and Gil A. (2007) extensively reviewed the
models developed for the flow behavior, velocity profiles,
pressure drop and collection efficiency in inverse-flow cy-
clones under the conditions of C;<0.23 kg-solid (kg-
gas)™. Huard M. et al. (2010) comprehensively reviewed
gas—solid separators including cyclones, impact separa-
tors, and other separators with a riser top and downer
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@ﬁg@pg’gnfiguration. They summarized the solids-

Ose\p‘ﬁration mechanism and separation efficiency of each
separator and reported that recent research on reverse-
flow cyclones is directed toward the influence of high sol-
ids loadings on cyclone performance and computational
fluid dynamics (CFD) simulations. However, in the past,
CFD calculations were not highly reliable for large solids-
loading cyclones and fast separators due to limitations on
computational power.

On the basis of such reviews and reports, in the current
review, we summarized progress in the past decade in
terms of experimental and numerical studies on high
solids-loading gas—solid separators (mainly cyclones) in
fast solids-circulation systems in CFBs.

2. High solids-loading cyclones
2.1 Pressure-drop model

Chen J. and Shi M. (2007) analyzed pressure drop in a
reverse-flow cyclone with a tangential inlet by dividing
the total pressure loss into the four components, namely
(1) expansion loss at the cyclone inlet, (2) contraction loss
at the entrance of the outlet tube, (3) swirling loss due to
gas flow and cyclone walls, and (4) dissipation loss of gas
dynamic energy in the outlet tube. They reported that
component (2) has limited effect on the total pressure loss
and can be omitted. Based on this result, they proposed
the Chen-Shi (C-S) model to predict pressure drop in cy-
clones operating with (i.e., an inlet solid concentration
(CJ) of 0.002 to 2 kg-solid (m®-gas)™) or without dust gas
at ambient and high temperatures. Li S. et al. (2011) inves-
tigated cyclone pressure drop at a very high Cg (0.125—
4.42 kg-solid (m*-gas)™) and inlet gas velocities (v;) of
13.2, 17.5, and 21 m s™*. They improved the C-S model to
predict cyclone pressure drop more accurately and re-
ported that component (4) in the C-S model should not be
included; further, they suggested that the swirl exponent
may be zero for high solids-loading conditions.

The improved C-S model can be described as follows
to estimate pressure loss in a cyclone (Li S. et al., 2011;
Chen J. and Shi M., 2007).

4Q Vi

V = = = 2
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Fig. 1 Comparison between model-predicted and experimen-

tal data (v;=17.5ms™). Reprinted with permission
from Ref. (Li S. et al, 2011). Copyright: (2011)
WILEY-VCH Verlag Gmbh & Co. KGaA, Weinheim.
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R O?i)mproved C-S model, geometric and velocity
QCVatiables were normalized with respect to cyclone diame-
ter. As shown in Fig. 1, the performance predicted by the
improved C-S model agrees well with experimental data
when C, = 1-5 kg-solid (m®-gas)™, thus effectively
amending the overprediction of the original C-S model.

3
o

2.2 Multi-cyclone and non-uniform distribution
of particles

In large-scale industrial reactors with high gas—solid
flow rates, small parallel cyclones are often preferred to
achieve a high separation efficiency when the distribution
of gas—solid flow at each cyclone inlet is uniform. How-
ever, it is difficult to place a refractory in such small cy-
clones (Nowak W. and Mirek P., 2013) and there is strong
evidence that gas—solid flow in parallel cyclones is
non-uniform, which reduces the total separation efficiency
(Zhang C. et al., 2016).

