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HIGHLIGHTS

« Defluidization experiments in a powder rheometer for fine glass particles are reported.

« An impeller at a sufficiently high rotation speed is shown to mitigate channeling.

« The defluidization measurements are shown to be independent of bed diameter and height.
« Sensitivity of the measurements to the impeller rotation speed is reported.

« Torque is identified as an alternative to pressure-drop to characterize defluidization.
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Inter-particle cohesion plays an important role in various industrial unit operations. Recently, particle
defluidization was identified as a bulk measurement that can be used to extract inter-particle cohesion
(Liu et al., 2018). This method requires direct-coupling of experimental, “standard” defluidization curves
(pressure-drop vs. gas velocity) with discrete-element-method (DEM) simulations; “standard” refers to
defluidization without channeling. Hence, the method is not readily applicable to highly-cohesive
(Group C) particles that exhibit channeling. In this work, we obtain standard-defluidization-curves for
Group C particles using a rheometer with a rotating impeller. Then, we confirm that the measurements
from the rheometer are system-size-independent, thereby ensuring the feasibility of direct-coupling of
the experiments with smaller DEM simulations. Furthermore, we show that the torque required to rotate
the impeller may provide an alternative to the pressure-drop to characterize particle defluidization.
Finally, we show that the extracted characteristic-velocities from these experiments may provide a
relative-gauge for particle-level cohesion.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Cohesive particles are found in a wide range of industrial pro-
cesses, such as mixing, sedimentation, fluidization, and granula-
tion, to name a few. The complex behavior of cohesive-particle
systems has triggered interest from both the physics and engineer-
ing communities, e.g., (Castellanos et al., 1999; Seville et al., 2000;
McCarthy, 2003; Tomas, 2004; Herminghaus, 2005; Mitarai and
Nori, 2007; Rognon et al., 2007; Boyce, 2018). Numerous previous
works have reported that inter-particle cohesion leads to porous
packing (Yang et al., 2003;Valverde and Castellanos, 2007), poor
fluidization (Geldart, 1973; Rhodes et al., 2001), avalanching flow
(Tegzes et al., 2002; Freyssingeas et al., 2011), and formation of
agglomerates in the riser (McMillan et al., 2013; Liu and Hrenya,
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2018). Therefore, to accurately predict the complex behavior of
many-particle systems (macro-scale), an understanding of inter-
particle cohesion (micro-scale) is crucial (Forsyth et al., 2002;
Castellanos, 2005; Luding, 2005; Hou et al., 2012; Shabanian and
Chaouki, 2015; Cocco et al., 2017).

To predict particle-level cohesion, both direct and indirect
experimental methods have been explored in prior works. For
example, atomic force microscopy (AFM) has been used to directly
measure the cohesive force (pull-off force) between two particles
(Ducker et al., 1991; Larson et al., 1993; Claesson et al., 1996;
Jones et al., 2003; Butt et al., 2005). However, the direct measure-
ment is not easy to perform since it requires two particles to align
perfectly so that frictional (tangential) interactions can be elimi-
nated; otherwise, the frictional force will add to the normal (cohe-
sive) force in a manner that is hard to quantify (Fernandez et al.,
2015). Additionally, to obtain a cohesive force vs. distance curve,
the non-contact forces (when surfaces are separated by small,
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but non-zero distances) are even more difficult to resolve (Cappella
and Dietler, 1999). The aforementioned scenarios are further com-
plicated for non-spherical particles.

As an alternative to the direct measurement of cohesive forces,
indirect measurements have also been pursued via different force
models. Cohesion is highly sensitive to particle-particle separation
distance, which is controlled by surface roughness (Liu et al.,
2016b), and thus state-of-the-art force models incorporate rough-
ness as a key input parameter. Two such prominent models have
been proposed by Rumpf (1990) and Rabinovich et al. (2000a;
2000b). The Rumpf model assumes the asperities to be hemi-
spheric, whereas the Rabinovich et al. model treats asperities as
submerged spheres, and also allows for separating particle rough-
ness into two length scales (large-scale and small-scale). The
implementation of these models requires precise measurement
of roughness from the surface maps of particles. Although obtain-
ing AFM surface maps is relatively straightforward compared to
the direct measurement of pull-off forces via AFM, translating
these surface roughness maps into input parameters for the cohe-
sion models comes with challenges. Rabinovich et al. (2000a) pro-
posed a method to quantify the measured asperity height and
radius from the AFM surface maps in terms of wavelength and
root-mean-square average height (roughness parameters). The
force predictions using the Rabinovich et al. model compared well
with experimental measurements - with a factor of two under-
prediction — compared to past attempts. More recently, LaMarche
et al(2017a) identified two artifacts - Gibbs (ringing) and
“atomic-scale-noise” - that occurred during the extraction of
roughness parameters; the methods proposed to account for these
artifacts effectively eliminated the factor-of-two mismatch. Alto-
gether, the state-of-the-art force models have vastly improved over
the last several decades. However, the applicability of the afore-
mentioned models is limited to spherical particles with no more
than two distinct scales of roughness and a single point of contact.
Therefore, the approach cannot be easily extended to a wide range
of industrial materials - e.g., non-spheres with more than one
point of contact.

