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ABSTRACT

ENHANCED FLUIDIZATION OF
NANOPARTICLE AGGLOMERATES

by

Daniel Lepek

Gas fluidization of naﬁopa_rt‘icle agglomerates has recently received much attention
due to‘the excellent way in which these novel nanomaterials can be dispersed in a
gaseous ﬁediuﬁ. Nanopowders have a very high surface area to volume ratio which
allows them have unique chemical and physical properties especially at the surface.
Fluidization is a popular technique for the continuous dispersal of solid materials in
the fluidlike state.

Recently it has been found that nanoparticles exist in a highly agglomer-
ate state which allow them to become fluidizable. The fluidization behavior of the
nanopowders is dependent on the bulk and material properties of the powder. Al-
though some nanopowders can become fluidized in the particulate fluidization state,
others are unable to be fluidized homogeneously.

Nitrogen and neon were used as fluidizing gases to study the affect of gas
viscosity on the fluidization state of nanopowders. For the nanopowders used, it
was found that the increased viscosity of the fluidizing gas helps to dampen any
disturbances to the flow structure of the fluidized bed. A more viscous gas minimizes
the size of bubbles, thereby extending the regime of homogeneous fluidization by
suppressing the onset of the bubbling regime. Laser-based imaging and microscopy

techniques were also used to study the agglomerate size and structure within the



fluidized bed.

Vibration and electrostatic fields were applied to a fluidized bed of nanoparti-
cle agglomerates to observe any changes in bed expansion and flow behavior. Applied
vibrational intensities were found to increase the expansion of the fluidized bed, al-
though large bubbles were observed at low vibrational frequencies. Electrostatic
fields were found to decrease the expansion of the fluidized bed due to the induced
charge on the powder and their migration to the fluidization cell walls. Combined vi-
bration and electrostatic fields were applied and it was observed that the bed height
of the fluidized bed can be controlled as a function of the strengths of the external
fields.

Three different arrangements of alternating electric fields were used to enhance
the fluidization of a nanofluidized bed. All arrangements were found to increase
bed expansion of the fluidized bed. In particular, the non-uniform electric field
arrangement was found to be successful in fluidizing a wide range of agglomerate

size distributions of the hanopowder,
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CHAPTER 1

BACKGROUND

1.1 Introduction

Although the fundamentals of fluidization processes have been investigated for some
time, the idea of fluidizing particles with supercritical fluids is a relatively new one.
Similarly, the fluidization of nanoparticle agglomerates has only been studied for the

past decade.

1.2 Fluidization
1.2.1 Fundamentals

Fluidization is a widely-used process in the chemical, petrochemical, and pharmaceu-
tical industries. The process is based on the intéractions and dynamics of solid parti-

cles in a surrounding fluid medium. In simpler terms, fluidization can be achieved by

allowing a fluid to flow through a powder held usually within a column. The process - -

can be modeled based on the forces on the particle.

For a particle suspended in a moving or quiescent fluid, the major forces on the
particle include the gravity force (downward), drag force (opposite to the particle’s
direction), and the bouyancy force (upward). A powder becomes fluidized when these
forces compensate each other and an equilibrium state is achieved. Figure 1.1 shows
the forces of the particle relative to it in a fluid medium. At a certain velocity, known
as the minimum fluidization velocity (ums), the bouyancy forces balances out the
drag and gravity forces, and the particle becomes suspended, or fluidized.

The properties-of the particle and fluid play an influential role on the fluidiza-
tion dynamics. The main properties of the particle affecting its abﬂity to be fluidized

include its material density (p,), size or diameter (d,), and sphericity (®). From the



Figure 1.1 Diagram of forces affecting a particle during fluidization.

fluid perspective, the fluid’s viscosity (u), density (py), and velocity (ug) govern its
ability to fluidize powders. Depending on the type of powder used, other properties
and forces, such as electrostatic forces, liquid bridge forces, as well as the van der
Waals forces (Fyaw), can affect the cohesiveness of the powder and its ability to ag-
glomerate and fluidize. These powder characteristics greatly influence the ability for
nanopowders to reach a fluidized state.

The pressure drop across the fluidized bed provides an excellent indication
as to whether the particles are actually fluidized or not. From the force balance
previously described, the pressure drop should be equal to the apparent weight of the

particles per unit area of the bed.

mpg(pp — Py)
Ap = —L2=P 2 (1.1)
prA
When the gas flow is allowed to initiate, the fluid permeates the solids resem-
bling as a fixed bed. As the superficial gas velocity is increased, a point is obtained

at which the pressure drop reaches a maximum and remains constant. This velocity



is known as the minimum fluidization velocity (). This can be seen in Figure
1.2. At this point, the bouyancy or force exerted by the fluid compensates for the
weight of the particles and the drag frictional force. This point may also be reached
by running from high velocities to low, or by defluidization. The point at which the
pressure drop decreases from its plateau would represent the point of incipient mini-
mum fluidization. For experiments in which the gas velocity is increased, an overshoot
in the pressure drop can be observed around the transition to incipient fluidization.
Gibilaro (2001) states that this is a consequence of the particle rearrangement with

the breakdown of binding structures within the powder.
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Figure 1.2 Pressure drop behavior with respect to superficial gas velocity (Howard
1989).

The minimum fluidization velocity can be predicted by studying the transition

from a fixed bed to a fluidized bed of particles. The fixed bed pressure drop has been
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The minimum fluidization velocity can be predicted by studying the transition

from a fixed bed to a fluidized bed of particles. The fixed bed pressure drop has been



traditionally described by Ergun’s equation:

~AP ¢* Hug ¢ CPre “3

5 = 150(1_¢)3 . @-4d,.)° -|-1.75(1_¢)3 -d,,

(1.2)

This expression can be combined with equation 1.1 by equating the terms for

pressure drop. Thus, the following expression can be obtained:

Ar = 150&55136,,# + 1.75(—1%’5‘)3}3637” (1.3)

where Ar is the dimensionless group known as the Archimedes number, -

ps(pp — p5)d3 g

Ar = 2

-and -Rem ¢ is the Reynolds number at the point of incipient fludization,

1.2.2 Cléséiﬁcatibn of Péﬁders

In 1973, Geldart proposed a ﬂuidization classification for powders based on two par-
ticle properties: the particle diameter (d,) and relative particle density to the fluid
density (p, — py). Within this classification, shown in Figure 1.3, powders are clas-
sified according to four different groups: A (aeratable), B (bubbling), C (cohesive),
and D (spouting). Typical examples of these powders would include fine glass beads
for Group A, sand for Group B, flour for Grdup C, and coffee beans for Group D.
Powders that fall under Group A are easily fluidizable and show a homogeneous bed
expansion at'relatively low superﬁcial é;as velocities. As.the gas veiocity is increased,
bubbling does occur, but a mamimum bubble size is achieved. Group B powders

exhibit bubble formation during fluidization and unlike Group A powders, the bub-






zation parameter to measure the morphology of aerosols, including in the formation
of nanoparticle agglomerates during combustion or other high-temperature processes
(Xiong and Friedlander, 2001). It has been experimentally found that nanopowders
exist in a hierarchical fractal structure when fluidized (Hakim et al., 2005).

Electron microscopy and laser-based imaging techniques have provided much
insight into the multi-scale fractal structure of these nanoparticles, which agglomerate
with a fractal dimension D, close to 2.5, which is in agreement with the diffusion-

limited agglomeration (DLA) model.

1.3.1 Experimental Measurement of Agglomerate Size

Currently, two different techniques have been develop to determine the sizes of these
~ nanoparticles agglomerates in the fluidized state. Nam et al. {2004), developed a
laser-based planar imaging technique in which nanoparticie agglomerates of silica, flu-
idized with the aid of vertical vibration, were viewéd at the éurface of the bed. Wang
et al. (2006) made further improvements to this technique by utilizing a rectangular
fluidized bed ‘to minimize distortion and optical lenses to provide better image qual-
ity. Valverde et al. (2008) also used this same technique for fluidized beds in which
different gases were used as the'ﬂuidizing medium. In éll éases, the agglomerates
observed were at the surface of the bed. Thus, -the stratification of the agglomer-
ate size distribution throughout the fluidized bed could lead to some discrepancy in
determining the actual average agglomerate size in the fluidized bed.

| Electron microscoby iméges have also been taken of the nanoparticle agglom-
érates in the fluidized bed, but in these caées, the agglomerates were taken from the
surface of the fluidized bed. Again, the issue of agglomerate size stratification is prob-
lefnatic. Another concern is that the nanoparticle agglomeratie-structure' may break

down during the sample preparation for the electron microscopy.



1.3.2 Modified Richardson-Zaki Equation

Another method used to predict the size of nanoparticle agglomerates in a fluidized
bed is by using the Modified’ Ricardson-Zaki (RZ) equation. In 1954, Ricardson
and Zaki published results showing that there is a relationship between the settling
velocity of a single particle and the sedimentation velocity of a group of suspended
particles. In their study for various non-agglomerated micron-sized particles, they
found that both velocities are proportional to the porosity (or solid volume fraction)
of the fluidized bed raised to an exponent n, now known as the Richardson-Zaki
exponent or index. This exponent has been found to be a function of the Reynolds
number and approaches a limit of 5.6 in accordance to Batchelor (1982) in the Stokes

regime. Thus, Richardson and Zaki showed that,

’Upo
where v, is the superficial gas velocity, ¢ is the solid (or particle) volume fraction, ¢ is
the bed porosity, n is the Richardson-Zaki exponent, and vy is the terminal settling

velocity of a single particle:
1 ppgdy

=5 (1.5)

Upo

where p;, is the particle density, g is the gravitational force, d,, is the primary particle
size, and p is the viscosity of the fluid. Technically, this equations needs the Cun-
ningham correction factor,. but it beébmes cancelled out with the Richardson-Zaki
analysis.

This equation has been modified by Valverde et al. for the case of agglomerated
powders and further modified by Nam et al. for the case of nanoparticle agglomerates.

For agglomerated powders, Yao et al. (2002) first proposed that the agglomerates,



with complex agglomerate size d** can be fitted to the modified equation

Yg

= (1-g)" | e

,U**

where v** the terminal velocity of the agglomerates (v** = (1/18)p**g(d**)*/u), and
taking the agglomerate density p** to be approximately the same as the bulk density
of the nanopowder p,. Valverde believes this derivation does not take into account
the screening of the gas flow caused by the complex agglomerates. He accounts for
this by assuming the agglomerate hydrodynamic radius can be approximated by the
gyration assumes and uses the agglomerate volume fraction ¢** instead of the particle

volume fraction ¢ in the modified RZ equation:

Ug

=1-¢")" (1.7)

yrx

1.3.3 Agglomeration of Fluidized Micrometric Particles

The dynamics by which micrometric and nanometric particles agglomerate are rel-
ativély the same as they. are both driven by binding surface forces. The interpar-
tide attractive force Fy causes particles to agglomerate d-uring fluidization. During
fluidization, the weight of the agglomerate (which is assumed to be homogeneous
throughout its structure), is compensated by the hydrodynamic friction from the flu-
idizing medium, thus taking into account the drag and bouyancy forces. According
to the spring model proposed by Castellanos et al.- (2005), the agglomerate’s re-
sponse to the external forces resembles that of‘ a spring subjected to a typical strain,

¥s ~ N W, /(KoR,), where N, is the number of particles in the agglomerates, W), is

the weight of the particles, K, is the particle spring constant, and R, is the agglom-

erate radius. The spring constant K, is given by (o/k?, where (, is the interparticle

spring constant, k, is the ratio of simple agglomerate size d, to primary particle



size dp, and [ is the elasticity exponent (taken to be equal to 3 for three dimen-
sions). The local shear force acting on the agglomerate surface was thus esfimated
as Fy, ~ (ovsdp/2 ~ W,N,k2. Particles would continue adhering to the agglomerate
as long as the i,ntefparticle attractive force Fy was larger than the shear force Fj.
By establishing an equilibrium between these ;nwo forces) a predictive equation was

developed to estimate the agglomerate size:
Bogy ~ kDt? (1.8)

where D, = InN,/Ink, is the fractal dimension of the agglomerate and Bo, is the
granular bond number. The granular bond number Bo, (for simple agglomerates) is
the ratio of the interparticle attractive force to the weight of the particles (Bo, =
Fy/W,). The fractal dimension D, is essentially a ratio of the number of particles

per agglomerate to the size ratio between the agglomerate and primary particles.

1.3.4 Agglomeration of Fluidized Nanoparticles.

T he agglomeration behav.ior of fluidized narioparticles have been investigated through
the use of in-situ laser-based imaging technique and electron microscopy. According
to Yao et al. (2002), fluidized nanoparticles agglomerate in a three-step process.
First, individual nanoparticles agglomeraté into a 3D netlike structure, called sub-
agglomerates, on the order of 1-10 microns in diameter. These sub-agglomerates then
agglomérate into large éimpl_e—agglomerates, on the order of 10-50 microns in diam-
étér). Finally, these simple-agglomerates further agglomerates into larger complex-
agglomerates, on the order of 100-400 microns)‘. A cartoqﬁ showing this multistage
proceés can be sAeen in Figure ??ﬁg—agglomeratecaftoon). _

Essentially, nanoparticles sirrﬁlarly agglomerate in fluidized beds as micromet-

ric particles, except that they have three levels of agglomeration forming complex-
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forces such as vibration and.electric fields, and the use of supercritical carbbn dioxide
as a fluidizing medium. First, the effect of gas viscosity was studied using two dif-
ferent gases, nitrogen and neon. Neon (u = 3.21 x 1075 Pa s) has a viscosity almost
twice that of nitrogen (1 = 1.79 x 107° Pa s). The effect of applying vibration as well
as separately applying electrostatic (DC) fields were studied and then both external
fields were applied simultaneously. An extension of this work involved a thorough
study of the effect of alternating electricvﬁelds with different electrode configurations.
Finally, the effect of supercritical CO4y was initially investigated as a new fluidization
medium. The application of using supercritical CO, includes the SAS (supercritical
antisolvent) process, which could be used to coat particles in an continuous process.
The last investigation involving supercritical COq still requires much investigation,
but substantial work was done in designing the necessary equipment as well as deter-

mining the methodolbgy of the experimehtal procedure.