Masnadi M.S. et al. (2010) examined gas—solid flow
distribution across two parallel and identical cyclones
based on an analytical model and compared flow distribu-
tion through parallel pipes. They confirmed the consis-
tency of their analytical model by comparing the
experimental data of two identical cyclones (barrel diam-
eter D = 101.6 mm). They reported that a non-uniform (or
maldistribution) gas—solid flow is unavoidable for a high
solids loading (upstream solids hold up > 0.01 %) and that
fouling can significantly affect maldistribution of gas—
solid flow through the identical cyclones. Zhang N. et al.
(2010) calculated a three-dimensional full-loop CFB
boiler model with two parallel cyclones using an Eulerian
granular multiphase model. In their study, they found mi-
nor differences in the average solids mass flux (Gg) in the
two cyclones (5.74 and 6.05 kg m™s™) and pointed out
that the maximum G alternates between these two cy-
clones. Zhou X. et al. (2012) investigated gas—solid flow
through six parallel cyclones located asymmetrically on
the left and right walls of the riser (i.e., three cyclones on
the left and three cyclones on the right) in a CFB cost test
apparatus. They observed that the distribution of gas—
solid flow was non-uniform across three cyclones on one
side and that the middle cyclone on each side exhibited
higher particle velocities while their G was lower than
that of other cyclones. Jiang Y. et al. (2014) conducted nu-
merical calculations on gas—solid flow hydrodynamics at
a CFB boiler test facility with six parallel cyclones using
an Eulerian-Lagrangian model and computational particle
fluid dynamics (CPFD). They validated simulation data
using experimental data obtained by electrical capaci-
tance tomography (ECT) in cold model tests (at ambient
temperature and atmospheric pressure). The geometry of
the six cyclones was either axis-symmetric or point-sym-
metric, as shown in Fig. 2.
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They also observed that the solids concentrations of the
four cyclones located at the corners of the chamber were
greater than those of others and stated that an “axis-
symmetric” arrangement (case A) for cyclones is better
than a “point-symmetric” arrangement (case B) from the
view point of uniform distribution of solids (Fig. 3).

Wang S. et al. (2017) investigated the hydrodynamics
of gases and solids in six parallel cyclones with central
symmetry and axial symmetry arrangements combined
with a full-loop CFB by CFD and a discrete elemental
method (CFD-DEM, Fig. 4). They reported that for a uni-
form distribution of solid mass flux in parallel cyclones,
axial symmetry is better than central symmetry. The middle
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Fig.2 CFB model with 6 cyclones for CPFD calculation (a)
Front view of simulation geometry, (b) Axis-symmet-
ric, (c) Point-symmetric (units: mm). Reprinted with
permission from ref. (Jiang Y. et al., 2014). Copyright
(2014) Elsevier B.V. *Numbers and characters are re-
written to improve the clarity.
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Fig. 3 Time-averaged particle mass flow rate distribution in
cyclones according to CPFD simulations. Reprinted
with permission from ref. (Jiang Y. et al., 2014). Copy-
right (2014) Elsevier BV.
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%n both sides have higher solid velocity and solid

VQOhcﬂﬂ\up than other corner cyclones (Fig. 5).

Shuai D. et al. (2017) also investigated the flow behav-
ior of gas and solids in six cyclones in parallel in an annu-
lar furnace. They observed a non-uniform distribution of
G, and cyclone pressure drop (Ap.) in the six cyclones.
However, no regularity could be observed. The relative
deviation of G, in the six cyclones was 8.0 % under typi-
cal operating conditions.

2.3 Design principles of multi-cyclones

The design principles of small multi-cyclones and a
large single cyclone were analyzed. Mo X. et al. (2015)
investigated the influence of wall friction and solid accel-
eration on the non-uniform distribution of gas—solid flow
in two parallel cyclones. They reported that pressure drop
in cyclones has an inflection point with respect to the

Fig. 4 Schematic of 6 cyclones in CFD calculation (a) Front
view of simulation geometry (b) Central symmetry (c)
Axial symmetry arrangements (units: mm). Reprinted
with permission from ref. (Wang S. et al., 2017). Copy-
right (2017) Elsevier B.V.
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mass flow rate ratio between solids and the gas (Crjns, EQ.
(1)), which is around 0.5-3.33 kg-solid (kg-gas)™, as cal-
culated from the reported values. They also suggested
that the inflection point increases with an increase in the
wall friction but decreases with an increase in solid accel-
eration. The inflection point has a large effect on non-
uniform gas—solid distribution in the two parallel
cyclones. As summarized in Table 1, the solid flow distri-
bution is non-uniform when C+ approaches Cr jns.