Another approach to predicting cohesion via indirect measure-
ments involves the numerical integration of van der Waals forces
between surfaces (i.e., summing up all the forces from pairwise
molecular interactions across the two surfaces). To implement this
method, the measured surface maps are reproduced via discretized
meshes, and van der Waals forces between the discretized meshes
of the two surfaces are determined using the Hamaker model
(Cooper et al., 2001; Eichenlaub et al., 2004; Jaiswal et al., 2009;
Chen et al., 2010). This method shows good quantitative agreement
between predicted and measured forces (Jaiswal et al., 2009).
Although this numerical approach is useful to predict cohesive
forces for non-spherical particles as well as particles with multiple
contacts, the prediction is limited to a specific orientation of parti-
cles, and the distribution of particle-contact orientations in a flow-
ing system is difficult to estimate a priori.

Overall, estimating particle-level cohesion from AFM, either
directly or indirectly via surface maps, is complex and inefficient
to carry out in an industrial setting where feedstock as well as
operating conditions (e.g., humidity) can change frequently. There-
fore, identifying a quick and inexpensive way to estimate inter-
particle cohesion from straightforward bulk measurements is
highly desirable.

In an attempt to develop a method to extract particle-level
cohesion from bulk measurements, Liu et al. (2018) recently pro-
posed a simplified “square-force” cohesion model. The parameters
for this model are the maximum cohesive force (F.mq) and a cut-
off distance (D.), above which the constant cohesion force van-
ishes. The model is motivated by recent work carried out by

LaMarche et al. [Towards a universal description of cohesive-
particle flows (under review)], which shows that the effect of cohe-
sion on particulate systems can be described by two key quanti-
ties: a maximum cohesive force (F.me) and a critical cohesive
energy. In denser systems where sustained multi-particle contacts
occur, the maximum cohesive force dictates the particle motion; in
relatively dilute systems where rapid collisions dominate, the crit-
ical cohesive energy (kinetic energy demarcating agglomeration
and de-agglomeration) dictates the ensuing motion. Using discrete
element method (DEM) simulations, Liu et al. (2018) isolated the
corresponding force-dominated and energy-dominated regimes
during defluidization and then showed that the parameters for
the square-force cohesion model can be extracted from “standard”
defluidization curves, where “standard” refers to the absence of
channeling and/or cracking - i.e., no large and erratic fluctuations
in the defluidization curve. Since the square-force model relies
on bulk measurements to extract cohesion parameter, this model
provides a straightforward method to estimate inter-particle cohe-
sion compared to the direct and indirect particle-level measure-
ments discussed earlier.

Overall, to estimate inter-particle cohesion from bulk measure-
ments, a basic requirement is standard defluidization curves for
the particles of interest. These curves are easy to obtain for the par-
ticles categorized as mildly-cohesive (Geldart Group A), but not so
for highly-cohesive ones (Geldart Group C) due to the formation of
channels and cracks (Geldart, 1973; Geldart et al., 1984). Generally,
the fully-fluidized state of the particles is the state when the nor-
malized pressure drop (AP*) across the particle bed becomes unity,
where AP = Vﬁ—fA; AP is the pressure drop across the particle bed, W
is the weight of the particles, and A is the bed correctional area. In
systems with channeling, AP* usually does not reach unity when
fluidized and erratic defluidization curves are instead observed
(Wang et al., 1998). Thus, the main objective of the present work
is to identify a robust system that can provide standard defluidiza-
tion curves for Group C particles. These particles will require addi-
tional energy to eliminate channeling and reach the fully-fluidized
state (AP" = 1). In this work, a rheometer with a rotating impeller
is used to provide additional energy that assists in the fluidization.
Rheometers have been used in previous work to study flowability
or to determine the yield locus of particles under different consol-
idation stress (Freeman, 2007; Bharadwaj et al., 2010; Leturia et al.,
2014; Salehi et al., 2017a; Salehi et al., 2017b). Furthermore, since
DEM simulations are limited by system size, the defluidization
measurements from the rheometer are explored in this work for
system size independence to ensure the future feasibility of direct
comparison with DEM simulations (e.g., to extract the parameters
of the square-force model). Finally, besides the conventional pres-
sure drop profile, the rheometer also provides a profile for the tor-
que required to rotate the impeller inside the particle bed. The
torque, another straightforward measurement from the defluidiza-
tion experiments performed in the rheometer, can be useful to gain
insights about the particle-level cohesion.