CHAPTER 2

SUMMARY OF PREVIOUS WORK

2.1 Introduction

Numerous attempted to enhance the fluidization characteristics of fluidized beds of
nanopowders have been attempted in recent years. This chapter provides a summary
of the current fluidization techniques of nanoparticle agglomerates and methods em-
ployed to enhance the fluidization quality. For newer techniques, such as nanopowders
fluidized with alternating electric fields, previous work based on micrometric powders

is presented.

2.2 Fluidization Characteristics of Nanopowders
2.2.1 Classification of Fluidized Nanopowders

Nanopowders, which are comprised of highly-porous structured agglomerates, have
been classified into two main groups depending on their fluidization behavior. Ag-
glomerate Particulate Fluidization (APF) is the classification designated for nanopow-
ders that exhibit smooth homogeneous expansion when fluidized with. gas.. During
this type of fluidization, large bed expansions are obtainable, while bubbling and
channel is kept to a minimum. This fluidization behavior is representative of Geldart
A micrometric powders. In Agglomerate Bubbling Fluidization (ABF), the fluidized
nanopowder exhibits large bed expansion-curtailing bubbles and the bed expansion
is usually minimal. This fluidization behavior is representative of Geldart B powders,
in which bubbling occurs at wum,s. The particle properties dominate the distinction
to which fluidization classification the powder belongs to. Yao et al. (2002) provides
a thorough comparison of the fluidization behavior of APF and ABF nanopowders.

This can be seen in Table 2.1.

12
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Table 2.1: Fluidization Characteristics of APF and ABF Nanopowders

APF ABF
Primary particle size Nanoparticles Micron, submicron, nanoparticles
Agglomerates Porous, multi-stage, light in weight Compact, single-stage, heavy in weight
Bulk density Low (< 100 kg/m3) ‘ High (> 100 kg/m3)
Fluidization characteristics 1. Bubbleless 1. With bubbles

2. With high bed expansion ratio 2. With low bed expansion ratio

3. Agglomerates uniformly distributed 3. Stratification of agglomerate sizes
4. Bed expands and bed density de- 4. Bed expansion and density do not
creases with increasing ug change much with increasing ug

2.2.2 Agglomeraté Structure of Fluidized Nanopowders

Nanopowders are able to become fluidized, especially in the case of agglomerate par-
ticulate fluidization (APF), due to the dynamic agglomeration process that occurs
within the fluidized bed. One of the primary parameters of determine the agglomer-
ate structure are the inter-particle forces acting on the structure. Yao et al. (2002)
proposed that nanoparticles can be bonded together by two mechanisms: aggrega-
tion and agglomeration. In the case of aggregation, individual nanoparticles become
sintered together. For the agglomeration case, particles adhere to each other due to
attractions, such as the van der Waals force. It is proposed that nanopowders are
formulated based on a multi-scale agglomeration (MSA) stfucturizatiqn process.

In the first stage of the multi-scale agglomerate (MSA) structure, individual
nanoparticles form netlike structures less than 1 pm in size. This netlike structure is
strong enough to withstand any breakage, due to forces such as gravity or drag, be-
cause of the solid bridges formed between the particles. Figure 2.1 shows the netlike
structure for the nanopowder Aerosil 300 obtained using transmission electron mi-
croscopy. T he rigid netlike structure signiﬁcantly contributes to the low bulk density

of these nanopowders.

"The second stage of the MSA structure is the simple agglomerate. Most simple

agglomerates are in the size range of 1 —100 pm. Simple agglomérétes are formed due
to the attraction and adhesion of the netlike structures. Figure 2.2 shows an SEM
micrograph of the surface of a R972 simple agglomerate.

The third and final stage of the MSA structure is the complex agglomerate.
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Figure 2.1

Figure 2.2 SEM micrograph of R972 simple agglomerate surface.

These large agglomerates are greater than 100 pm. For silica nanopowders, most of
these complex agglomerates tend to fall in range of 200 — 400pm. These complex
agglomerates form at the incipient point of fluidization. During fluidization, these
complex agglomerates undergo a dynamic formation and‘ separation due to the at-

tractive forces between the simple agglomerates. The porous hierarchical structure
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of these complex agglomerates is important for properly understanding and charac-

terizing the fluidization properties of nanopowders.

2.2.3 _Dynamic and Stationary Aggregation of Nanoparticles

Hakim et al. (2005) provided more insight into the structure of nanoparticle agglom-
erates first proposed by Yao et al. (2002), by introducing an optical technique that
allowed the aggregation of nanoparticles to be dynamically visualized. In the work
of Hakim et al. (2005), nanopowders were allowed to fluidize in a column with some
initial vibration, to help assist in the breakup of channeling to promote fluidization.
Particle/Droplet Image Analysis (PDIA) using a VisiSizer system was utilized to
visualize the particles. A pulsating laser focused on the splash zone of the fluidized
bed assisted in the dynamic visualization. An example of an image taken from the

splash zone for fluidized Aerosil® A300 silica nanopowder can be seen in Figure 2.3.

5
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Figure 2.3 Image of fluidized Aerosil® A300 agglomerates.

Hakim et al. (2005) classify the steps by which complex agglomerates form

into two steps: stationary aggregation and dynamic aggregation. This is also based
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on the multi-stage aggregation (MSA) model proposed by Yao et al. (2002). Hakim
et al. (2005) argue that the smallest agglomerates, here called “hard agglomerates”
are commonly formed when the aerosol particles coagulate during the manufacture
process of the nanoparticles. These agglomerates have a rigid structure due to the

sintered pgintg between—the nanopay’rin]pq T.nrgm‘ agglomprates known as simple

agglomerates (or “soft agglomerates”) are formed from these structures due to in-
terparticle forces. These simple agglomerates dynamically break apart and reform
on the micron scale during fluidization forming stationary agglomerates. A TEM
image of this stationary agglomerate of zirconia nanoparticles can be seen in Figure
2.4(a). During the handling of the powder, compaction and/or humidity can lead to
much larger agglomerates, also known as complex agglomerates. A SEM image of a
stationary agglomerate of silica nanoparticles can be seen in Figure 2.4(b).

The dynamic agglomeration of fluidized nanopoWders was studied by sepa-
rately dying batches of Aerosil® QX-50 silica nanoparticle agglomérates. The original
- white agglomerates were dyed using red and green colorant. The three batches were
fed into the fluidization column and fluidized under extérnaliy applied vibration for
1 h. When the powder was removed, agglomerates comprised of three different colors
were observed. In Figure 2.5, images of these agglomerates taken ué-ing a visible light
microscope can be seen. These ﬁndings provide evidence that the agglomerates break

apart and reform dynamically during fluidization.

2.3 Gas Fluidization Characteristics

Zhu et al. (2005) provided an exhaustive study of 11 different nanopowders under-
going gas fluidization. Three of the powders chosen (OX 50, A 90, and TiOq) were
ABF fluidization type powders, while the rest were APF. For each experiment, the
powder was fluidized using dry nitrogen and the bed h,eight,,axid pressure drop were

recorded as a function of superficial gas velocity.
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200 nm

Figure 2.4 (a) TEM image of zirconia nanoparticle agglomerate. (b) SEM image
of silica nanoparticle agglomerate.



Figure 2.5

Dynamic agglomerates of Aerosil® OX-50 silica nanoparticles.
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Figure 2.6 Fluidization curve for Degussa Aerosil® R974.

A typical APF nanopowder used in these experiments was Degussa Aerosil®
R974, which has a primary particle size of 12 nm. Figure 2.6 shows a plot of both bed
expansion ratio and reduced pressure drop as a function of increasing and decreasing
gas velocity.

From this figure, the typical fluidization properties of APF type powders can
be described. Large bed expansion ratios (almost 5 times the initial bed height)
can be obtainable at high gas velocities (u, ~ 2.75 cm/s). At the point of incipient
fluidization (u,s = 0.23 cm/s), the pressure drop is equal to the powder weight of
the bed. This is why at the minimum fluidization velocity the pressure drop divided
by the bed weight is approximately equal to 1. After the bed transists to the fluidlike
régime, the pressure drop remains constant even though the bed continues to expand.

ABF nanopowders undergoing the same fluidization experimental procedures
exhibited quite .diffe'rent"ﬂuidization characteristics. One of the ABF powders used
in the study was Degussa Aeroxide® TiO, P25, which has a priniary particle size of
21 nm. Figure 2.7 is a typical fluidization curve obtained for this figure.

From Figure 2.7, it can be seen that the most noticeable difference between

the fluidization behavior of the R974 and TiOq P25 'nanopowdefs is the bed expansion
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Figure 2.7 Fluidization curve for Degussa Aeroxide® TiO,.

ratio. For the silica R974, large bed expansions almost 5 times the initial bed height
were obtainable. In this case (TiO,), a bed expansion ratio of only approximately 1.25
times the initial bed height was obtainable even at the same high gas velocities. The
pressure drop measurements observed are typical of a fluidized bed (reduced pressure
drop is approximately 1) even though the bed expansion is quite minimal. Zhu et al.
attribute the large differences in the bed expansion of the APF and ABF nanopowders

to the respective primary particle sizes and particle densities of the powders.

2.4 Imaging of Fluidized Nanoparticle Agglomerates
2.4.1 Laser-Based Planar Imaging

The laser-based planar imaging approach to visualizing the fluidized agglomerates
within a fluidized bed provides many advantages, especially that the fluidized bed
itself is unaffected. A preliminary laser-based technique was to photograph the flu-
idized agglomerates was proposed by Nam et al. (2004). In this work, a laser beam

located at the surface of the bed illuminated the agglomerates in this region, and a
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high speed camera focused at the beam was used to obtain the images. A typical

laser-based image obtained from this technique can be seen in Figure 2.8.

Figure 2.8 Laser-based image of R974 captured from a vibrofluidized bed.

In Figure 2.8, the bright spots shown indicate the large agglomerates that were
in the path of the focused laser beam. These bright spots meé;sured approximately
150220 microns, which were in good agreement with the agglomerate sizes predicted
using their method of size estimation.

Zhu et al. (2005) utilized the same laser technique to determine the size of
the fluidized complex agglomerates at the surface of the fluidized bed for both APF
(silica R974) and ABF (TiO, P25) nanopowders. Figure 2.9 shows sample laser-based
images obtained for these powders; 7

In Figure 2.9(a), the bright spots éorfespond to the large agglomerates float-
ing above the bed surface. Unlike the previous image, the' bed surface is clearly in
view. Although images of the complex agglomerates are obtainable, it is important to
note that the size of these agglomerates may not be representative of the agglomerate
size distribution throughout the fluidized bed. In fluidized beds of nanoparticle ag-

glomerates, stratification of the agglomerates sizes have been observed. Thus, these



22

(b)
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Figure 2.9 Laser-based images of (a) R974 and (b) TiO, P25.

agglomerates that can be imaged may not represent the size of agglomerates located
at the bottom distributor.

Recently, improvements have been made to the laser-based planar imaging
setup to reduce the effect of distortion caused by the fluidization cell itself. Wang et
al. (2006) studied the fluidization of silica R974 in a rectangular glass fluidization cell.
They argued that the cylindrical vessels used in the work of Nam et al. (2002) and Zhu
et al. (2005) might have led to distortion of the agglomerate images. Furthermore,
they formed a laser sheet for the agglomerates to pass through using two optical
cylindrical lenses. A schematic of this setup can be seen in Figure 2.10.

In this setup, the two cylindrical lenses transformed the incoming laser light
into a sheet used to illuminate a plane within the fluidized bed. The telecentric lens
was used to image the illuminated plane onto the CCD sensor of the digital camera.
The optical axis of the imaging system was set to be perpendicular to the laser sheet.

This is another reason why the fluidization cell was rectangular in shape.
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Figure 2.10 Schematic of laser-based planar imaging system.

Figure 2.11 shows the image obtained from the CCD camera before (a) and

after (b) processing. The agglomerates were processéd from the original image using
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Figure 2.11 (a) Original image. (b) Image post-image processing.

the public domain software program ImageJ. In this program, it is necessary that the
images are thresholded to reduce any backgrdund noise. Once this has been com-
pleted, the num ber of agglomerates can be selected. The size of these agglomerates
are determined from outlining their structures and determining the area within the

perimeter. The size in microns is then determined based on the calibration of a unit
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were obtainable. ‘Although increasing the vibrational intensity leads to larger bed
expé,nsidn, at higher valueé of F the bed transitions to an elutriated state which causes
powder to leave the fluidized bed and the bed surface to become undistinguishable.
Nam et al. (2004) also show fhat the largér bed expansion is iﬁvér_sely dependent on
th_e Vibrationai_l fre(juehcy.- Ldrgéf bed expansions were -found at f = 30, 50Hz whereas
mirﬁmally substantial expénsions were found a high frequencies- f= 1501z.

Nam et al. (2004) attribute the further expanded fluidized state due to the
breakup of the larger agglomerates caused by the vibrational excitation. As the
large agglomerates deagglomerate due to collisions and compaction, the smaller ag-
glomerates are more likely to become fluidized. This also explains why a noticeable

stratification of the agglomerates was observed throughout the fluidized bed.