Zhang C. et al. (2016) analyzed multi-phase interac-
tions and investigated instabilities in uniformity in two
parallel cyclones installed after a fluidized bed reactor.
They provided a novel design principle to avoid non-
uniform distribution of solids using C; and dimensionless
vortex finder diameter (d,) defined in Eq. (15). Fig. 6
shows a phase diagram of uniformity of the two parallel
cyclones as a function of fraction of solid flow to cyclone
1 (i.e. path 1) and Cy. They reported that under the condi-
tion that inlet velocity of air is 15 m s, Reynolds number
is 3.08 x 10° and glass beads are used at 20 °C and
101.3 kPa, a low solids loading (C; < 1.35), the uniform
distribution is stable but at C; = 1.35, there occurs a turn-
ing point from uniform to non-uniform distribution.
When C; > 1.35, the maldistribution of solids is stable.

120 ——

s L 3 L .t L & T
Axial symmetry
: Center symmetry

100

40

Solid flux (kgm?s™)

20

R3 L1
Location (-)

Fig.5 Time-averaged solid flux distribution in cyclones.
Reprinted with permission from ref. (Wang S. et al.
2017). Copyright (2017) Elsevier B.V.

Table 1 Summary of the three phases in two parallel cyclones. Reprinted with permission from ref. (Mo. X. et al. 2015). Copyright

(2015) Elsevier BV.

Dilute phase Transition phase Dense phase
Crint Cr << Criin Cr ~ Crjint C1>> Criin
Main contributor Wall friction Both greatly influence the Solid acceleration

Gas fraction in cyclone 1 ()
and solids fraction in cyclone 1 (y)

w>05andy>0.5o0r
w<05andy<05

pressure drop

w ~ 0.5 and highly uneven
solid distribution at certain
flow perturbation

w>05andy<0.5o0r
w<05andy>05
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Q‘[ds?é&f&?nd that d, should be less than 0.32 and that d,
?\Qos@%gthens the swirl in a cyclone for enhancing the sta-

bility of uniformity and cyclone efficiency under this con-
dition.

Fig. 7 shows a phase diagram of stability based on the
data in literature (Zhang C. et al., 2016). For parallel cy-
clones that treat high solids loading, d, should be small
enough to ensure the stable operation. These criteria are
very useful in the selection of single large cyclones or
multi-cyclones for uniform and steady operation.

Mass flow rate ratio, C,
L

0.2

| il
Uniformity Maldistribution

0.4
Fraction of solid flow in path1, o,

0.6

Fig. 6 Phase diagram of stability of uniformity at different
mass flow rate ratios (Ct) when inlet velocity of air is
15ms™, Reynolds number is 3.08 x 10° and glass
beads are used at 20 °C and 101.3 kPa. Reprinted with
permission from ref. (Zhang C. et al., 2016). Copyright

(2016) John Wiley and Sons.
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Fig. 7 Stability phase graph of the relationship between the
stability of uniform distribution/maldistribution and
dimensionless vortex finder diameter d, and mass flow
rate ratio Cy.

Ref. A: Jiang Y. et al. (2014)

Ref. B: Liao L. et al. (2011)

Ref. C: Zhou X. et al. (2012)

Ref. D: Zhang N. et al. (2010)

Ref. E: Wang F.J. et al. (2014)

Ref. F: Liu F. et al. (2014)

Reprinted with permission from ref. (Zhang C. et al.,
2016). Copyright (2016) John Wiley and Sons.
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_vortex finder diameter [m]
" cyclone barrel diameter [m]

(15)

2.4 Cyclones in series

Wu X. et al. (2011) experimentally measured and calcu-
lated the pressure drop of two scroll-type cyclones con-
nected in series for a wide range of solids loading
(C+ = 0-30 kg-solids (kg-gas)™) and cyclone inlet velocity
(v; = 16-24 m s™). The experimental data showed that the
cyclone pressure drop decreased dramatically as Cy in-
creased to 7.5 kg-solids (kg-gas)™ after which it remained
almost constant.