2. Experiments
2.1. Particles

Soda-lime glass spheres obtained from Mo-Sci Corp were used
in all experiments. To obtain a relatively monodisperse distribu-
tion, particles were sieved using standard sieves. Five different size
ranges of glass particles were used in the experiments - 10-20 pm
(davg = 15 um; Group C), 20-38 pm (dayg = 29 pm; Group A), 45—
53 pm (dgvg = 49 pm; Group A), 63-75 pm (dge = 69 pm; Group
A), and 150-180 pm (dag = 165 pum; Group B). The average
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diameter (dqyg), determined as the middle of the sieve size range, is
used in text below to refer to a given sieve range. The material den-
sity of the soda-lime glass particles was obtained from the values
supplied by the manufacturer (i.e., 2500 kg/m?). Based upon the
given size and density, particles are classified into Group A, Group
B, and Group C using Geldart’s chart (Geldart, 1973). Detailed char-
acterizations of these particles are given in LaMarche et al. (2017b).

2.2. Experimental apparatus

An Anton Paar rheometer (MCR 502 series), shown in Fig. 1, was
used in this work. The fluidized bed portion of the rheometer
(powder cell), is a 0.05 m internal-diameter glass cylinder with
an indium-tin-oxide coating intended to reduce electrostatic
effects. Additionally, the whole system is grounded in order to
minimize electrostatic effects. Compressed air at local atmospheric
conditions, namely a density of 0.97 kg/m> and viscosity of
1.83x107° Pa s, was used as the fluidizing gas. A Burkert mass flow
meter was used to regulate gas flow to the bottom of the powder
cell (0-15 L/min range mass flow meter for the 165 pum particles,
and 0-5 L/min for all other particles). Before entering the rheome-
ter, the compressed air supply in the lab was passed through a ser-
ies of moisture traps in order to avoid added cohesion due to
capillary condensation (LaMarche et al., 2016). A Duran Group sin-
tered glass porous plate with a diameter of 55 mm, a thickness of
4.5 mm, and an average porosity of 15 pm was used as the gas dis-
tributor at the bottom of the powder cell for 165 pm, 69 pm,
49 um, and 29 pm particles. For 15 pm particles, a Mott Corp sin-
tered stainless steel porous plate with a diameter of 55 mm, a
thickness of 1.19 mm and an average porosity of 0.5 pm was used
since these particles have a smaller diameter than the average pore
size of the distributor plate. In the experiments, the pressure drop
across the distributor plate was always higher than 0.2 times the
pressure drop across the particle bed, which ensures uniform dis-
tribution of the gas entering the powder cell (Kunii and
Levenspiel, 1991). A Keller pressure transducer is located just
above the porous plate to record the absolute pressure.

The rheometer is supplied with impellers of different geome-
tries, such as double-blade, cylindrical, etc. For all the experiments
carried out in this work, the double-blade impeller was used, as
shown in Fig. 1a. This impeller has a 150 mm long stem, and a

.

Double blade impeller

Pressure sensor

blade with a total (tip-to-tip) width of 36 mm, a height of
10 mm, and a thickness of 1 mm. The rheometer is also equipped
with a torque sensor, which measures the torque required to rotate
the impeller at a specific rotation rate, and is capable of measuring
a wide range of torque values (1078 - 0.23 N m). The impeller rota-
tion speed can be varied between 0 and 3000 rotations per minute
(rpm). The rheometer is operated via built-in software that allows
the user to program the desired sequence of operations and data
collection.

2.3. Experimental method

For the defluidization experiments, a minimum of 80 ml of par-
ticles (corresponding to a static bed height of 3.7 cm) were loaded
into the powder cell (with the rheometer open as shown in Fig. 1a)
so that the impeller blades remain completely covered once
immersed in the particle bed. After loading the particles, the
rheometer is closed (Fig. 1b) where the impeller maintains a dis-
tance of 10 mm with the bottom of the powder cell. The bed was
initialized by maintaining the gas velocity (U) at a maximum value
(dependent on particle size), which ensures a fully fluidized state
of the particles (AP* = 1). U was then decreased incrementally by
0.045 cm/s, and the absolute pressure at each U was measured just
above the distributor plate. The absolute pressure was measured
first with an empty column and then again after the particles were
loaded. The difference between these two measurements is equiv-
alent to the pressure drop (AP) across the particle bed. Addition-
ally, the torque (t) required to rotate the impeller inside the
particle bed was measured at each U.