2.6 Nanofluidization Affected by Sound Waves

The application of sound waves is a novel approach for using external fields to enhance
the fluidization properties of nanopowders. Zhu et al. (2004) studied the fluidization
properties of pre-sieved Aerosil® R974 nanoparticle agglomerates under the influence
of sound waves. To direct the sound waves at the fluidized bed, Zhu et al. installed
a loudspea.ke'r- (powered by a sound excitation system) directly above the top of the
fluidized bed. The sound excitation system was capable of generating sound waves
with a sound pressure level up to 125 dB. A precision sound pressure meter was
able to measure the sound pressure level. Figure 2.15 shows the reduced bed height
(H/Hy) as a function of superficial gas velocity for when Soﬁnd wave excitation was
applied or ﬁot.

It can be seen in Figure 2.15 that slightly larger bed expansion can be obtained
when sound waves are empioyed (in this case, f = 100Hz, SPL = 124 dB). Also, the
bed is in a more fluidlike state at lower gas velocities for the case with sound waves.

Figure 2.16 shows the pressure drop across the fluidized bed with or without the use
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obtainable at lower sound frequencies (f < 200Hz).

Another phenomenological observation found when sound waves were applied
was the formation of large bubbles. Bubble formation was found in the sound fre-
quency rané:e of 200 — 600Hz. The large bubbles propagated through the fluidized
bed, but did not enhance the stability of the bed expahsion. The bubble forma-
tion is most likely dependent on the wave modes (and harmonic modes) caused by
the applied sound waves and the resonance frequencies of the fluidized bed, column,
and nanoparticle agglomerates. No bubbles were observed for R974 fluidized at low

velocities without the application of sound waves.

2.7 Enhanced Nanofluidization in an Oscillating Magnetic Field = = _ _

An experimental study was performed by Yu et al. (2005) on the fluidization charac-
teristics of R974 silica when an oscillating magnetic field was applied. In this work,
lgrge (dp - 1.0— BOmm) magnetic particles were placed within a bed of nanopowder.
The ma.gnetic.particles were barium ferrite (BaO-6Fe;O3) coated with polyurethane
and are perfnanent magnets. Two electromagnetic coils were placed on either side of
the fluidized bed and were driven by a powder supply. An oscillating magnetic field
with intensities up to 140 Gauss Were obtainable at the cex}tef pf _the coil. Prior to
any expe_riménts, thé silica nanopowder was sieved to remove aﬁy agglomerates larger
t'han 500;1@. Any agglqmerates less t_ﬁah 5‘00,um ‘Nefe designated as “soft” agglomer-
ates and anyAlarger than 500um were called “hard” agglomerates. Experiments were
performed for different ratios of “hard” to “soft” agglomerates with gas velocity and
magnetic ﬁeid inteﬁsity as bberational ﬁarafnetérs. |

| For the case of the fluidized bed containing bnly “soft” agglomerates (d, <
500um), the' applied magnetic field (intensity = 14OG), allowed the powder to reach
a 'slightly more expanded state at velocities greater than the minimum fluidization

velocity, but the observed value for u,,s showed relatively little change.
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" TFor the case of the fluidized bed Cohtaining a 80/20 % mixture of “soft” to
“hard” aggl'dmerates, it was found that the minhimum fluidization velocity was much
higher (umy = 5.67 cm/s) than if bnly “soft” agglomerates were used (t,s = 0.26
cm/s). This is due to the difficulty in fluidizing the large agglomerates. When the
magnetic field was applied, the bed expansion was observed to be much larger and
the minimum fluidization velocity was severely reduced (U, s =0.14 cm/s). After the
agglomerates were processed under the magnetic field, they were fluidized without
any assistance and the minimum fluidization velocity was found to be up,y = 1.25
cm/s. This meant that not only does the magnetic field help assist in the breakup of
the agglomerates but also in the gas-solid contacting and mixing to help fluidize the
powder.

Finally for the case of the fluidized bed consisting of only large agglomerates,
bed expahsion was almost unnoticeable and the minimum fluidization velocity was
extremely large (ums = 13.15 cm/s), thus these agglomerates did not fluidize at all.
When the magnetic field was applied, bed expansion ratios of almost 4.5 times the
initial height were obtainable and the minimum fluidization velocity was significantly
reduced (up,s = 2.29 cm/s).

From the above cases, it can be seen that the addition of magnetic particles to
the fluidized bed with the application of an oscillating field can greatly enhance the
fluidization behavior of nanofluidized beds consisting of large agglomerates. Remark-
able changes in bed expansion and the reduction in minimum fluidization velocity

were observed for these cases.

2.7.1 Supercfitical Fluidization Hydrodynamics

An exhaustive experimental study has been previously carried out to investigate the
fluidization behavior of supercritical carbon dioxide at pressures up to 30 MPa for

various Geldart A and B powders (Vogt et al., 2005). In the setup, a flow of 50 kg/h
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at pressure levels from 7 to 35 MPa was utilized using a membrane compressor. The
fluidizing column was either 21 or 39 mm in diameter and was fitted with porous
pate distributors. Autoclaves were used in combination with a damper to adjust
the fluid temperature and to minimize flow disturbances and fluctuations. Pressure
probes fitted throughout the column were used to determine the minimum fluidization
velocity and different heights of the fluidized bed. After charging the column with
powder, the fluidized bed was operated at high velocities to mix the bed. Then, the
flow rate was cut off to allow the bed to settle. This procedure was done to erase any
memory effects so that the results would be reproducible.

The pressure drop across the fluidized bed is a key parameter in determining

the minimum fluidization velocity. Measurements were carried out with glass beads

to determine if Ergun’s equation

Ap . 1—¢)? - 1- u?
=TS et M L SRPY, £ Gl B S
H 4 2 (D, dys) el '<I>3 “dps

(2.1)

This equation has been compared with experimental results (for a range of pressures
from 10.1 - 24.8 MPa) and it was_concluded that Ergun’s equation is applicable for
fixed bed flow with a supercritical fluid.

‘The minimum fluidization velocity was detérmi_ned as the intersection of the
the fixed bed line (from Ergun’s equation) and the fluidized bed pressure drop. It was
experimentally found that increasing thé pressure of the supercritical fluid decreases
the minimum fluidization velocity. This can be explained based on the fact that
increasing pressure leads to increasing fluid density and thus to a decreasing density
difference between solids and supercritical fluid. Since the density difference decreases,
the pressure drop across the fluidized bed will also decrease. But, the increasing fluid
density as well as the increasing fluid viscosity will lead to a higher fixed bed pressure
drop for a given velocity. This impiieé that the minimum ﬁuidizafion velocity—would

decrease with increasing pressure.
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Other correlations have been used to predict the minimum fluidization velocity.
The Reynolds number at the point of minimum fluidization can be derived from

Equation 2.1 __such that

(2.2)

' ReA _[3002(1 - ems)” N 4@ AT 300 (1~ emy)
™ 49 . ¢2 7 7P,

To use Equation 2.2, it is necessary to know the sphericity @, surface mean particle
diameter d, ; and the voidage ¢, at minimum fluidization conditions. Of the above
parameters, the sphericity is very difficult to estimate. Wen and Yu (1966) derived
empirical relationships for the sphericity and bed voidage at minimum fluidization

conditions. Based on this, a simplified relationship can be used to determine feen,y

Re, = /33.72 4+ 0.0408 Ar — 33.7 (2.3)

Although the above equations may be valid for ambient conditions, differences
arise in supercritical settings. Vogt et al. (2005) suggested a method to calculate
the minimum fluidization velocity at high pressures and temperatures based on the
parameters at ambient conditions. At ambient conditions (subscript 0), the superficial
veloeity Uy, and porosity €m0 can be easily determined. These parameters can be

used to calculate a characteristic particle diameter (®, - dp,s) from Equation 2.2:

175 p0 " Upjo
2. 673nf (ps — Pf,o) g

2.
150 - (1 - 6'm,f) *No * Umyf,0 L75- Pfo- u?ﬂf,o
€ms (Ps = Pr0) -9 2-ehp (ps = p10) - 9

Oy dps =

(2.4)

If the porosity at minimum fluidization conditions is assumed to be independent
of fluid density and viscosity, then the minimum fluidization velocity at conditions

difference from ambient is
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(1 — , 7.6 g (®ydy ) (ps —
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Vogt et al. (2005) found that the homogeneous expansion of different solids
drastically changed with supercritical conditions. For the fluidization of glass beads, it
was found that ét ambient conditions, bubble formation originated once the superficial
gas velocity exceeded the minimum fluidization velocity. When supercritical carbon
dioxide was used as the fluidizing gas, homogeneous fluidization was observed up until
a higher critical gas velocity. Thus, an extension of the homogeneous fluidization
range was noted. These findings correspond nicely to the affect of using a higher
viscosity gas for fluidization.

Similar results were found for Geldart Group A FCC-catalyst. At ambient
conditions, the catalyst first undergoes homogeneous fluidization but then experiences
bubbling at the minimum bubbling point. When sﬁperc‘ritical carbon dioxide was
used, a homogeneous bed expansion was observed over all range of velocities used.
Thus, bubbling was completely suppressed for the case of supercritical carbon dioxide.

For liquid-fluidized bed undergoing homogeneous fluidization, Richardson and

Zaki observed the following empirical relationship

— =¢" (2.6)

with
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4

4.65+19.5 - % Re; < 0.2
(435+175- %) - Re;*® 02 < Re, <1
n=1{ (435+18- %) Re™ 1< Re <200 (2.7)
4.45 - Re;o! 200 < Re, < 500
| 239 Re; > 500
where
Re; = uy - d’;s (2.8)

and D denotes the vessel diameter. If a double logarithmic piot of voidage ¢ again

I would be

superficial velocity u is constructed, a straight line with a slope of n~
obtained. Vogt et al. (2005) was experimentally able to obtain values of n for su-
percritical conditions due to the extended homogeneous fluidization regime. These
- values were found not to agree with those calculated from Equation 2.7. Thus, they
conciuded that the Richardson-Zaki relationship is unable to describe homogeneous
fluidization under supercritical conditions. But, from experimental data, a new re-

lationship for the Richardson-Zaki exponent as a function of Reynolds number was

obtained

n=118Re;%%® 10 < Re, < 500 (2.9)



CHAPTER 3

THEORETICAL BACKGROUND

3.1 Introduction

This chapter will provide the framework for some of the theoretical considerations
applied throughout the work. Modeling, agglomeration, and the prediction of the
agglomerate sizes within the fluidized bed is still an ongoing area in research involving
naﬁoparticles. Similarly, models have been proposed to determine the appearance of
bubbles in a nanofluidized bed. The application of external fields provides more

complexity into understanding the physics of the nanofluidization phenomena.

3.2 The Modified Richardson-Zaki Law

Valverde and Castellanos (2006a) have provided a thorough treatment of the de-

velopment of the modified Richardson-Zaki law which is applicable for nanoparticle

agglomerates. This law can be applied to predict the average agglomerate size in a
nanofluidized bed. The development of the law will be summarized here and is based
on their work.

The Richardson-Zaki Law, which is an empirical equation, was developed for
the case of particle fluidized using a liquid. The law comparés the settling velocity of
a suspension v, of particles to the terminal velocity of a single particle v%o within the
suspension. Through expériments, Richardson and Zaki (1954) found that this ratio

is also a function of the porosity € = (1 — ¢) of the suspension. Thus,

2 (1-¢)" (3.1)

Upo

The terminal settling velocity of a single particle is taken to be in the Stokes flow

35
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regime and can be calculated from

_ i(pp - py) gd?)

Upy = 3.2
PO 18 U ( )

where p, is the particle density, p; is the fluid density, g is the gravitational acceler-
ation, d, is the particle size, and p is the fluid viscosity.

In Equation 3.1, the exponent n has been the subject of much experimen-
tal work and has been found to be a function of the Reynolds number. Batchelor
(1982) theoretically determined that the value approaches 5.6 in the dilute limit of
the suspension. This convergence has been found in other works as well.

Interparticle forces cause fine micrometric particles to agglomerate in a flu-
idized bed. A parameter used to describe the agglomeration is the granular bond
number Bo, which is the ratio of the interparticle attractive forces Fy to the particle

weight W), or
R

Bog—W
p

(3.3)

Due to agglomeration, each simple agglomerate consists of /V primary part_icles.
Another_ parameter is the scaling between the size of the agglomerates. k is the ratio of
simple agglomerate to primary particle size. The radius of gyration R is also taken to
be equal to the hydrodynamic radius Ry . Thus, for this case, k = 2R¢/d,, which is the
ratio of agglomerate to particle sizes. Using these scaling parameters, the Richardson-
Zaki law can be modified for simple agglomerates formed from micrometric powders.
By measuring the settling velocity of a fluidized bed consisting of simple agglomerates,

the modiﬁed Richardson-Zaki law can be describ_ed as:

v

o (3

where v* = v,y N/k is the settling velocity of an individual agglomerate and ¢* =
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@k /N is the volume fraction of the simple agglomerates in the fluidized bed. Taking
into account the scaling parameters, Equation 3.4 may be rewritten as:

vs N B \" .
b N( E) s

’Upo

In Equation 3.5, the parameters that can be determined from experiment are
the settling velocity of the fluidized bed v, and ¢, the solid volume fraction. The
latter parameter is calculated based on the height of the fluidized bed:

¢ ppAH

(3.6)

where m,, is the mass of powder, A is the area of the fluidized bed, and H is the height
of the fluidized bed‘ Therefore, as the bed expands, the solid volume fraction de-
creases. Using these experimental parameters, a fit to Equation 3.5 can be performed
resulting in the size of the agglomerates and their fractal dimension (D =In N/In k).