Fushimi C. and Guan G. et al. developed a triple bed-
combined CFB for coal gasifiers (Fushimi C. et al., 2011,
2014; Guan G. et al., 2010, 2011) and experimentally in-
vestigated the hydrodynamics of silica sand (average
particle diameter of 126 um) at a high flux (G in the
range of 200-546 kg ms7%) in cold model tests. In these
experiments, three cyclones were connected in series
to separate solids from air. Separation efficiency at the
outlet of the third cyclone was 99.998 % when G was
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Fig. 8 Schematic diagram of the proposed iG-CLC system
Reprinted with permission from ref. (Wang X. et al.,
2015). Copyright (2015) The American Chemical Soci-
ety.
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Fluidized bed

|

Fig. 9 (a) Schematic diagram of the experimental setup of a fluidized bed, a riser, and a dipleg connected with a
cyclone, (b) the photograph of the fluidized bed and dipleg (non-operating status). Reprinted with per-
mission from ref. (Wei Z.G. et al., 2016) under the terms of the CC-BY 4.0 license. Copyright: (2016)

The Authors, published by Springer Nature.

490-510 kg m2 s71. Meanwhile, Hoffmann A.C. and Stein
L.E. (2010) recommended that the underflow pipes of se-
ries-connected cyclones should be independently sealed.

2.5 Combination of an inertial separator and a
cyclone for a high-flux CFB

Wang X. et al. (2015) developed a high-flux CFB reac-
tor, comprising of a fuel reactor, an air reactor, a J-valve,
a downcomer, and solid separation systems, for in situ
gasification chemical looping combustion (iG-CLC). They
optimized the iG-CLC system by developing an inertial
separator for primary gas-solids separation and a cyclone
for secondary gas-char and remaining solids separation to
improve operation stability and solid separation efficiency.
They reported that the selective separation efficiency of
coal particles in the first-stage inertial separator was
77.7 % when the mass flow rate of the solid was
1021 kg h™ and the overall separation efficiency after the
second-stage cyclone reached 99.5 % when the mass flow
rate to cyclone was 35 kg h™* in their cold model tests.

In their subsequent work (Shao Y. et al., 2017), they
carried out three-dimensional full loop CFD calculation
using an Eulerian-Eulerian two-fluid model combined
with the standard -¢ turbulence model for the gas phase
and the kinetic theory of granular flow for the solid phase
to investigate the hydrodynamics of coal and iron ore par-
ticles on the basis of the experimental results of cold
model tests. They reported continuous and stable solid
circulation in the iG-CLC model when G was around
400 kg m=2 s,

2.6 Design principles of the cyclone inlet and body
for high solids-loading multi-cyclones

Hoffmann A.C. and Stein L.E. (2010) recommended

(d)

fg?llijl"'e Eg&s: in
oW ©  fow g

Fig. 10 Diagram of fluidization regimes in a dipleg with the
increase of solid mass flux (G) (a) and (b) the dilute—
dense coexisting falling flow, (C) the dense conveying
flow, (d) dense conveying flow with a high particle
concentration. Reprinted with permission from ref.
(Wei Z.G. et al., 2016) under the terms of the CC-BY
4.0 license. Copyright: (2016) The Authors, published
by Springer Nature.

that 1) bends should be located at a distance of ten pipe
diameters or its equivalent before cyclone inlets to avoid
non-uniform distribution of gases and solids in the cy-
clone inlet piping and 2) a scroll or wrap-around type of
inlet should be used. At high solids or liquid loadings
(> ~10 vol%), care must be taken not to restrict the dis-
charge opening or the annular space around a vortex sta-
bilizer.