After each reduction in the gas velocity, the particle bed
requires sufficient time to reach a steady state. To illustrate the
sensitivity of the measurements to wait times between subsequent
gas velocities, see Fig. 2 for 29 um particles. If the particle suspen-
sion is not given sufficient time to reach a steady state after reduc-
ing the velocity, the fluidizing gas continues to escape through the
bed (Chirone, 2018), which results in a higher AP*; see, for exam-
ple, Fig. 2a for 0.5 s wait times. Moreover, the solid volume fraction
of the particle bed will be smaller (i.e., a more expanded bed) com-
pared to the steady state. Correspondingly, the measured torque
values are smaller at lower waiting times (Fig. 2b), as the torque
required to rotate the impeller is proportional to the solid volume

Mass flow controller

Powder cell

Fig. 1. (a) Front view of the rheometer (open) with the double-blade impeller and (b) side view (closed).
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Fig. 2. Defluidization curves for (a) pressure drop and (b) torque using 29 um particles (data points at each gas velocity overlap after 5 s, and hence the system is considered
at pseudo-steady-state after 5 s.). The error bars represent 95% confidence interval based upon six different trials.

fraction of the bed (Bruni et al., 2007). Finally, it is found that the
time required to reach a steady state depends on the particle size
(results not shown for the sake of brevity). A possible explanation
for this behavior is that with decreasing particle size, the relative
impact of van der Waals cohesion increases (Molerus, 1982;
Visser, 1989). As the influence of inter-particle cohesion increases,
more time is required to attain a steady particle packing (Yang
et al,, 2003). For 69 pum particles, the pressure drop and torque
measurements at each gas velocity are statistically the same after
1 s of waiting period between each reduction of the gas velocity,
whereas for 29 pm particles, the values at each gas velocity are sta-
tistically the same only after 5 s, as shown in Fig. 2. The time
required for the bed to reach a steady state at each gas velocity fur-
ther increases to 10 s for 15 pum particles. Therefore, for accurate
measurements, the gas flow rate for each particle size examined
was held constant for 30 s; the pressure and torque data reported
below represent average measurements over the last 20 s of each
30 s interval.

3. Results and discussion
3.1. Defluidization of mildly-cohesive (group A) particles
To first carry out a qualitative assessment of particle defluidiza-

tion in the rheometer, defluidization results for mildly-cohesive
particles (Group A) are obtained. Group A particles are chosen for

0.98AP*

avg |

—+-29um
—$-49um |
—$-69um

0.8 1

0.6
U (cm/s)

the purpose of comparison with a conventional fluidized bed since
these particles are easily fluidizable, whereas more cohesive parti-
cles (Group C) would exhibit channeling in a conventional bed.

Following the experimental procedure given in Section 2.3, the
normalized pressure drop (AP*) vs. gas velocity (U) profiles are
obtained for three sets of mildly-cohesive, or Group A, particles
(69 wm, 49 pm, 29 pum); see Fig. 3a. The fully-fluidized state
achieved at higher velocities is indicated by AP* ~1 - i.e, the
weight of the particles is borne completely by the drag forces
exerted by the fluidizing gas. During defluidization, with the reduc-
tion in gas velocity, AP* gradually decreases, indicating particles
are transitioning from a fully-fluidized state to a static (packed
bed) state. During this transition, AP* varies non-linearly with
the gas velocity (Fig. 3a), which is due to the formation of a
partially-fluidized regime that can be attributed to the effect of
inter-particle cohesion (Valverde et al., 2003; Tsinontides and
Jackson, 2006; LaMarche et al., 2016). As the particle size
decreases, the relative impact of inter-particle cohesion increases
(Molerus, 1982; Visser, 1989). Thus, the curvature of the pressure
profile, which is associated with the partially fluidized regime, is
more prominent for the case of 29 pum particles (Fig. 3a), which
is consistent with previous observations from a conventional flu-
idized bed (LaMarche et al., 2017b).

To characterize the defluidization of the particles, the complete
fluidization velocity (Uy) is extracted from the curves shown in
Fig. 3a. Uy is defined as the gas velocity at which the drag force

0 1 2 3 4 5
U/UNC

Fig. 3. (a) Defluidization curves (AP* vs. U) for three different size particles obtained from the rheometer at an impeller speed of 8 rpm. Dotted lines represent
correspondingUc.(b) defluidization curves where the gas velocity is non-dimensionalized by the corresponding non-cohesive characteristic velocity (Unc) to demonstrate the
deviation ofUs /Upc from unity depending on the relative impact of cohesion. Dotted lines represent correspondingUy /Unc.
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can no longer support the weight of the particles, thereby indicat-
ing the onset of defluidization. In this work, the gas velocity at
which the pressure drop falls below 98% of the averaged pressure
drop at full fluidization (AP",,) is treated as Uy (Liu et al,
2016a; LaMarche et al., 2017b), as shown by the vertical lines in
Fig. 3a. With a decrease in particle size, a smaller drag force is
required to fully fluidize the particles. However, a non-
monotonic trend is observed in the extracted Uy values for the
three different size glass particles, i.e., Uy for 29 um is slightly
higher than that for 49 pm (Fig. 3a). An explanation for this behav-
ior may arise from the competitive effects of the particles weight
and the relative impact of inter-particle cohesion. Due to a higher
influence of inter-particle cohesion for 29 pm particles (Molerus,
1982; Visser, 1989), the drag force required to keep these particles
in the fluidized state increases, and thus the extracted Uy is higher
than that for the 49 pm particles. To further confirm the increase in
the relative impact of cohesion with decreasing particle size, the
extracted Uy values are compared with the corresponding non-
cohesive characteristic velocity (Uyc). Uyc was calculated using
the Carman-Kozeny pressure drop correlation (Carman, 1937) with
a solid volume fraction (&) of 0.58 (i.e., non-cohesive &;). The above
correlation provides the gas velocity corresponding to AP =1 in
the absence of particle-particle cohesion. As illustrated in Fig. 3b,
the deviation of Uy /Unc from unity is the largest for 29 pm parti-
cles, shown by the dotted line on x-axis, thereby confirming that
the relative impact of cohesion is greater for these particles. Hence,
the percentage deviation of the extracted U, from the correspond-
ing Unc may serve as a relative gauge for estimating the cohesion
level between particles.