The fluidization of nanoparticles opens up a new window of complexity be-
cause now complex agglomerates comprised of smaller simple agglomerates need to
be considered. If we assume these coniplex agglomerates are effective spheres with
density ¢** and size d**, the Richardson-Zaki equation can be further modified as

follows:

= = (1 —¢™)" (3.7)

Also, the settling velocity of a complex agglomerates can be modeled as:

o _ L (0" —pr)g(d)’ ’
= — 3.8
Y 18 7 : (3:8)

where ¢** is the volume fraction of the complex agglomerates in the fluidized bed.. - -

The density of a complex agglomerate p** can be described as a function of




38
the scaling parameters as:

» N~ N N

p = P*(—k;)—g =B (3.9)

where N* is the number of simple agglomerates in the complex agglomerate, k* =
4 /d*, and ¢** = ¢* (k*)® /N* = ¢ (k*/N) (k*)® /N*. Therefore, Equation 3.7 can be

rewritten as

vs NN* k3 (k) )"
s 1 1— — )
o k& < N N* ¢/ (3.10)

This equation can be further modified to take into account the existence of primary

agglomerates within the simple agglomerates:

* 3 1.3 (1.%\3 "
Vo M NN (KKK (3.11)
Upo k’o k k> JIVO N N+

Equation 3.11 can be simplified if a global fractal dimension is assumed for the com-
plex agglomerate D, = D** = InN*/Ink™ = D* = InN*/Ink* = D = InN/Ink.

Thus, the simplified equation reduces to

Do ()Pt (1 (ke ¢)" (3.12)

Upo

3.3 Effect of Vibration on the Agglomerate Particulate State

The application of vibration on the fluidized state of nanopowders can change the
size of the fluidized nanoparticle agglomerates and the extent to which the bed ex-
pands (Valverde and Castellanos (2006b)). The agglomerate state is a function of
the granular bond number which is the ratio of interparticle attractive force to the
particle weight (see Equation 3.3). Thev application of an applied vibration effects

the gravitational field or effective acceration the powder is subjécted to. Thus, the
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relationship for the granular bond number can be rewritten as:

Bo, = (3.13)

where g.y is the effective acceleration.
The effective acceleration gey is a function of the applied vibrational intensity

A, such that

T~
40
Rt
=

N

Jef = gotk

where A = 1 4+ (Aw?/gy). Here, A is the amplitude of vibration and w is the vibra-
tional frequency. From the fractal analysis, the granular bond number can be also

approximate as a function of the fractal dimension:
Bo, ~ kP*? (3.15)

Using these equations, the new agglomerate relative size can be approximated

as-a function of applied vibrational intensity as:

k;'o'

From the above equation, the new complex agglomerate size can be calculated

as:
’ +k
dO

| 4 ~ v (317)

Using the modified Richardson-Zaki equation, the solid volume fraction at the

applied vibrational intensity can be predicted using:

5 LT AL (1~ K-Pgy) 818
A kg-D/A(B—D)/(D-l—Q) ‘ )
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3.4 Pr_'ediction of Bubble _Size

Harrison et al. (1961) studied the phenomena of rising bubbles within a fluidized bed
in the particulate fluidization regime. For this study, he used fluidized beds of non-
cohesive particles (Geldart Group A). Harrison stated that bubble become unstable if
their rising velocity U, exceeds the terminal settling velocity of an individual particle

vyo. The rising velocity of a bubble can be calculated from the semi-empirical relation:

Ub ~ 0.7'\/ng (319)

and the settling velocity of a single particle is given in Equation 3.2.
Using Equations 3.19 and 3.2, the ratio of bubble size to particle size Dy/d,

can be predicted using

Dy 1 (pp—py) gdp®
4, = 1807 2

(3.20)

The above equation can modified for the case of agglomerating micrometric
powders. Using the relationship of the granular bond number as a function of fractal

dimension, the ratio of bubble size to simple agglomerate size can be predicted using

D, 1 p2gds
& 107 @2

BOSQD_S)/(D—‘_% (321)

Equation 3.21 can be further modified for the case of agglomerating nanopow-
ders. Similarly, using the granular bond number for complex agglomerates, the ratio

of the bubble size to the complex agglomerate size can be predicted from

Dy ~ 1 pf,gdf’, PRI (BO*)(2D*—3)/(D*+2')V R (322) '
~ g .

4= 182072 2



CHAPTER 4

FLUIDIZATION OF NANOPOWDERS USING NITROGEN AND
NEON AS FLUIDIZING GASES

4.1 Introduction

Fine powders are receiving an increased interest in industry and academia due rto their
novel physical, chemical and mechanical properties. Gas-phase processes are often
employed in the production of fine particles and gas-fluidized beds of fine particles are
usually found in applications where solid-gas reaction efficiency needs to be improved.
For example, flame aerosol reactorshave been employed in industry for several decades
to-manufacture nanoparticles of carbon black, silica, alumina, and titania by using
the flame heat to initiate chemical reactions producing condensable monomers (Kruis
et al. 1998). In these production processes the extremely high temperatures that are
,needed' may éigniﬁcantly alter theb gas properties relevant fox' the solid-gas interaction
such as gas viscosity. It is well known that fluid viscosity has a fundamental role on the
fluidization dynamics since the fluid drag acting on particles in a dense suspension
affects the formation of flow structures. Usually fluidized beds are unstable and -
contain flow hetérogeneities such as fluid bubbles which arise throughout the bed-and-——
curtail uniform expansion. The Questioﬁ on the origin of bubbles and the distinction
between nbnbubbling uniform fluidization and bubbling heterogeneous fluidization
is one of the fundamental prdblemé that, even for noncohesive particles, still raises
s’.crron’g concerns. Needless to say a quantitative theory to predict the behavior of
fluidized beds of fine cohesive particles as affe'cted by gas viscosity and interparticle
attractive foﬁ:es does not exist.

The rest of the introduction is dévoted to a brief summary on the types of- - -

fluidization behavior observed for fluidized: beds of noncohesive particles and the

41
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empirical critefia formulated for their prediction. In the next sections some theoretical
considerations on the behavior of fluidized beds of fine cohesive particles are proposed
that would lead to predict a variety of flow behaviors. Finally, experimental data on
fluidized beds of micrometric and nanometric sized particles is shown. Experimental
results will be discussed on the basis of our theoretical analysis. A main conclusion of
our work is that high viscosity gas and/or ultrafine particle fluidization may lead to a

full suppression of the bubbling regime in gas-fluidized beds as seen in liquid-fluidized

beds of noncohesive particles.

4.1.1 On the Empirical Criteria to Predict Uniform Fluidization in Flu-

idized Beds of Noncohesive Particles

A relevant parameter that characterizes the cohesiveness of a granular mate;ial is the
graﬁular Bond number Boy, defined as t.he ratio of interparticle attréctive férce Fy
to particle weight W,. Typically particles of size d, 2 50pum exhibit a frée—ﬂowing
behavior whereas smaller particles, for which Bog > 1, shov& a tendency to aggregate
that inhibits powder flow (Nase et al. 2001).

As far as fluidization of noncohesive particles concerns, the pionéer work by
Wilhelm and Kwauk (1948) differentiated the behavior of liquid-fluidized beds, which
exhibited the so called particulate fluidization, from that of gas-fluidized beds, which
were bubbled just beyond the point at which their yield strength vanished. They

delineated the transition between uniform and bubbling fluidization _based on an

empirical Froude number (F'r) criterion that stated

v 52 o :
Fr=;7f21 ‘ (4.1)
P

for bubbling behavior, where vp,s is the superficial gas velocity taken at the fluidizing

point and g is the gravity acceleration. This separation between gas-fluidized and
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liquid-fluidized beds has persisted for many years in spite of the fact that Wilhelm
and Kwauk already reported the appearnace of bubbling for liquid-fluidized lead
spheres and predicted that very fine powders might attain particulate fluidization by
virtue of small gas velocities.

In order to estimate the largest stable size Dy, of isolated ﬁui(i bubbles, Harrison
et al. 1961, working on fluidized beds of non-cohesive particles, hypothesized that
bubbles are no longer stable if their rising velocity U, exceeds the terminal settling
velocity of an individual particle v,. In the small Reynolds number regime vy =~
(1/18)(pp — pg)d2g/ 1, where p, is the particle density, ps is the fluid density and p is
the fluid viscosity. Using the semi-empirical relation U, ~ 0.7+/gD, (Davidson et al.

1977, Hoffmann et al. 1986), it can be shown that

_ 2 d3 )
d, ~ 1820.72 2

Harrison et al. carried out an extensive series of experimental observations on flu-
idized beds with varying 4, p, and ps and concluded that the ratio Dy/d, coin-
cided with bubbling behavior when Dy/d,, Z 10, and with uniform fluidization when
Dy/d, < 1. For example, lead shot particles could be uniformly fluidized by a 75
wit% aqueous solution of glycerol (D,/d, = 1.9), but experienced bubbling using pure
water (Dy/d, = 14.8). In the range described approximately by 1 < D, < 10 the
fluidized beds showed a transition from nonbubbling to bubbling behavior. Interest-
ingly Harrison et al. reported on experiments of beds of light phenolic micro-balloons
(pp =~ 240kg/ m?, d, ~ 1254m) fluidized with CO, at various pressures, which showed
bubbling behavior at ambient pressure (Dy/d, >~ 24) but nonbubbling fluidlike behav-
ior at high gas pressures (Dy/d, ~ 2), against the common belief that gas-fluidized
beds do always bubble. Harrison et al. tried to justify their hypothesis by postulating
that the gas velocity through a b'ubble, and relative to it, is of the same magnitude

as U,. Thus in the limit U, = i)pg,' particles from the wake carried up to the in-
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terior by circulating fluid would destroy the bukble. However, examples of bubble
breakup by instability of its roof were later found (Clift and Grace 1972, Duru and
Guazzelli 2002) that devalued the relevance of this pioneer work in spite of the empir-
ical evidence. Unfortunately theoretical studies on bubble roof stability considering
the upper interface bubble-dense phaée as an interface undergoing a Rayleigh-Taylor
instability (Clift et al. 1974) fail to predict a quantitative limit value for Dy that
could be compared to experimental results (Duru and Guaazelli 2002, Jackson 2000).
Anyhow the distinction between bubble breakup from the roof aﬁd from the wake is
blurred because of the gas throughflow associated with bubble interaction during or
following coalescence (Hoffmann et al. 1986). Thus, even though the Harrison et al.
criterion can be useful for an estimation of the fluidization homogeneity, the collective
interaction between bubbles through splitting-coalescence mechanism can ultimately
lead t&equilibi"ivum bubble sizes Iargér than Harrison’s maximum stable size as seen
in’experimenfs (Horio and Nonaka, 1987). Note however that the Harrison .criterion
conforms to the Wilhelm & Kwauk empiricalr(':ri“cerioh ( Edllatioh 4.1) if the Froude
n‘uﬁber is defined based on-the terminal SEttling.Wlﬁitﬁ%&fiﬁ&fVidﬂ’&ljﬁ&fﬁCk** —
(Fro = v2/ (gdp))- | - | | |

" The general theory proposed by Wallis (1969) to describe a large class of
d)'hamic systems, such as sound waves in a gas or traffic flow, haé élso been employed
in order to prediCtv the transition to bubbling behavior. FolldWing the Wallis theory,
some authors (Batbhélor 1988) have suggested that bubbles in fuidized beds are
an outcome of the formation of concentration shocks or discontinuities in particle
concentration when the propagation velocity of a voidage disturbance (ug) surpasses
the elastic wave velocity (u.) of the bed. It is-well accepted that u, can be obtained _ _
from the relation uy = —pdv,/de, where ¢ is the particle volume fraetion,;-and vy is

related to ¢ by the Richardson-Zaki empirical equation”
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Vg = vpo(l =) ' (4.3)

where n.~~ 5.6 in the small Reynolds number limit. (Batchelor 1982). On the other
hand, the elastic wave velocity u, is given by u. = [(1/pp) (9p/ 8¢)]**, where p is the
particle-phase pressure, which is defined from the trace of the particle-phase stress.
The existence of multiple contributing sources to the particle-phase pressure and the
lack of experimental evidence have led researchers to propose different mechanisms for
predicting the particle-phase pressure that have provoked sharp controversies (Jackson
2000). One component of the stress should appear as a result of the momentum
transfer due to the fluctuating velocity of the particle phase. Another main component
stems from the momentum transfer between particles during collisions. Sometimes a
hydrodynamic contribution to the particle stress tensor is added to account for the
drag.‘ Particle-phase stresses can a}so appear due to the possible solid-like behavior
of the bed because of enduring interparticle contacts at high particle concentrations
| (Sundaresan 2003). Usually it is assumed that the particle-phase pressure is a simple
function of the particle volume fraction p(¢). In spite of the uncertainty on the
dependence of p on ¢, it seems réasonable that the particle-phase pressure in the
expanded fluidized bed increases with ¢ for small ¢ (Sundaresan 2003). Measurements
of the collisional pressure in a water-fluidized bed by Zenit et al. 1997 could be
well-fitted to the equation p ~ p,gd,¢* in the range ¢ < 0.3. A recent numerical
study predicts an analogous variation of the granular pressure (Guazzelli 2004). A
similar relationship was also derived by Foscolo and Gibilaro (hereafter F-G), who
neglected particle inertia and related p to the ﬂuid—particle drag'force in an ideal
homogeneous state. Foscolo and Gibilaro (1987) used the Wallis criterion to predict
the onset of bubbling in fluidized beds, however Batchelor (1988) and Jackson (2000)
pointed out that the F-G derivation of p(¢) was conceptually wrong since the pressure

variation cannot bée due only to a dissipative process but also by momentum transport
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due to particle fluctuations and collisions that must be necessarily considered. In
spite of this, it is undeniable that Foscolo and Gibilaro found good agreement with
observations on the initiation of visible bubbling in liquid and gas fluidized beds at
both laminar and turbulent conditions (Foscolo and Gibilaro 1984). Additionally the -~ -
F-G criterion was successfully applied by other authors under systematic variations
of relevant parameters on the bubbling point of gas-fluidized beds such as pressure,
temperature and addition of ﬁnes (Rapagna et al. 1994). Using p ~ p,gd,¢?, the
Wallis criterioﬁ applied to the bubbling onset in fluidized beds of noncohesive particles

can be summarized as

b

1 (pp— Pf)d;%g

(gdp¢)1/2

11—

12

Ue

Uy < u nonbubbling regime

R

Ugp ue‘ at b‘ubbling onset 7 (44)
Despite the épbarent success of Equation 4.4-in-discriminating-between—sys-——— — -
tems observed to bubble and thoéé that do not, it must be made clear that this
criterion is theoretically ba-sed. on the assumption that nonbubbling beds are neées—
sarily- stablé (see ref. Jackson 2000 for a detailed discussioﬁ). In a numerical analysis,
Glasser, et al. (1997) have examined the evolution of traveling wave solutions through
direct numerical integration of the volume-averaged equations. In this analysis, the
V particle-phase pressure and viscosity were assumed to be monotonically increasing
functions of the particle volumé fraction. It was clearly demonstrated that-the dis-
tinction between bubbling and nonbubbling systems was linked with high-amplitude
solutions as seen in liquid-fluidized beds, in which small 'bubbles that donot develop

into large visible bubbles have been observed. Glasser et al. (1997) carried out a
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limited parametric study and concluded that the parameter