2.7 Flow behavior of gas and solids in a dipleg
below cyclone

Wei Z.G. et al. (2016) examined the pressure of a cata-
lyst powder (Sauter mean particle diameter of 63.6 um)
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\ﬁé)%éf Qi‘131~‘21<\gipleg (150 mm inner diameter and 9 m height)
whéh G, was in the range of 50.0 to 385.0 kg m2s™.
Fig. 9 shows the experimental apparatus consisting of
setup of a fluidized bed (600 mm i.d. and 8 m height), a
riser (200 mm i.d. and 12.5 m height), and a dipleg
(150 mm i.d. and 9 m height) connected with a cyclone
(400 mm i.d.)). The bottom of the dipleg was immersed
into the fluidized bed. Fig. 10 shows the observed fluid-
ization pattern in the dipleg. At small G, (G <
50.0 kg m™2s™) (cf. Fig. 3a, b), a dilute-dense coexisting
falling flow. The swirl flow (just below the cyclone), the
dilute particle falling flow (in the middle) and the dense
flow (bottom) were observed. In the dense flow, some as-
cending gas bubbles were observed like a bubbling fluid-
ized bed. When G, = 200.0-250.0 kg m2 s (cf. Fig. 3c),
no interface between the dilute particle falling flow and
the dense flow was observed. Pressure fluctuation inten-
sity reached a maximum in the fluidization pattern being
transformed. Further increase in G (G, > 350.0 kg m=2s7)
(cf. Fig. 3d), the fluidization regimes developed the dense
conveying flow with a high particle concentration.

3. Scale-up methodology and grade efficiency

The scale-up of cyclones is important for reactor design
and estimating separation efficiency. Mirek P. (2016, 2018)
investigated the scaling rules of cyclones in CFB boilers
and estimated the separation efficiency of cyclones by set-
ting up the following model (Egs. (16)—(21)). In this
model, the total separation efficiency of a cyclone 7y 1S
the sum of the efficiency at the wall (7,,,;) and in the inner
vortex (.t) (EQ. (16)). A portion of the incoming solids
not collected by the wall is collected by the inner vortex,
which is based on the Muschelknautz model (Muschelknautz
E., 1972),
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Hiot = Hwall +’7vtx = 1_%_{'
om (16)
L N e (d) AR (d )

He Jj=1
where i is the limited loading ratio defined by Eq. (17).

d
() (10x,)”
dson

Here, the constant Kj;,,, = 0.02 for fine particles and 0.03
for coarse particles. For initial load, y, <2.2 x 107, the
exponent y has a value of 0.81 and for x> 0.1, y = 0.15.
The value of d, is calculated using Eq. 18 (Mirek P., 2018).

i, :\/O.S(O.QV) _

(17)

Hiim = Kiim -

18u,
(Pp—pg)Ze

Wang J. et al. (2019) reported that when the solids load-
ing is higher than the limit loading (u > tim), dense par-
ticles cannot flow through the rotating/swirling stream
because of their high inertia; in this case, these particles
hit the outside wall of the cyclone and descend to the bot-
tom.

Mirek P. also described the particle size distribution of
the carryover, Rg(d), and it can be determined using
Eq. (19).

™ (18)

ARy (d) = ”lﬁ.(lLF(d)).ARA(d) (19)
He (1_’710t)
The total separation efficiency is determined by

Eg. (20).

_ AR (d)
ne (d) =1- 1= 7740r) ARA(d)
The same researcher summarized the scaling relation-

ship using five dimensionless parameters sets shown in

Table 2. They compared estimation curves based on the

(20)

Table 2 Scaling relationships and parameters used for the analysis of the cyclone performance in cold model tests (cf. Fig. 11).
Reprinted with permission from ref. (Mirek P., 2018). Copyright (2018) Elsevier B.V.