3.2. Assessment of the effect of system size

One of the objectives of the current work is to identify an exper-
imental set up that can be directly compared with DEM simula-
tions in order to estimate particle-level cohesion (discussed in
Section 1). Since DEM simulations are computationally limited to
smaller systems (e.g., Alobaid et al., 2014; Amritkar et al., 2014;
Liu and Hrenya, 2014), the effect of system size (i.e., bed diameter
and static bed height) on the rheometer measurements should be
explored. Ideally, both the experiments and DEM simulations
should be system-size independent in order to make an apples-
to-apples comparison between the two.

To test the sensitivity of the defluidization results from the
rheometer to the bed diameter, the results obtained from the
rheometer and a conventional fluidized bed with a larger diameter
were compared. This approach is an alternative to changing the

1 . .
—4— Rheometer (@)
0 —3§— Conventional fluidized bed
:
S 06
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0.2 ‘ ‘
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diameter of the powder cell, which is difficult to achieve. A detailed
description of the fluidized bed is given in Chew et al. (2010), and
the experimental procedure is explained by LaMarche et al.
(2017b). As depicted in Fig. 4a, the comparison between the
rheometer and the fluidized bed experiments shows quantitative
agreement for Uy. The diameter of the rheometer (5 cm) is much
smaller than the diameter of the fluidized bed (18.4 cm), thereby
providing evidence that the Uy obtained from the rheometer is
not sensitive to the bed diameter. The bed diameter determines
the role of wall effects (e.g., particle-wall friction) on bulk particle
behavior (fluidization/defluidization) (Loezos et al., 2002;
Tsinontides and Jackson, 2006; Li et al.,, 2012). The insensitivity
of Uy to the bed diameter (Fig. 4a) indicates that the wall effects
(particle-wall friction and particle-distributor cohesion) are negli-
gible in the rheometer, which is consistent with previous deflu-
idization results obtained from conventional fluidized beds for
similar bed-to-particle diameter ratios considered in this work
(Liu et al., 2008; LaMarche et al., 2015).

The next step for confirming system size independence is to
probe the effect of the static bed height in the rheometer on the
extracted Uy. From the DEM simulations of a conventional flu-
idized bed, Liu et al. (2016a) found that the U for cohesive parti-
cles becomes independent of static bed height above a certain limit
( 1.2cm). In this work, we maintain a static bed height of at least
3.7cm in the rheometer, which exceeds the aforementioned limit.
As shown in Fig. 4b, the Uy obtained from defluidization experi-
ments in the rheometer is indeed insensitive to static beds above
such heights.

It is worth noting that in the DEM simulations of conventional
fluidized beds, U has been found to be independent of bed height
when using the actual Young’s modulus for the particles (Liu et al.,
2016a). However, using a realistic value of Young’s modulus for the
particle size range considered here leads to high computational
overhead (Liu and Hrenya, 2014). Therefore, to decrease the com-
putational time, DEM simulations are commonly carried out with
artificially softened particles, i.e., using a Young’s modulus smaller
than the true value (Mikami et al., 1998; Di Maio and Di Renzo,
2004; Stevens and Hrenya, 2005; Miiller et al., 2008). On the other
hand, previous simulations of cohesive particles have shown that
the sensitivity of Uy to bed height increases at smaller values of
Young’s modulus due to the change in bed porosity with bed
height (Liu et al., 2016a). In particular, altering bed height affects
solid compression; an increase in solid compression leads to a
decrease in bed porosity, which is more pronounced for particles
with a lower Young’s modulus, and results in a smaller U. Unlike
a conventional fluidized bed, however, defluidization experiments

;
(b) $ 29um
$ 49um
0.8 § 69ym 1
Q
£
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Fig. 4. (a) Comparison of U obtained from the rheometer and the conventional fluidized bed with a larger bed diameter, and (b) effect of static bed height on U in the
rheometer. The error bars represent the 95% confidence interval based upon six different trials.
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carried in the rheometer include a rotating impeller. The rotating
impeller keeps the particles well mixed, which may lead to a more
uniform local porosity distribution - i.e., minimizing the effect of
compression on bed porosity in the rheometer compared to a con-
ventionally fluidized bed. Hence, using a small Young’s modulus or
a small bed height with actual Young’s modulus in DEM simula-
tions of defluidization in the rheometer may be possible without
sacrificing accuracy (i.e., if results are insensitive to bed height);
admittedly, this possibility needs to be confirmed via DEM simula-
tions, which is outside the scope of the current work.