. p 'U3 1/2 o .
Q= (-L pO) | (4.5)
\ Hsg :

determined whether large amplitude bubbles evolved from the initial value problem.
Here u, is a measure of the particle-phase viscosity. Glasser et al. made the rough
assumption that the scale for the particle-phase viscosity is inertial rather than vis-
cous, leading to ps ~ ppvéodp. In his review on the origin of bubbles, Homsy (1998)
qualifies this assumption as “a leap of faith - albeit a provocative one - until more is
known about the rheology of the fluidized state”. Note that, with this assumption, *
turns out to be just the Froude number. Thus, the differentiation between bubbling
and uniform fluidization was expressed in terms of a Froude number criterion also
from this numerical study on the transient development of large-amplitude nonlinear
solutions.

Using Equation 4.2 in Equation 4.4 it can be shown that

1/2
Ye % —1-0.n <§—”> o2 (1 — )" (4.6)

Ue n

Since the function f(¢) = ¢/2(1 — ¢)*~! takes a maximum value of f(¢) ~0.2 at
¢ ~ 0.1, it can be shown that min(u. — ug) 20 for Dy/d, <1. Thus, for Dy/d, S1
it is u, 2

~

“ug V¢ >0, i. e. the nonbubbling behavior predicted by the Harrison
criterion coincides with the absence of a transition to bubbling according to the
Wallis criterion. On the other hand, for D, / d, 21 both criteria agree in predicting a
transition to bubbling. This correlation between the Harrison and Wallis criteria was
already noted in reference Valverde and Castellanos (2007).

The Froude number and Harrison criteria are unable to predict the particle
volume fraction at the onset of bubbling for fluidized systems exhibiting a transition

from uniform to bubbling fluidization. It will be shown that small bubbles can also be
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identified also in our fine powders fluidized by gas in a regime of uniform fluidization
previous to the onset of large bubbles. In a recent review, Sundaresan (2003) dis-
cusses this problem and recognizes that, in contrast with the commonly encountered
case of gas-fluidized beds stabilized by yield stresses associated with enduring parti-
cle networks, the hydrodynamic mechanism that restrains bubbling in gas-fluidized
beds of fine powders remains to be explained. However, it must be commented that
according to empirical observations uniform fluidized beds in a fluid-like regime are
not necessarily stable, which leaves the Wallis criterion (Equation 4.4) without a well-
founded physical justification. Despite the absence of a physical basis for Equation
4.4, it will be used in the present work just as an empirical equation to predict the
particle volume fraction at the onset of large amplitude bubbling phenomenon in our

fluidized beds.

4.2 Empirical Criteria to Predict Uniform Fluidization in Fluidized

Beds of Cohesive Particles

Fine and ultrafine powders have been traditionally classified as Group C materials
according to Geldart’s classification scheme (Geldart 1973), and thus, theoretically,
they are not capable of being fluidized because interparticle forces are exceedingly
large as compared to particle weight. Consequently Group C powders tend to rise as a
slug of solids or to form channels throug‘h which the fluid will escape rather than being
distributeci through the bulk. Typical examples are talc, flour and starch. This type
of behavior contrasts with the behavior of aeratable Geldart A powders (of particle
size between ~20um and ~200um for typical particle densitieé pp ~ 1000kg/m?) that
exhibit uniform fluidization for an interval of gas velocities between the minimum
fluidization velocity and the minimum gas velocity for the bubbling onset (Geldart
19'%3). The question on the source of stability of fluidized beds of Gelda-rt A powders

has been a subject of controversy for many years. Most of the experimental results
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suggest that in the uniforﬁn fluidization state the bed behaves like a weak solid rather
than a fluid due to enduring interparticle contacts caused by 'interparfible cohesive
forces (Rietema 1991). Notable exceptions include examples of gas-fluidization of
light particles, Showing a fluid-like behavior reminiscent of liquid-fluidized beds. This
type of smooth fluid-like fluidization wasralrea.dy reported in'1961 By Harrison et al.
for light phenolic micro-balloons ﬂﬁidized with C'O, at high pressures. Richardson
(1971) also reported bubble-free fluidization for fine powders of low solid density, with
a ratio of minimum bubbling to minimum fluidization gas velocities of up to 7.5.
The enormous relevance of the fluidization properties of Geldart A powders
for industrial applications has long been recognized in chemical engineering fields.
However, industry requirements of using particles having a higher ratio of surface area
to volume to provide enhanced fluid-solid contact and reaction efficiencies have led
- researchers to focus on gas—ﬂuidfzatioh of particles smaller than ~20pm. As a result it
has beeﬁ. disecovered fhat, in spite of the predicted Geldart C behavior, it is possible to
_ unifbrrﬁly fluidize micron -and‘ submicron sized particleé in a fluid-like regime. Reports
of uniform fluidization of inicrdn and sub-micron primary particles can be found from
the middle .19803 (Chaduki et al. 1985, Brooks et al. 1986, Morooka et al. 1988, Pacek
and Nienow 1990). A common observation was that uniform fluidization was closely
related to the formation of light agglomerates when fluidizing the origihal pbwder
at a superﬁciaf gaé velocity much larger than the expected minimum fluidization
velocity Ifor the system of individual primary particlés. Chaouki et al. 1985 made
a distinction between Geldart C powders and a separate smaller class, C’, described

as "a typical clustering powder", that fuidized via self-agglomeration of the primary

particles, thus behaving as a system of low density fluidizable particles. Since the ———

condition of nonbubbling fluid-like fuidization is linked to the formation of porous
light'a'gglomerates, this type of fluidization has been rvecently termed as Aggloinei"atze
Particulate Fluidization (APF). |



50
4.2.1 Fluidization of Fine Particles

Sémé ofthe W(.)I"kSy showingv uniform ﬁuidizatibn of _ﬁﬁe and ultraﬁne povx}ders_ use aids
in ordef to help ﬂuidizatioﬁ. O'-ne (;f these fiuidization aids consists of coating micron
sizéd pérticlés With surface addifives t'hat‘ decrease intterpérticlevcohesion (Valverdé
ot al. 2003, Yang et al. 2005). -

- Since the éupf)ression of gas bubbles is related to the existence of porous
light agglomerates, a relevant property is the size of the agglomerate. Fine particles
agglomerate in the fluidized bed driven by the dynamic equilibrium between the
interparticle attractive force Fyy and the flow shear, which supports the particles weight

in the gravity fleld. Assuming that the maximum shear force that each agglomerate

can stand is on the order of the interparticle attractive force Fy, the scaling law

Bo, ~ Nk* = kP+? (4.7)

has been derived to estimate the agglomerate size d* (Castellanos et al. 2005). Here
N is the number of particles aé;g_lomerated, k is the ratio of d* to particle size d,
and the fractal dimension of the agglomerate (D = InN/Ink) is used. In order
to consider gas flow screening by the agglomerates, it is assumed-that-agglomerates
are approximately spherical and that the agglomerate hydrodynamic radius can be
approximated to its gyration radius. As estimated by Zhu et al. 2005, the error in
assuming that highly porous nanoparticle agglomerates behave as solid particles for
the purposes of hydrodynamic analysis is small. Also, if a a monodisperse distribution
of agglomerates is assumed, the settling velocity of the fluidized bed can be described
by the modified R-Z law (see reference Valverde et al. 2001 for a detailed derivation)
Us

Y _ (1= gt (4.8)

;U*

where v* = vyN/k is the terminal settling velocity of an individual agglomerate
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(hereafter the gas density p; is neglected as compared to agglomerate density p* =
ppN/E?), and ¢* = ¢k® /N is the volume fraction of the agglomerates in the fluidized

bed. Thus, Equation 4.8 may be rewritten as:

Uy N E\"
— =] - = 4,
Upo k < N ) ( 9)

Settling experiments (Castellanos et al. 2001) performed on fine powders with varying

particle size (from d, ~ 7um to d, ~ 20um) revealed that the fractal dimension of
the agglomerates is close to D = 2.5 as predicted by the diffusion-limited particle-
to-agglomerate aggregation model (DLA) introduced by Witten and Sander 1981,
where self-similar fractal patterns ramify due to the irreversible sticking of particles
in a random motion. Moreover the derived size of agglomerates was shown to be in
agreement with the theoretical prediction given by Equation 4.7 (Castellanos et al.
2005). o ‘

The Ha}rrison et al. equation (Equation 4.2) can be modified for fluidized beds
of agglomeratés in order to estimate the ratio of the largest stable size of fluid bubbles
Dy, relative to the agglomerate size d*. The modified equation that results from the
balance of the rising velocity of a fluid bubble to the terminal settling velocity of an

agglomerate v* is

Dy 1 p2gds
d* — 1820.72 u?

Bo{P~=3/(D+2) | (4.10)

where Equation 4.7 is used. Equation 4.10 will be employed in this work to describe
the fluidization behavior of our cohesive powders. According to Harrison et al. _het-
erogeneous bubbling fluidization should be expected for Dy/d* Z 10, whereas for
Dy/d* < 10 it is likely that the small gas bubbles developed do not coalesce into large
bubbles fqr éu-range of gas velocities in which the bed exhibits uniform fluidization

behavior. As the gas velocity is increased and consequently the concentration of these
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small gas bubbles is increased, it should be expected that the coalescence mechanistn
leads to the onset of macroscopic bubbling.
The attractive force Fy between uncharged particles fuidized by dry gas arises

mainly from the van der Waals interaction (Rietema 1991)

Ad,
2422

By (4.11)

where z ~ 3 — 4 A is the distance of closest approach between two molecules, A is
the Hamaker constant, and d, is the typical size of vthe surface asperities. Typically
A ~ 107*%J and d, ~ 0.2um (Rietema 1981), which gives an order of magnitude
for Fy ~ 10nN. Surface coating with nanoparticles such as silica may decrease the
typical surface asperity size to the size of nanoparticle agglomerates in-the surface
and thus reduce Fy down to Fy ~ 1nN (Castellanos et al. 2005). If typical values
for fine powders Fy = 5nN, d, = 10pm, and p, = 1000kg/m?® are used, Equation
4.10 gives D,/d* ~ 4 for fluidization with Nitrogen at 300K (1 = 1.79 x 107°Pa
s) predicting a transitional behavior in agreement with our observafions (Valverde
et al. 2003). Therefore, it is clear that a change of gas viscosity may result in a
qualitative change of fluidization behavior. For example, D,/d* ~ 1.3 for fluidization
with Neon at 300K (u = 3.21 x 107°Pa s) would be obtained, which, theoretically,
should result in a qualitative improvement of fluidization uniformity and a delay (and
possibly Suppression) of the onset of bubbling. According to our estimations, when
fluidizing at higher gas viscosities (or temperatures), and/or with smaller parti'cle
sizes (Dp/d* < 1), the bubbling regime is expected to be fully suppressed.
Experimental data on the bubbling onset (Valverde et al. 2003) also indicate
that the initiation of visible bubbling can be predicted by a modified Wallis criterion
for a ﬂuidized bed of agglomerates. Using Equation 4.7 he modified Wallis criterion

can be written as (Valverde et al. 2003)
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. 1 ppgdf, 1 B (>3—D)/(D+2)' n-lp 2/(D4}2)
u¢_¢ﬁﬂn(—¢0g ) O

U~ (gdp¢BO§4——D)/(D+2)) 1/2
uy < ug; nonbubbling regime

uy =~ wu} at bubbling onset (4.12)

In Equation 4.12 the effects of 1 and Bo, on the onset of bubbling are also apparent.
If only particle size is varied, uj o 30;0‘22 (1 - (/5302'11)4'6 would exist, and u* o< ¢*°
independent of Bo, (using D = 2.5). Accordingly uj decreases as Bo, is increased
while u¥ remains constant, thus the value of ¢ at which the bubbling onset condition is
met decreases, or equivalently the bubbling gas velocity increases. The same reasoning
applies to a change of gas viscosity since uj o p~t and u} does not depend on p.
Therefore, from both the Harrison and Wallis modified criteria it can be predicted
that a combination of large values of Bo, and p may eventually give rise to a full
suppression of the bubbling regime, i e., the fluidized bed would transit directly from

a nonbubbling fluidlike regime to elutriation.