Scaling relationships Parameters chosen independently Notation
U G,
_0,_aPSD d32, pp1 p91 Dn ,uga g Set (1)
ur pU
Uo D Set (2

Rep,u—,Ar,PSD Ppr Pgr P g, 9 € ( )

T
U, G
_0: ) Fr,PSD Pp, Pg, Dry ,Ltg, g Set (3)
Ut ppUO
ﬁ, G, Fr.22 psp Py D, g, 9 Set (4)
Ur ppUO Pg

P G, d

Fr,Re,,—,——,—,PSD U, Set (5

P U D, Pgs Hg: 9 ®)

100

H

»‘,‘}
%

D



AN
«@
O
50
.\0\6
S
L @
Z 0998 A
8 i
8
[+]
€ ogord— | I
@
2 1~ Lagisza CFB boiler
£ 0.996 ~£— Lagisza 1/20 CFB boiler | |
1G] Scaling rule: Equation (8))
—0O— Sel(1); k=1/20
~(— Sel(2); k=1/20
0.995 —— Sel(3); k=1/20 i
—<— Set(d); k=1/20
0.894 il i | e -
i | - e s | » bt B A4 § X x e
10° 10° 10" 107
dm
Fig. 11 Influence of a set of scaling relationships on the total

grade efficiency curve based on the parameter sets
shown in Table 2 and the Stokes equation. Reprinted
with permission from ref. (Mirek P., 2018). Copyright
(2018) Elsevier B.V.

five dimensionless parameter sets and the Stokes equation

(Eq. (20)).

(Pp - Pg)dszovi
1844Dy,

Fig. 11 shows the result. All the proposed scaling rela-
tionships resulted in a very high separation efficiency
(> 99.4 %). However, the results strongly depended on the
selected scaling relationships set (Mirek P., 2018).

Wang J. et al. (2019) recently conducted experiments
extensively and introduced sophisticated models to im-
prove the prediction of grade efficiency of cyclone separa-
tors. They constructed generalized linear mixed-effects
(GLME) models that are functions of the parameters (St,

d ds,
— O ——
dSO Db
efficiency (1£(d)) variation. Note o is the size deviation in
particle diameter at the inlet.

In their GLME models, the observed grade efficiency
vector () is considered to be a summation of the expected
grade efficiency vector (u) and the noise vector (), which
is assumed to follow a normal distribution with mean 0

(Eq. (22)).

Stkin’ i= (21)

, Re, Fry) to understand and control grade

n=ute (22)

The expected grade efficiency () is represented by the
Gaussian regression model shown in Eqg. (23),

g(u) =po+ (Bi+4)In(St) + (B> +¢,)n (dij

50

+Bsln(s;) + faln (%j + (Bs +ge)n(Re) (23)

b
+pB;In (Fr)

where ¢; is a random effect corresponding to the i com-
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Table 3 GLME model estimation parameters. Reprinted with
permission from ref. (Wang J. et al., 2019). Copyright
(2019) Elsevier B\V.

Estimate Std. Error P-value
Bo 64.952 47019 1.7896e-38
B —6.8608 0.64062 7.4357e-25
Lo 14.721 1.2805 4.303e-28
B3 23.673 3.2352 7.0839%¢-13
N 14.794 0.98611 3.2965e-44
Bs 1.6486 0.40073 4.3607e-05
B —2.2869 0.36419 6.0287e-10
Estimate Lower Upper

o1 0.0011382 0.00035134 0.0036874
oy 0.16095 0.13411 0.19315
o 0.038589 0.028213 0.052781

0.9

0.8
3 07r
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Experimental

Fig. 12 The parity plot of fitted values based on the GLME
model and experimental results of the grade efficiency.
Reprinted with permission from ref. (Wang J. et al.,
2019). Copyright (2019) Elsevier B.\V.

ponent and has a normal distribution with a variance o;°.
The g(u) and the expected grade efficiency (u) are linked
in the following equations ((24), (25)).

g(u) = =In(-In(a)) (24)

= exp[-exp(-g(x))] (25)