Overall, experiments with Group A particles establish the insen-
sitivity of Uy in the rheometer to bed diameter and static bed
height. Similar to the above two parameters, the effect of the
impeller rotation rate, an inherent system parameter for the
rheometer, on particle defluidization is explored, as discussed next.

3.3. Effect of rotation speed of the impeller

For the mildly-cohesive (Group A: 69 pm, 49 pum, and 29 pm)
particles, Uy is found to vary non-monotonically with the rotation
speed. As shown in Fig. 5a, Uy remains constant at relatively low
rotation rates (until ~40 rpm), and then decreases gradually before
a more noticeable increase sets in. The decrease in Uy is more
prominent for 49 pm and 29 pm particles, for which the impact
of inter-particle cohesion is higher compared to 69 pm. A plausible
explanation for this behavior is that as the rotation speed
increases, the impact velocity between a pair of particles just prior
to collision increases (presumably near the critical impact velocity

that demarcates agglomeration vs. breakup), thereby enhancing
the breakage of the cohesive agglomerates, resulting in a lower
Ug. Consistent with this physical picture, we expect the decreasing
trend in Uy to further diminish when the impact of cohesion
decreases. As a check to this hypothesis, the effect of rotation speed
on Uy was explored for 165 um particles (Geldart Group B) where
the influence of cohesion due to van der Waals forces is negligible
(Molerus, 1982). As shown in Fig. 5b, the overlapping error bars
indicate that the Uy for 165 um particles does not change signifi-
cantly with the rotation speed until an increase is observed at
~160 rpm, which is consistent with the above hypothesis.

With increase in the rotation speed beyond ~160 rpm, U
increases for particles of all sizes (Fig. 5a and b). A possible explana-
tion for this behavior may stem from the competitive effects of cen-
trifugal and gravitational accelerations. More specifically, the ratio
of the accelerations is expressed by the Froude number
(Fr = w?r/g, where o is the angular velocity of the impeller, r is
the radius of the impeller, and g is the gravitational acceleration).
At higher rotation speeds, Fr becomes greater than unity, indicating
that the centrifugal acceleration dominates over gravitational accel-
eration. As a result, particles are pushed more towards the wall, and
the normal force on the wall (due to particle-wall contacts)
increases. An increase in the normal force on the wall will lead to
higher particle-wall frictional forces, thereby requiring a higher
drag force (and correspondingly a higher gas velocity) to hold the
particles in the fully fluidized state. Consequently, when Fr is greater
than unity, Uy increases with the rotation speed of the impeller, as
shown in Fig. 5c. Moreover, in this centrifugal-dominated region
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Fig. 5. Sensitivity of U to rotation speed of the impeller (a) mildly-cohesive particles (b) non-cohesive particles (165 pum). (c) Variation of U with Fr. The error bars represent

the 95% confidence interval.
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(Fr > 1), the role of wall effects becomes important. Furthermore,
the wall effects will depend on the system size, analogous to the
pressure drop overshoot observed during fluidization (Loezos
et al., 2002; Srivastava and Sundaresan, 2002; Xu et al., 2017).
Hence, the system size effects for Fr > 1 are worth exploring via
DEM in future work.

In sum, the experiments indicate that U is insensitive to bed
diameter and static bed height, but is sensitive to the impeller rota-
tion speed over a range of Uy. Therefore, for the purpose of com-
paring the Uy values between the rheometer and data from
conventional fluidized beds, the regime where Uy stays constant
with impeller speed should be used. Furthermore, when comparing
the rheometer results with small-scale DEM simulations, the rota-
tion speed in the simulations can be chosen from the above-
mentioned regime (i.e., independent of impeller speed). Alterna-
tively, Fr in the simulations can be matched to that of experiments
in the centrifugal-dominated regime (Fr > 1), in order to have a
similar effect of the centrifugal forces. The validity of the above
needs to be tested in future work.