4.2.2 Fluidization of Nanoparticles

Recently it has been observed that in a fluidized bed of nanoparticles, complex-
agglomeratés form by a multi-stage process consisting of agglomeration Qf pre-existing
simple-agglomerates (Yao et al. 2002). The agglomeration process of the simple-
agglomerates into complex-agglomerates may be described similarly to the agglomer-
atioﬁ of fine barticies by considering these simple—agglomerates as effective particles
undergoing a process of agglomeration controlled by the balance betvyeen shear forces
and attractive force between simple-agglomerates. Theﬂ, a rﬁodiﬁed version of Equa-

tion 4.7 can be obtained.
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Bo! ~ (k1yP™+2 , (4.13)

g

where Bo} = F /(kPW,) is the ratio of the attractive force between simple-agglomerates
F§ to the weight of a simple-agglomeré.te, /-cv is the ratio of simple-agglomérate size to
primary particle size d,, D the fractal dimension of a simple-agglomerate (kP = N is
the number of primary particles in a simple-agglomerate), k* is the ratio of complex-
agglomerate size d** to simple-agglomerate size d*, D* = In N*/Ink* is the fractal
dimension of the complex-agglomerate, and N* the number-of simple-agglomerates—
in the complex-agglomerate.

Likewise the Richardson-Zaki equétion needs further modification as discussed
elsewhere (Valverde and Castellanos 2006). If the light complex-agglomerates are
considered as effective particles and using the complex-agglomerate volume fraction

@™ it can be shown that (Valverde and Castellanos 2006)

o= (L= ™) (414)

where n ~ 5.6 in the small Reynolds number limit as for the original R-Z correla-
tion (Equation 4.3). Taking into account the multi-stage structure of the complex-

agglomerates, Equation 4.14 can be rewritten as (Valverde and Castellanos 2006)

’U_g-_.N‘"k ) /{}3(]{2*)3 =
’Up()- k k>

~ N 4 (4.15)
If the existence of a global fractal dimension for thetcomplek-agglomerate D, =
In N**/In k**, where N* = NN* is the number of primary particles in the complex-
agglomerate and k** = kk* is the ratio'of complex-agglomerate size to primary particle
- size, and allow that D, =D = D*is éssumed, then Eduation 4,15 can be further

simplified to
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Yo _ (k*)Pe=1(1 — (k*)3-Pegp)n . (4.16)

Upo
This eqﬁétioﬁ has Been already used in other works to éstiméte the‘ size of agglomer-
ates iﬁ gas-ﬂuidiééd beds of hanobarticles (Zhu et al. 2005, Nam et al. 2004).- '

| In this work, the Harrison et al. equation (Equation 4.2) and Wallis equation
(Equation 4.4) will be extended to the case of agglomerate particulate fluidization
of nanoparticles. As previously shown with the R-Z equation, if simple-agglomerates

are considered as effective particles, the Harrison et al. equation can be written as

Dy 1 10129 g df; 2D-3 2D*—3
— ~ * 4.1
&~ igor @ %) (4.17)

Assuming D = D* = D,, the simplified equation may be used

Db 1 p;z2; g d?; 9D, ~3
~ * @ 4.18
d* 1820.72 u? (k ) ( )

Alternatively, Equation 4.13 can be taken into account and derive 7

Dy 1 394y op_s (2D*~3)/(D* +2)
— ~ k Bo* 4.19
d= — 1820.72 12 (Bog) (4.19)

for the modified Harrison et al. equation. Likewise it is possible to write the modified

Wallis criterion in terms of the granular Bond number Boj

]_ d2 _D* * n—1 *
Wy~ ¢1_8917Z R 2 [1 — k3D (BOZ)(B D*)/(D +2)] (302)2/@ +2)

oy * 1/2
’LL** ~ [gdp(bk4—D (BOZ)M D*)/(D +2):|

uy" < u;" nonbubbling regime

uy =~ wug at bubbling onset (4.20)
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or, if complex agglomerate size and fractal structure D, are known, use the simplified

version

1 \ for* 2 d2
ur; ~ ¢E pp/ g( ) pn

W’ e [g(k™)4Ped,g]

[1— (k)P =Pe]"™

1/2

uy' < wu;" nonbubbling regime

uy ~ wug at bubbling onset (4.21)

Therefore, it is clear that the widely accepted Geldart classification scheme
for the behavior of fluidized beds solely based on particle-fluid density difference and
particle size (Geldart 1973) cannot account for the influence of material and gas
proberties on fluidization such as agglomeration due to interparticle fbrces and gas
visdoéity. These parameters are explicitly considered in Equations 4.10, 4.12, 4.19
and 4.20, which provide a phenomenological frame to predict whether fluidized beds

manifest uniform fluidization, bubbling or elutriation.

Experimental measurements—en—fluidized beds-of fine-and ultrafine powders
using nitrogen and neon as fluidizing gases will be presented below. In Subsection
4.4.1 data on a fluidized bed of micrometric sized particles is shown and experiments

on nanoparticle fluidization are reported. - — - — —

4.3 Eﬁcpexfimental Set-up
4-.3;1 Materials>
Experiment_s have been carried out-using both-micrometersized powders-and nanopar-
ticles. A commercially available xerographic toner (Canon CLCT700 cyan toner) was
used consisting of polyester particles-(dp2+-8-3-pm;pro-1200-Kg/m?)-as the micron-

sized powder. Part of the results from these experiments are reported in reference
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Valverde and Castellanos 2006. They are included here to illustrate the analogous
behavior between gas-fluidized beds of micron-sized particlés and gas-fluidized beds of
nanoparticles. Two types of nanoparticles, which show contrasting fluidizing behav-
iof, were fested; Aerosil R974 and Aeroﬁcidé TiO, P25. Aerosil R974 is a hydrophobic
SiOg nanopowder with a’particle ‘_deﬁsity of p, =2250 kg/m?, and a primary parti-
cle size of d, = 12 nm. AAeroxide TiO, P25 is hydrophilic, hasr a partiéle density of

=4500 kg/m?3, and a primary particle size of d, =21 nm. Previous reports (Zhu
Pp i

et al. 2005, Nam et al. 2004) show that silica nanopowder exhibits agglomerate par-

ticulate fluidization (APF) behavior whereas titania nanopowder bubbles soon after
the minimum fluidization velocity is surpassed (ABF behavior). APF is character-
ized by a large bed expansion and smooth fluidization, whereas ABF shows little bed

expansion and large bubbles (Zhu et al. 2005).

4.3.2 Fluidization Cells

Experiments Werve'performedrusing two different fluidized bed setups: one at the New
Jersey Institute of Téchnology (NJIT), described ih detail in Zhu et al. 2005, and
'another at the University of Seville (Seville Powder Tester, SPT). Nitrogen (u =
1.79 x 1075 Pa s) and Neon (u = 3.21 x 107° Pa s) were used as the fluidizing gases
at ambient conditions. | |

An extended report aboﬁt the operation of the SPT fluidized bed apparatus
can be found in reference Castellanos 2005. ‘The fluidized bed of the SPT setup
consists of a vertical 4.42 cm dia. vessel, 16.8 cm in height that is fitted at the
bottom with a sintered metallic plate having a pore size of 5 um that acts as gas
distributor. The powder in the vessel is subjected to a controlled flow of gas injected
through the gas distributor at its bottom. The particle volume fraction ¢ is derived
from the height of the bed, which is measured by an ultrasonic sensor placed on

top of the vessel. This device can determine distance with an accuracy of +0.01cm
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(much smaller than local fluctuations in bed height) by sending an ultrasonic wave
and measuring the time of reflection from the target.

The NJIT fluidized bed setup consists of a vertical 5.08 cm dia. vessel, 152
cm in height that is fitted at the bottom with a sintered stainless steel plate having
a pore size of 20 yum. The flow of gas to the column, either nitrogen or neon, was
controlled with a mass flow meter. The pressure drop was measured by two taps in
the column (one placed just above the distributor) using a transducer, and the bed
height was measured with a scale as the gas velocity was slowly increased. A shorter
version of this fluidization cell (23 cm in height) was used in the experiments of laser
imaging of agglomerates that will be described below.

While Canon CLC700 was tested only at the SPT, silica R974 and titania P25
were tested in both set-ups. Before the experiments were performed, the particles
were sieved (using a sieve opéning of about 500 pm) in order to remove previously
existing very large agglomerates. The length of the NJIT vessel allowed for the use of
a larger amount of powder and thus a deep fluidized bed. While in the SPT shallow
bed the masses of powder used were about 1 gram for silica and 4 grams for titania,
the typical masses used in the NJIT fluidized bed were around 10 g for both powders.
In the case of silica, this reduces the relative error due to the considerable elutriation
of .particles at high gas velocities. Furthermore channels are less stable in deep beds,
which might contribute for further expansion in the case of titania, a powder that
exhibits heﬁerogeneous fluidization. On the other hand the SPT allowed for the use
of the ultrasonic sensor to measure the settling velocity of the fluidized bed as done
for the toner powders. Additionally, fluidization in both S-etups‘was carried out by
different p'rocedures. In the SPT setup the bed is previously subjected to a high gas
velocity and then the gas velocity is abruptly decreased to-the desired value. In the
NJIT setup the gas flow is srﬁoothly increased from zero allowing the bed to reach a

stationary state and once the highest desirable gas velocity is achieved, the gas flow



59

is smoethly decreased back to zero. It is well known that powder history may have
substantial effects on the fluidization behavior of fine powders (Jackson 2001). In the

case of highly cohesive powders, interparticle adhesive forces are largely increased by

stresses applied during powder history and, as a consequence, large coherent fragments

of the consolidated powder are difficult to break by the gas. This suggests the classical
Geldart C behavior characterized by strongly heterogeneous fluidization (rising plugs,
rat holes, channeling, etc.). Thus, for these ﬁowders the fluidization procedure should
have an effect on the powder behavior. On the contrary, for low cohesive powders,

the fluidization procedure should not influence the behavior of the powder.

4.3.3 Laser Imaging of Agglomerates

- The direct measurement of the agglomerate size was performed at NJIT. The images
~of the agglomerates were recordeel using a ‘FlowMaster 35 CCD eemera controlled by
DaVis image acquisition and proceqsmg software. The Flowmaster camera was ﬁtted
wlth a varlable magmﬁcatlon optics, allowmg for a field of view ranging between 0.455
mm a,nd 7.1 mm, The field of view used in the experiment was typically 3 mm. For

illumination a Melles Griot He-Ne continuous laser (power 10 mW) was used, whose

3 LENA P

beam was eXpanucu into a tasersheet umug a-CylLndar rical-lens

sheet was oriented in the ver‘rlcal dlI‘eCtIOIl and the Flowmaster camera was aligned

perpendicula,r to it, pointing slightly downwards towards vthe surface mc the fluidized
bed. Tﬁe cylindrical lens was placed.faar enough from the camera sc that the field of
view of the camera fitted into the width of the laser sheet.

. During the experiment, it isAimporta,nt to keep the_surface of the fluidized bed
close to the spot where the camera is focueing since the images could only be taken in
the splash zone just above the surface of the fluidized bed. Images of the agglomerates

were acquired at 8 frames per second. The exposure tlme of each 1mage is 1 ms for

the experiments with silica R974 and 0.5 s for titania P25. In the case of silica o
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R974, the superficial gas velocity was 1.37 cm/s, equivalent to a displacement of 13.7
pm during the exposure time. For titania P25, the superficial gas velocity was 1.37
cm/s in the case of fluidization with nitrogen and 1.26 cm/s with neon, equivalent to
a displacement of 6.85 ym and 6.30 pm, respectively.

The images from the Flowmaster camera have a dynamic range of 4096 ar-
bitrary intensity units. At the conditions where the experiments were performed,
the noise level in the images is at the level of approximately 55 intensity units with
standard deviations of the order of 2 intensity units. Those images whose maximum
intensity were 64 intensity units were discarded as not being useful for agglomerate
size determination. On the other hand, no images with intensities larger than 512
units were found in the experimehts. Once the low-quality images were discarded, the
remaining images were rescaled into 256-gray levels images (scaling the maximum in-
tensity of the image to the 256th gray level) and thresholded using a C/C++ routine
to convert them into pure black and white images.

The final étep was to measure the agglomerate sizes in the thresholded images.
This was done using the public domain program ImageJ using the “segmented area of
interest” tool to outline the agglomerate. ImageJ automatically determines the area
A inside the outline. The agglomerate size d; is taken as the diameter of the circle
;Nith the same area A; as the agglomerate.

From the distribution of agglomerate sizes d;, two types of characteristic di-
ameters of the agglomerates céun be found: the number-length average diameter d’,
and the surface-volume average diameter d5V. The number-length average diameter

is defined simply as the average of the individual sizes d;,

dNL = % Z ’I’I,idi : . (422)
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while the surface-volume average diameter is found from:

dsv (4.23)

which turns to be the diameter of a sphere having the same ratio of surface to ‘volume
as the particles. Since the weight of an agglomefate depends on its volume, diameter
and the drag that it experiences at its surface, the most relevant average diameter
ﬁsed to compare with the results obtained from the modified R-Z equations is the

surface-volume average diameter.

4.4 Experimental Results
4.4.1 Be‘hévior of Fluidized Beds of Ultrafine Particles

Aerosil R974 and Aeroxide TiO, P25 were used as typical ultrafine materials. In
this section the results on the fluidization behaviour of both materials and also on
the direct agglomerate imaging are presented. Fluidization experiments with both
materials were carried in the SPT setup and the NJIT setup. Laser agglomerate

measurement was performed entirely at the NJIT.