Table 3 lists the values estimated for the parameters
(Bo-7, 01, 09, 0g) in Eq. (23), including a 95 % confidence
interval for random effects. Fig. 12 shows the parity plot
of experimental results and fitted values predicted by us-
ing the GLME maodel. It can be seen that the GLME mod-
eling predicts the experimental grade efficiency
accurately. It is considered that the GLME model can pro-
vide setting conditions for cyclone separators (Wang J. et
al., 2019).
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Table 4 summarizes the experimental and numerical
studies on gas—solid cyclones conducted in the last de-
cade. Recently, a number of numerical studies using CFD
simulations have been conducted to investigate the veloci-
ties and volume fractions of gases and solids and pressure
drop in cyclones by varying their configurations. Most of
these experimental and numerical studies were conducted
under dilute conditions (C; or C+~0.001). Huang A.N. et
al. (2018a) investigated the effect of particle mass loading
on the hydrodynamics of solids and separation efficiency
using the Eulerian-Lagrangian approach with a two-way
coupling method for CFD and compared with the experi-
mental results of laboratory-scale cyclones at C, of
0.0016-0.153 kg-solid (m3-gas)™ and v; = 15 and 18 m s™.
They reported that the overall separation efficiency in-
creased from 74.5 % for a conventional cyclone to 80.7 %
for a cyclone with a lower cone slit. More detailed experi-
mental and numerical studies under high solids loading
conditions on gas—solid cyclones are expected in the fu-
ture.

5. Conclusions and future prospects

In this review, recent progress in high solids-loading
gas—solid cyclones has been summarized. The improved
C-S model proposed by Li S. et al. (2011) is highly useful
for predicting pressure drop in cyclones. For commercial-
scale CFBs, 2 to 6 multi-cyclones are often used in paral-
lel. However, the non-uniform distribution of solids in the
parallel section is a problem. Mo et al. investigated the ef-
fect of wall friction and solid acceleration on the non-
uniform distribution of gas—solids flow and found that the
inflection point has a significant influence on the maldis-
tribution of gas—solids in two cyclones in parallel. Zhang
C. et al. (2016) found that the phase graph of the stability
of uniform distribution/maldistribution of solids in two
parallel cyclones as functions of Cy (kg-solid (kg-gas)™)
andd,

To improve the scale-up methodology, Mirek P. (2018)
summarized and modified the Muschelknautz model by
applying five sets of scaling relationships and found that
all the employed sets of scaling relationships resulted in a
very high separation efficiency (> 99.7 %). The GLME
model developed by Wang J. et al. (2019) can predict
grade efficiency with a large prediction variability.

It is expected that CFB boilers will be used for biomass
co-combustion to reduce CO, emissions due to power
generation. In waste-treatment plants, CFB incinerators
may be used in the future because of their high thermal
efficiency and operability. In CFB boilers used for power
generation, non-steady-state operations (rapid changes in
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load) are required. In these operations, a high solids sepa-
ration efficiency and control over the cut-off diameter are
required. We expect for future research, flow behaviours
of gas and solids, and separation efficiency of solids in cy-
clones under non-steady state or transient operation con-
ditions should be investigated.
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Nomenclature

As: Total area of the contact surfaces between gas flow and the
cyclone wall, A, = AD /4 [m?]

A,: Sedimentation area of the cyclone wall [m?]

a: Cyclone inlet height [m]

b: Cyclone inlet width, b = p Dy, [m]

B: Diameter of the cyclone dust exit, B = BDy, [m]

¢: Width of the inlet cutting into the cyclone body, ¢ = éb [m]

C.: Inlet solid concentration [kg-solid (m3-gas)™]

Cq: Mass flow rate ratio between solids and gas [kg-solid
(kg-gas)™]

Cr+ins: Solids loading at the inflection point [kg-solid (kg-gas)™]

d: Feed particle diameter [m]

d.: Cut size for separation at wall [m]

d;: Dimensionless vortex finder diameter [-]

d3,: Sauter mean particle diameter [m)]

dso: Mass mean particle diameter in feed [m]

dsp a: Median particle diameter in feed [m]