3.4. Torque measurement from the rheometer

As mentioned in Section 2.2, the rheometer is capable of mea-
suring the torque (7) required to rotate the impeller at a specific
rotation speed inside the particle bed. As shown in Fig. 6a-c, at
the higher gas velocities associated with the fully-fluidized state,
T remains relatively constant (albeit with high fluctuations); at
lower velocities, T increases with decreasing gas velocity. The tor-
que required to rotate the impeller inside the particle bed is dic-
tated by the resistance offered by the particles, which in turn is
dependent on the stress distribution in the particle bed and thus
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inversely proportional to bed porosity (Bruni et al., 2007; Salehi
et al., 2017a; Salehi et al., 2017b). In the fully fluidized state (high
U), low torque values are observed compared to the static (packed
bed at low U) state as the particle bed offers a minimal resistance
for the impeller rotation because of high bed porosity. With
decreasing gas velocity, the bed porosity decreases, and hence an
increasing trend in t is observed (Fig. 6). Furthermore, the torque
fluctuations in the fully fluidized state (Fig. 6a-c) are clearly
observed at low rotation speeds (e.g., 8 rpm). As the rotation speed
increases beyond ~ 200 rpm, these fluctuations appear to diminish
(see Fig. 6d). In the fluidized state, resistance from the particle bed
is minimal, and thus the required torque values are dictated by the
impeller rotation speed. Therefore, with increasing rotation speed,
the corresponding torque values increase (Fig. 6d), and hence the
corresponding error bars (standard deviation), which are of similar
magnitude at 8 rpm, become less prominent relative to the abso-
lute torque value. Additionally, note that due to the wide range
of values displayed on the y-axis, the torque at U = Ocm/s appears
to be the same in Fig. 6a-d, but the absolute values vary depending
upon particle size, cohesion level, and the rotation speed.

In previous works, the effect of aeration on torque measure-
ment prior to fluidization has been analyzed in terms of stress dis-
tribution in the particle bed (Bruni et al., 2005; Bruni et al., 2007;
Salehi et al., 2017b; 2018). In the current work, the focus is on the
transition from a fluidized state to a packed-bed state in order to
determine a characteristic velocity (Uy) for defluidization, which
is an important parameter to gauge inter-particle cohesion (Sec-
tion 3.1). It is worth noting that the determination of Uy from
the pressure drop profile (Section 3.1) inherently depends on the
data resolution (LaMarche et al., 2017b), i.e., depending on the pre-
cision of the mass flow controller, if the interval (incremental
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Fig. 6. Torque measurements obtained from the rheometer at 8 rpm rotation speed of the impeller for particles of size: (a) 69 um (b) 49 pm (c) 29 pum. (d)Torque
measurement from the rheometer at 240 rpm rotation speed for 49 um particles. The error bars represent the standard deviations.
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Fig. 7. Comparison between U obtained from pressure drop and torque profiles.
The error bars represent 95% confidence interval based upon six different trials.

value) between the consecutive gas flow rate is changed, Uy will
also change. Furthermore, choosing a cut-off for Uy is arbitrary,
i.e., Uy values obtained in this work are based on a 98% cut-off
and the values will change slightly if a different cut-off is chosen.
To eliminate the dependency of U on data resolution and the arbi-
trary nature of cut-off values, Uy is instead determined from the
torque profiles as the intersection point of the linearly decreasing
regime (obtained by a least-square fit to the data) with the average
of the constant-t regime. A comparison between Uy values
obtained from the pressure drop and torque profiles are presented
in Fig. 7, which indicates Uy follows the same trend irrespective of
the method of extraction. However, by eliminating the dependency
on data resolution and arbitrary cut-off values, the error bars asso-
ciated with Uy from the torque profiles are smaller than those
from the pressure drop profiles for the same number of trials.
Hence, given the clear transition from the fluidized state to
packed-bed state (Fig. 6), torque profiles provide a good alternative
to determine the characteristic velocity of defluidization.

3.5. Defluidization of highly-cohesive (group C) particles

After a careful exploration of the effects of system size and
impeller

rotation speed of the on defluidization using

0.2 —4$-8rpm
—$—300 rpm
0 L L L L
0 0.2 0.4 0.6 0.8 1
U (cm/s)

mildly-cohesive (Group A) particles, the next step is to investigate
the defluidization of cohesive (Group C) particles in the rheometer.
At low rotation speeds (e.g., 8 rpm) standard defluidization curves
(i.e., defluidization without channeling) are easily obtained for
Group A particles (Fig. 3); however, Group C particles fluidize with
visible channeling for such rotation speeds in the rheometer. Due
to this channeling, the pressure drop across the bed does not sup-
port the whole weight of the particle bed, and Ap* remains below
unity even at higher gas velocities (up to 1 cm/s), as depicted in
Fig. 8a for 8 rpm. Similarly, the corresponding torque profile
(Fig. 8b) does not follow the standard defluidization trend (i.e.,
does not show distinct decreasing and constant regimes, as dis-
cussed in Section 3.4), and the measured torque values are higher
for a low impeller rotation speed. In conventional fluidized beds,
the channeling exhibited by Group C particles is hard to eliminate.
However, in the rheometer, by increasing the impeller rotation
speed and thus providing additional energy into the system, chan-
neling can be mitigated. As depicted in Fig. 8, well-behaved deflu-
idization curves (i.e., no signs of channeling) are obtained for the
15 pum particles when the rotation speed is increased to 300 rpm.
Hence, with the rheometer, the objective of identifying a robust
experimental system to reach standard fluidization of Group C par-
ticles is achieved. Furthermore, it is worth noting that due to the
challenges involved in obtaining a narrow size distribution for
smaller particles (<10 pm) (Rhodes, 2008), the experimental
results for Group C particles are presented only for 15 pm particles.