Fluidization of Silica Nanoparticles

Figure 4.1 displays data of the particle volume fraction ¢ as a function of superficial
gas velocity v, for fluidization of Aerosil R974 with nitrogen and neon at ambient
conditions. When the gas velocity is suddenly decreased from a high value down to
a value smaller than vy, = vy =~ 0.4cm/s (as done in the SPT) the fluidized bed gets

jammed in a solidlike expanded state. In this solidlike fluidized state the bed retains

a small but nonvanishing yield strength due to the enduring contacts established _ _ .. _

between the jammed agglomerates. On the other hand, when the gas velocity is
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slowly increased from zero (as done at NJIT), the bgd chaLnnels very badly at low gas
velocities (pressure drop is unstable), which prevents its expansion until it transits
to the uniform fluidlike regime. Hysteresis in the fluidlike regime (v, 2 0.4cm/s) is
then grased and b_oth sets of data adjus_t to the same trend in the fluidlike regime,
in which the bed is uniformly ﬁuidiz_e_d, macroscopig bubbles are not visible, and the
gas pressure adjusts to the powder weight per unit area. Iﬁ this regime the height of
the free surface and the mass of elutriated powder increase monotonically as the gas
velocity is increased and thus, a full suppression of the bubbling regime is observed, i e.
the fluidized bed transits gradually to elutriation. The passage to the fluidlike regime
occurs at ¢ = ¢; ~ 0.0056 for fluidization with nitrogen and at ¢ = ¢; ~ 0.0048 for
fluidization with neon, indicating that the increase of gas viscosity produces higher
bed expansion in the fluidlike regime, as it was anticipated. This is clearly shown in
Figure 4.1, in which data from fluidization with both gases is compared.

In Figure 4.2 data of the settling velocity vy of the fluidized bed of Aerosil R974
measured just after suddenly stopping the gas flow as a function of the superficial
gas velocity v, at which the bed was fluidized is shown. The data cofrespondé to
measurements performed in the SPT setup, in which bed height h is detected at a
frequency of 40Hz by the ultrasonic enﬁtter-receiver placed on tdp of the bedasthe
bed is settling. This plot shows that fluidization in the fluidlike regime is quite uniform
since the data fits pretty well to the straight line v, = v,. Thus the gas velocify is
used in the modified R-Z equation for fluidization of the silica nanoparticles (Equation
5.1). Figure 4.3 is a plot of (v, /vp0) /™ vs. ¢ showing that the modified R-Z equation
(Equation 5.1) can be considered as a good fit to the data. Moreover, it is seen that,
within the experimental scatter, the data on fluidization with neon and data on
fluidization with nitrogen are on the same trend, indicating that the properties of the
agglomerates do not depend essentially on the type of gas as theoretically expected

(Equation 4.13). From these fits, the following are obtained: N** ~ 2.31 x 10", k** ~
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fluidization by neon. Thus,; as inferred from bed expansion experiments, the average
agglomerate size measured by this method is not significantly affected by the gas
viscosity. Moreover, the numerical values obtained agree with the experimental results
recently reported by Wang et al. (2006) for the same system and using also laser based
planar imaging (dVl ~ 147.0 um, see reference Wang et al. (2006)). On the other
hand, the shape of the distributions obtained by us differ from the shape of the
distributions presented by Wang et al. (2006). Wang et al. (2006) show distributions
in which the frequency of a given agglomerate size decreases monotonically as the size
increases, indicating a large proportion of small agglomerates detected.

d5V as calculated

As with respect to the surface-volume average diameter (
from Equation 4.23), it is worth noting that this value is quite sensitive to the shape
of the tail of the distribution. The exclusion of just a few of the largest agglomerate
diameters from the distribution tail can alter the surface-volume average diameter
significantly. In order to avoid this important source of error, the surface-volume
average diameter was calculated from the fitted distributions rather than directly
from the experimental data. In this way, it was found that 45V = 180.4 um for
fluidization by nitrogen and d°V = 175.7 um for fluidization by neon. The similarity
between these values again indicates that the viscosity of the fluidizing gas does not
influence signiﬁcatively the size of the agglomerates as theoretically predicted. On
the other hand, the surface-volume average diameters reported by Wang et al. (2006)
are larger (d°V ~ 240 pym). '

The smaller size of the superficial agglomerates measured from the laser-based
planar imaging as compared to the average size of agglomérates derived from the
R-Z fit to bed expansion data (309um and 373um for fluidization with nitrogen and
neon, respectively) could be attributable to stratification of the agglomerates. In the

stratified bed the largest size agglomerates would be at the bottom and the successive

layers toward the top would be composed of agglomerates of ever decreasing sizes,
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with the smallest ones preponderant at the very top. The sample of agglomerates

recorded in the images would therefore be a sample biased towards smaller sizes.

Theoretical Estimation of Agglomerate Size in the Fluidized Bed of Silica -

The following can be taken as typical values for fluidization of silica nanoparticles:
d, =~ 12nm, d* ~ 35um (as inferred from the work by by Nam et al. 2004), p, ~
2230kg/m Fy ~ 10nN (as estimated from the van der Waals force, see reference
Valverde and Castellanos 2006). If D* = D = D, = 2.57 is assumed, as derived from
bed expansion measurements in this work and also by N am et al. 2004, Equation 4.19
predicts d** = 143um. If D* = D = D, = 2.5 had been used, the predicted value
is d** = 165um. These values are close to the average experimental values obtained
from the las_er imaging of the agglomerates. It can be noted that the theoretical
estimation does not consider the likely memory effec’es cor‘lsistin'g-of the persistence
in the fluidized state of large agglemeretes fermed during powder hlstory and the
agglomera’res thaf remain most of the time close to the bottom of the bed. Thus

it is explam(lble that the theoretmal estimation conforms to the laser imaging of

aggldmerates close to the bed surface.

Estimation, of Mazimum Bubble Size in the Fluidized Bed of Silica————

Usmg the experlmental values for agglomerate size from laser imaging (surface—volume
average diameter), Equation 4.18 yields Dy/d** ~ 1.5 and D/d™ ~ 0.4, for fluidiza-
tion w1th mtrogen and neon, respectively. In both cases, the absence of a bubbling
tran81t10n Wmch has been seen expenmentally, would be predmted Accordmgly, from
Equamon 4. 20 it is obtamed tha’c u u** V¢ > 0. Furthermore in ﬂu1d1zat10n with
neon Dy/ d** is smaller Wthh mdlcates an 1mprovement of the quahtv of ﬂuldlzatlon
as seen in the experlments The same behav1or would be pred1cted for fluidization

with n1trogen at high temperatules (for example at T = 600K, p =2.96 x 107 Pa
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s, similar to-neon’s viscosity at T=300K). Remarkably this change of behavior, as
affected by gas. temperature, might be of extraordinary relevance to gas-phase pro-
cesses operated in a high temperature environment that is routinely employed in the
production of nanoparticles. On the other hand, the fluidization quality would be
harhpered and the onset of a bubbling regime might be expected when fluidizing with

low viscosity gases.

Fluidization of Titania Nanoparticles

In Figure 4.6, data on the particle volume fraction ¢ vs. the superficial gas velocity
for the nanopowder Aeroxide TiO, P25 is presented. =

In the deep bed (NJIT setup) it is observed that during fluidization, and after
initial channeling, Aeroxide Titania P25 expands uniformly but very quickly reaches a
bubbling state during which large bubbles cause the bed height to remain constant or
actually decrease when the gas velocity is further increased above the bubbling onset
(see Figure 4.6). At the initiation of bubbling the bed had expanded to no more than
twice the initial bed height and large bubbles rise up Cﬁrtaﬂing further expansion.
This is in contrast with the smooth fluidization of silica nanopowder described in the
previous section, characterized by a large bed expansion up to five times the original
bed height, and a transition to elutriation instead of bubbling.

For titania, transition to bubb‘ling is observed for fluidization with both gases.
As expected, bed expansion is greater and bubbling is delayed to higher gas velocity
for fluidization with neon as clearly observed when comparing Figure 4.6a and Figure
4.6b, for the NJIT data. Remarkably, hysteresis is found for this nanopowder also
in the solidlike regime indicating that fluidization uniformity is compromised even in
the fluidlike state. This is especially relevant in the case of nitrogen, and as a result
the hysteretic behavior in the solidlike regime is more pronounced for this smaller

viscosity gas.
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Figure 4.6 Particle volume fraction ¢ as a function of superficial gas velocity v,
for fluidization of Aeroxide Titania P25 with nitrogen (a) and neon (b) at ambient
conditions from the SPT and NJIT setups. In the NJIT experiments the gas flow is
smoothly increased from zero and then decreased again to zero (as indicated by the
arrows). In the SPT setup the gas flow is suddenly decreased after the bed has been
fluidized at the higher gas velocity.
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Another important difference with silica behavior is that results for fluidization
of titania are poorly reproducible in the shallow bed used in the SPT.setup. The
height of:the settled bed is about 3.7 cm, which is .smaller than bed diameter (4.42
cm) in the S.PT sefup, whereas 1n the NJIT | setup tﬁe height of the Settled bed (about
7 cm) is larger than bed diameter (5.08 cm). Gas channels are more stable in the
shallow bed, which hampers the quality of fluidization thus hindering bed expansion
as seen in Figure 4.6. The heterogeneity of fluidization in the shallow bed may also be
inferred from Figure 4.7 in which the initial settling velocity of the fluidized bed v,
measured by the ultrasonic sensor in the SPT setup, is plotted against the superficial
gas velocity v,. In contrast to the case of silica fluidization (Figure 4.2), a highly
scattered cloud of data is seen and mostly v, < v, indicating that a relevant portion
of the gas flow bypasses the bed through channels or bubbles corresponding to a
poorly uniform fluidization. » | |

Figure 4.8 is a plot of (v,/v,0)/™ vs. ¢ for fluidization of titania nanopowder
in the NJIT setup together with data of (vs/vy)™ vs. ¢ measured in the SPT
setup. |

Since, .as demonstrated by Figure 4.6, fluidization was rather heterogeneous
in the SPT setup (v, < v,), in this figure (v, /vpb)(l/ ") is plotted, using the settling
velocity measured in the SPT setup instead of gas velocity for the purpose of fitting
the data to the R-7 equation. It is seen in Figure 4.8,the data is highly scattered,
which can be attributed to the fluidization heterogeneity. Also, it was observed
that, in contrast with the case of silica (Figure 4.3), the data for neon and nitrogen
fluidization appear to be in different trends. This is an indication of the main effect
of neon on improving the homdgeneity of fluidization by destabilizing channels and
decreasing the maximum size of bubbles, which prevents full expansion in the case of
nitrogen fluidization. In fact, the scatter of the data on neon fluidization is appreciably

reduced with respect to the scatter of the data on nitrogen fluidization.
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Figure 4.9 Image of the freeboard above the fludized bed of titania obtained with
the Flowmaster 3S camera and the DaVis acquisition software after application of
the thresholding algorithm. The exposure time of the image is 0.5 ms. The example
corresponds to fluidization by nitrogen at a superficial gas velocity v, = 1.36 cm/s.

surface of the bed was irregular, with numerous volcanoes that would have interrupted
the path of the laser if the surface were placed at the level of the laser sheet.

The number of images of agglomerates analyzed was 353 for nitrogen and for
509 neon fluidization. The distributions of agglomerate sizes d; found from the images
is shown in Figure 4.10. Both for nitrogen and neon fluidization the data was fitted
by Equation 4.24, with a = 3.7, b = 28.9 pym for nitrogen and o = 3.2, b = 37.3
pm for neon. The number-length average diameter dV¥ obtained from these best fits
were dV1 = 110.2 pm (standard deviation 63.9 um) for nitrogen and d¥* = 124.9 ym
(standard deviation 80.5 um) for neon, suggesting again that the agglomerate size does
not change signiﬁcanfly with a chﬁnge in gas viscosity. The surface-volume average

diameters obtained from the fits are ¢SV = 164.7 pm for nitrogen and AV = 194.0
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the bed bmeﬂy into Suspensmn oefore the lar ger agglomerajceC fall back to the surface
of the bed Thus for tltama it is expected that the agglomerates recorded in the
1mageq to be & more representatue sample of the aﬁglomerates in the bulk of the

str atified bed than for sﬂlca R974

Theoretical Estimation of .Agglomerate Size in the F lm’dized Bed of Titania

The main difficulty in obtaining a theoretical value for the agglomerate size in the
‘ﬂuidized bed of titania is that there is not a reliable estimation of the size of the simple
pre-existing agglomerates of titania nanoparticles d*. If assuimed that for silica (Nam
et al. 2004), d* ~ 35um and the attractive force between simple-agglomerates is
Fy =~ 10oN, and assume D* = D = D, = 2.65, as derived from bed expansion
measurements, Equatlon 4.13 predicts d** = 101/1m If D* =D =D, = 2 5 was
used the predlcted value is d** = 133um These valuw are of the same order of

magnitude that the experimental values

Estimation of Mazimum Bubble Size in the Fluidized Bed of Titania

Using the experimental values of the agglomerate size-from laser imaging (surface-

volume average diameter), Equation 4.18 yields D,/d™ =~ 32.8 and D, /d** >~ 14. 8
for ﬂu1d17at10n with mtrogen and neon, respectively. Accnrdmg to the Harrlson et
al. critenon bubbhng ﬂaldlzatlon is expected for tth nanopowder eremally for
ﬂuldlzatlon with nitrogen. Usmg the Wallis criterion, Equatmn 4. 20 predlcts the

1n1tvamon of bubbling at ¢, =~ 0. 018 for ﬂuldlzatlon wrch nitrogen. Note that fhls

is approxmlately the value of the partlele volume fractlon of the set‘rled bed in the

shaﬂow bed (qPT setup) This would have led us to expect that the bubbhng onset
occurs in parallel te- bed expansmn as seen expenmentally On the other hand, for
ﬁuldlzatlon with neon, it is-calculated that ¢, ~ 0.016, which predicts bed expansion

before the onset of bubbling as it is seen in the experiments. As described above, the
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deep bed used in.the NJIT setup allows for further expansion thaﬁ expected..