Dy: Cyclone barrel diameter [m]

Dy,: Cyclone hopper diameter, D, = D, Dy, [m]

D.: Diameter of core flow, D, = 2r, [m]

D.: Cyclone outlet diameter, D, = DD, [m]

D,: Riser hydraulic mean diameter, 4A(cross-sectional area of
the flow)/P(wetted perimeter of the cross-section) [m]

e: Noise vector [-]

f: Friction coefficient [—]

fair: Friction coefficient for dust-free gas flow [-]
Fr: Froude number based on D,, (Up%/gD;) [-]
Fr,y: Froude number based on H, (vi2/gH) [-]

g: Gravitational acceleration [m s

Gq: Solids mass flux [kg m™ s7}]

H,: Cyclone barrel height, H, = Hy, Dy, [m]

H: Cyclone body height, H = H D, [m]
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ki: Correction coefficient of expansion loss [-]

Kiim: Constant for calculating the limited load ratio [-]
I: Insert depth of the cyclone outlet, | = [ Dy, [m]

n: Swirl exponent []

Ap;: Expansion loss at the cyclone inlet [Pa]

Apy: Cyclone body pressure drop [Pa]

Ap: Cyclone pressure drop [Pa]

Apy: Outlet pressure drop [Pa]

Q: Cyclone inlet gas flow rate [m®s™]

r: Radius of cyclone barrel [m]

r.: Radius of core flow, r, = f,r [m]

Rai(d): Residue of the inner feed [-]

Re: Reynolds number, viDypgluq [-]

Re,: Particle Reynolds number, Ugdsypg/ig [-]

Re(d): Residue of the emitted dust [-]

Stki, i Stokes number [-]

ur: Terminal velocity of particles [m s™]

Ug: Superficial gas velocity [m s7]

V : Gas flow rate [m®s™]

v;: Gas velocity at the cyclone inlet [m s

v,: Axial gas velocity [m s™]

V,e: Axial gas velocity in the outlet annular region [m s™]
V.. Axial gas velocity near the outlet wall [m s7]

vo: Tangential gas velocity, vy = Vov; [m s

Vo : mean tangential velocity in the outlet tube [m s™]
Vo.: Tangential gas velocity at the radius [m s

Vocg: Tangential gas velocity at the imagined control surface
[ms™]

V.. Tangential gas velocity in outlet annular region [m s™]

V. Tangential gas velocity near the cyclone wall, vy, = VouV;
[ms™]

Vg, Tangential gas velocity near the cyclone wall for dust-
laden gases [m s7]

y: Exponent for calculating the limited load ratio []

Z,: Mean centrifugal acceleration at the reference radius [m s

Greek alphabets

u: Expected grade-efficiency vector [-]
e Initial load [kg kg™

ug: Gas viscosity [Pa s]

im: Limited load ratio [kg kg™]

pq: Gas density [kg m=]

pp: Particle density [kg m™]

5: Observed grade-efficiency vector [—]
ne(d): Grade efficiency [-]

Nt Total separation efficiency [—]

Nuix: Separation efficiency in cyclone vortex [—]
Nwan: Separation efficiency at wall [—]

¢i: Random effect of the i component [-]

;. Standard deviation of ¢; [-]

o Size deviation of particle diameter at inlet []
w: Gas fraction in cyclone 1 [-]

y: Solids fraction in cyclone 1 [-]

Abbreviations

CFB: Circulating fluidized bed

CFD: Computational fluid dynamics

CPFD: Computational particle fluid dynamics

C-S: Chen and Shi

DEM: Discrete elemental method

ECT: Electrical capacitance tomography

FCC: Fluid catalytic cracking

GLME: Generalized linear mixed-effects

iG-CLC: In situ gasification chemical looping combustion

PSD: Particle size distribution
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