Note that a non-zero pressure drop is observed for the 15 pm
particles when the gas velocity drops to zero. A possible reason
for this behavior is that the high rotation speed of the impeller
(300 rpm) creates a thrust at the bottom of the bed; thus, even
at zero gas velocity, momentum transfer occurs from the bottom
to the top of the bed, which gives rise to a vertical pressure drop
and prevents AP* from reaching absolute zero (a similar behavior
is also observed for Group A particles when the rotation speed is
increased to 300 rpm). It is also worth noting, as previously dis-
cussed in Section 3.4, the fluctuations in the torque profile are
barely noticeable at high impeller rotation speeds (>200 rpm).
Therefore, as shown in Fig. 8b for a rotation speed of 300 rpm,
the demarcation in the transition from the fluidized state to
packed-bed state is not as sharp as that for Group A particles at
lower rotation speeds (Fig. 6a—c). However, the torque profile at
the higher impeller speed has distinct constant-t and variable-t
regimes (shown using linear axes in the inset of Fig. 8b), which
can still be used as an alternative to the pressure drop profile in
order to determine the characteristic velocity for defluidization fol-
lowing the method discussed in Section 3.4. The U values for the
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Fig. 8. Defluidization profiles for (a) pressure drop and (b) torque (inset: the y-axis is changed from logarithmic to linear) using 15 um particles with an impeller rotation

speed of 8 rpm and 300 rpm.
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15 pum particles that were obtained from the pressure drop and tor-
que profiles are found to be 0.30 + 0.038 and 0.28 + 0.03 (the error
represents the 95% confidence interval based upon six different tri-
als), respectively. Accordingly, close agreement is found between
the values obtained from the two curves. Furthermore, the high
rotation speed of the impeller (300 rpm) breaks the cohesive
agglomerates, and thus allows the U to be dictated by the particle
size (the competitive effects of particle size and inter-particle
cohesion is discussed in Section 3.1). Therefore, the Uy values for
15 um particles (0.30 £ 0.038) are found to be smaller than that
of 29 pm particles (0.35 + 0.03).

4. Concluding remarks

In the present work, highly-cohesive, Group C particles are suc-
cessfully fluidized without channeling in a rheometer fluidizing
gas and a rotating impeller. The experimental results indicate that
the complete fluidization velocity (Uy) is insensitive to bed diam-
eter and static bed height, but shows some sensitivity to impeller
rotation speed. More specifically, as the rotation speed increases,
Uy remains insensitive until a gradual decrease is observed, fol-
lowed by an increase. This non-monotonic trend can be explained
as follows. As impeller speed increases, a corresponding increase in
the relative impact velocities of the particles occurs and hence
reduced agglomeration occurs, thereby leading to smaller values
of U (i.e., closer to the predicted value based on non-cohesive cor-
relations). With a further increase in the rotation speed, the cen-
trifugal acceleration dominates in the system (Fr > 1), which
results in an increased effect of particle-wall friction and thus a
higher Uy. Furthermore, torque profiles - the variation in the tor-
que with fluidizing gas velocity - are also obtained from rheometer
measurements. The torque profiles provide an alternative way to
determine the characteristic velocity for defluidization.

A key benefit of the defluidization experiments performed in
the rheometer is that they can be used as a quick gauge for cohe-
sion levels in particles, for example to determine their applicability
in different unit operations. Specifically, the difference between
the extracted Uy from the defluidization curves and the corre-
sponding non-cohesive characteristic velocity (Unc) (Carman,
1937) provides a straightforward measure of the relative level of
inter-particle cohesion. The rheometer measurements are not lim-
ited to particles having any particular source of cohesion (e.g., van
der Waals force or capillary force), and hence can be used to iden-
tify the effects of changes in particle size, shape, or humidity con-
ditions on the cohesion level in a sample using the defluidization
curves. Furthermore, compared to conventional fluidized beds,
the rheometer is a smaller system which requires less sample
material, and thus provides a convenient method to investigate
particle flow properties.

Finally, a future goal of this line of inquiry is to obtain a micro-
scale (inter-particle) cohesion model from macro-scale (bulk) mea-
surements. As a first step in this direction, Liu et al. (2018) pro-
vided a promising method to determine the cohesion parameters
for a square-force model from the standard defluidization curves
in conventional fluidized beds; this approach is limited to Group
A particles since more cohesive particles will result in channeling.
In this work, the standard defluidization curves (i.e., no erratic
pressure fluctuations due to channeling) obtained for Group C par-
ticles using the rheometer extends the possibility of extracting
cohesion parameters for these highly-cohesive particles.
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