~ 4.5 Conclusions

The fluidization behavior of fine and ultrafine particles has been exp'erimenfaﬁy inves-
tigated. The powders tested consisted of micron sized polymer particles (particle size
dy ~'8.3um), silica nanoparticles (dp =2'12nm) and titania nanoparticles (d, ~21nm).
The fluidizing gases used have been nitrogen and neon, allowing us to study the ef-
fect of a change on gas viscosity by a factor of two approximately on fluidization
behavior. Several experimental techniques have been employed in order to investi-
gate the fluidized bed behavior: measurement of bed expansion, settling velocity.
local reflectance (only for the microparticles), and laser-based plaﬁar.imaging of the
agglomeyatgs (only for'nér.lopal_rticles) have begn carried out. Part of the experiments
’ héwe beén performed in diﬁ“erenf setﬁps by diﬁ"efén‘t research groups in order to seek
for reproducibility.

A main result derived frolxﬂ these ekpériménts is that the size of agglomerates

in fluidization does not depend eééentizﬂly on the fype of gas used &t ambient con-

ditions as theoretically expected. On the other hand, it is seen that an increment

of gas \}iébosit}r enhances bed expé,né.ion and delays the onset of -‘bubbl.ih'g, which is
attributable to a decrease on the size of small gas bubbléé in the uniform fluid-like
regime. These small bubbles are present in the nonbubbling fluid-like regiﬁe and
have been detected by local reflectance measurements.

' For the micronlsized particles, the fluidized bed is seen to transit ffo'm uﬁiférm
Auid-like fluidization tb -bubbling. “In the ‘absence of visible large' bubbl‘és’"the' bed
expahds ébéording to the Rith'ardso‘mZaki equation, modiﬁed:' to take into account
pérticle agglonleration.' As the Supérﬁcial gaé velbéityl is'ihéréziSed,._the‘freqﬁéncy of
small bubbk‘eé'increases up to the onset of bubbling.—At-this-point-small bubbles

coalesce into visible bubbles and bed expansion saturates.
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T he tfanéitién to a.bhbbli'ng: régifrle is rationalized from the éétimat_ion of the
size of gas :blib',bles using tht; empirical Harrison criterion modified for‘agglomérateé.
From the Wallis criterion adéu'pteld.t'o; tﬁe ﬁuiaizatidn of agglomefatéé, it is prédicted
that_ bubbhng 'V\}Ollld occur af Vail:u.és'of the v'pa;rt.icle volume fraction gb close to the
é}ipei"iméﬁtéll& 'rrie.asufed ones. Using‘both criteria, it is prediqt'ed that bubbling
should be flﬂly suppressed, 1. e the gas—ﬂixidiied bed would transit directly from
uniform fluidization to elutriation, in the limit of a high viscosity gas (1 = 4 x 1075
Pa s), whereas the window of uniform ﬂuidization should shrink to zero in the limit
of small viscosity (u <1 x 107°Pa s).

As with respect to the nanoparticle systems, a transition from uniform flu-
idization to elutriation with full suppression of bubbling has been observed in beds of

_silica- nanoparticles fluidized by nitrogen and neon. For this system, the bed expands
continuoﬁsly as the gas velocity is increased, while the amount of elutriated particles
increases, without saturation. This is expected from the erﬁpirical Harrison crite-
rion adaptéd to fluidization of nandparticle agglomerates, from which it is estimated
that the size of the small bubbles in uniform fluidization is of the order or smaller
than éugglomérate size. Accofding’ly, the Wallis criterion adapted to fluidization of
agglomerates Apredicts the absence of a bubbling reAgime.. Concerning gas-fluidization
of denser. and larger nanoparticles (titania), a transition to bubbling fluidization is
observéd, which is del-ayed by the use of the higher Viscosify neon. As for the mi-
crometric powder, the transition to a bubbling regime is explained by the modified
Harrison criterion that predicts bubble sizes larger than agglomerate size. Uniform

fluidization for this system is however compromised by the use of a shallow bed. The

fittings of bed expansion data to the modified Richardson-Zaki equation anc‘jf laser

based planar imaging allows us to estimate average agglomerate sizes of the order

of hundred of microns with a wide distribution and. more or less invdependen't of gas

viscosity. This work suggesté that agglomerate size polydispersity could represent a



80

relevant influence léading to stratification that is out of the Scépe'of this paper but
needs to be studied in the future.

Usually, granular systems fluidized by gas have shown a direct transition from
solid to bubbling behavior. However, the particle size of these systems wasof the order
of 50um or larger, and thus particle agglomeration was negligible. In contrast, uniform
fluidlike fluidization was the common behavior observed for beds fluidized by liquids.
This has led many researchers to consider gas-fluidization as radically different from
liquid-fluidization for many years (Homsy 1998). For the fine and ultrafine powders
studied in this work, a fluidlike regime characterized by the absence of visible gas
bubbles is idenfitied, which is against an old misconception that gas-fluidized beds
should always bubble. Not surprisingly, a simple calculation of the Froude number
based on agglomerate size F'r* = v,?/(gd**) yield values on the order of 0.1 or smaller
as for liquid-fluidized beds, and are representative of uniform fluidization behavior

according to the pioneer work of Wilhelm and Kwauk 1948.



CHAPTER 5

NANOFLUIDIZATION AFFECTED BY VIBRATION AND
ELECTROSTATIC FIELDS

5.1 Introduction

Gas-fluidization of nanoparficies is a subjéct of great interest to the chemical, phar-

maceutical and other industries which use ultra-fine particies in their products due

to its potjéntia,l for d_irspersing, coaﬁng, granulating, mixing, and 7improvingrge;s-éolid W
reaction efficiency. Fluidization is accomplished by passing a gas through a verti-

cally oriented bed of powder. At a certain gas flow, the drag balances the powder

weight per unit area and the powder becomes fluidized. In some cases, as for example

in the gas fluidization of silica nanoparticles, smooth fluidization is observed, with

extremely high bed expansion and the absence of visible bubbles in a wide inferval
of gas vélocities (Zhu et al. 2005). However, due to the exceedingly large ratio of

- interparticle attractive force to particle weight, fluidized nanoparticles are observed

to form hierarchical fractal structured;-highly porous agglomerates cf size d** on-the — — — _

order of hundred of microns (Vah‘/erde and Caétéllanos 2007). The effect on particle
agzlomeration of acting forceé, such as interparticle aftféctiorl; 'gf‘avity and gas flow
shear forces is a matter of .acﬁti.*»fe reééarch since there is a need t0 undefét'and the
pvbva}"def bulk behavior from fundamental phymcal interactions. =
TheAexpaxisioln of a uniformly ﬁuirdi'ze(ri bed of nanéparticles can be well de-
scribed by the modified Richardson-Zaki (RZ) equation (Valverde et al. 2001).
5;9; = pPel(1 - k;j—Da-qé)n,‘ o | )

where v, is the superficial gas velocity, ¢ is the particle volume fraction, vy is the

Stokes sethling velocity of a single particle, vy = (1/18)ppgod;/p (Viscous regime), go
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is ’rhe graw 1ty acceleratlon d is the prlmary partlcle size, ,u is the v1scos1t3 of the gas,
thp exponent n is of the order of 5 in the viscous hrmt kg 1s th@ ratio of agglomerate
size d** to particle size (k, = d**/d,), and the agglomerates are assumed to have a
fractal dimension D, =In N,/ lﬁ ka, where N, is the ﬁumber of primary nanopartides
in the agglomerate. Equation 5.1 has been fitted to experimental data, which has
served to infer an average value of the ‘agglomerate size in -fluidized beds, which
has yielded results in accordance with independent direct experimental observations
(Castellanos et al. 2001, Nam et al. 2004, Zhu et al. 2005, Valverde et al. 2008).

Yao et al. 2002 observed that 7-16nm silica particles formed multi-stage ag-

glomerates (MSA) in the fluidized bed by three steps. Firstly, primary nancpar-
ticles were agglomerated into 3D netlike structures {(sub-agglomerates). Secondly,
the sub-agglomerates formed simple-agglomerates of size d* in the range 1-100pum
that existed previcus to Auidization: When the bed was 'ﬂ‘aidized, these preexist-
ing simplé-agglomeratés ‘further joined"into éomplex—agglemerateé of size d** of the
order of rhundred of microns. The’ i;n—situ images of fluidized Iianopai“titjle agglomer-
ates obtained by H‘akim’ét al. 2005 offer evidence of a dynamic aggregation behavior.
Agglomeration of simple-agglomerates can be thought as thé result of a djfnamic equi-
librium of attraction between the siﬁﬁle—agglbmerates and flow shear, that supports
the Wéighﬂ of the agglomerafés in the gravit.y field.

If the 31mple-agglomerates ax1st1ng before ﬂu1d1za‘r10n are considered as ef-
fective pa 10195, the relative 1r1portance between attractwe and Welght forces can
be evaluated by means of the agglomerate Bend number Bo dﬂﬁned as the ratio
of the attractive force between s'imple-agglomerates'F* to the Weight of the éimple—
agglomeraﬂé W = NSWP, where Ns is the number of 'priméry nanoparticles in the
s:impl'e—agglomerate', and W, = (1/ 6)pp7rg0d§’; is.the weight of a primary nan-op-afti—’
cle. The weight force of the éémplex?agglomerate, which acts uniformly through the

aggiomér’até body, is 'compensated by the hydrodynamic friction from the surround-
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ing gasf, which acts fnainly at its-surface due to the flow sc.rééning effect {Wiltzius
1987). As the complex-agglomerate grows in size the local sheaf’fofce acting on the
simple-agglomerates in the outer layef of the compléx—dgglorﬁerate is increased. Us-
ing "a'Spriﬁg model (Castellanos et al. 2005), and considering simple-agglormerates
as effective particles, this shear force can be estimated as F * o WH(E*) P2 where
k¥ = d*jd*. Sirﬁple—agglomerates will continue adhering to the complex-agglomerate
as long as the force of attraction F™* is larger than F;. The balance between these

two forces (F* = F¥) thus serves to find a limit to the size of complex-agglomerates

d** ~ d*(BOZ;)l/(Da+2) (5.2)

In the absence of humidity, the main attractive force between simple-agglomerates

“is the van der. Waals short ranged force (Krupp 1967) , which can be approximated

by (Rietema 1991)

* * AI-{dar‘v V '\
FroFoy~— (59

where Ap is the Hamaker constant, which for most solids is around '1‘0"19‘] (Visser
1972), da, is the typical size of surface asperities, which for micron-sized particles is
of the order of 0.2um (Rietema 1991), and z is the minimum intermolecular distance
(2 ~ 3-4 A [Rietema 1991]). From these values it is calculated Fy, ~ 10nN. Using
a typical value of d* = 30um for the size of the simple-agglomerates, as inferred from
the work of Nam et al. 2004, and D, - 2.5, as inferred from settling experiments
(Valverde et al. 2008, Wang et al. 2006)_, Equation 5.2 predicts d** ~ 150um for 10nm
silica nanoparticles (p, = 2500kg/m®). This estimation agrees with the experimental
values measured by several researchers for silica nanoparticles using noniﬁvasive laser-
based planar imaging techniques (Nam et al. 2004, Zhu et al. 2005, Wang et al. 2006,
Valverde et al. 2008). '
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Equation 5.2 further allowe eﬁvisaging the role of_ physi;fel pa.fa.ﬁleters thet.
mighvt‘ chan'ge a\gglomerate size throﬁgh their effect en either the at‘tféctive force or
effectlve acceleratlon For example the presence of humldlfy enhances the force
of attractlon Wthh g1ves rise to larger agglomerates (Zhu et a], 2005 Hakim et
al. 2005\ Expenmental observatlons on cen‘rrlfugal fluidized beds ( CFB) mdlcate
that the mean agglomerate size decreases as the centrifugal acceleration is increased
(Matsuda et al. 2004) which can be explained from the increase of the effective
acceleration.

The fitting of Equation 5.1 to bed expansion data caﬁ be a useful tool to
investigate the effect of external fields on agglomeration. For example, the expansion
of a fluidized bed of micron-sized toner particles, when subjected to vertical vibration,
could be attributed, according to Equation 5.1, to a decrease of agglomerate size
while the fractal dimension remained approximately the same (Valverde et al. 2001).
According to Equation 5.2, the size of the complex—agglomerateé iﬁ a fluidized bed
subjected to vertical vibrations of amplitude A and frequency v would be given by

a4

ok 0 Lo oA

where dj* is the agglomerate size in the nonvibrated bed, A = 1 + i@g’;—”)?, and it
is assumed that the size of the simple-agglomerates and the fractal dimension are
not changed. Using Equation 5.4 in the modified RZ equation ( Equation 5.1), it is
derived that the particle volume fraction of the VFB should be

1 — APe=D/I(Dar?)] (1 — kggDa%)

¢ ~ j3=De [ \(3-Da)/(Dat?) - (5.5)

where ¢ is the particle volume fraction of the nonvibrated bed and k., = dt*/d,.
In reference Valverde and Castellanos (2006) it was shown that Equation 5.5 fitted

well to the enhanced expansion of vibrofluidized beds of micron-sized toner particles
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as the effective acceleration was increased up to a critical point at which bubbling
instability was stimulated. Albeit, it must be kept in mind that Equation 5.1 has a
purely empirical origin. Another possible mechanism that may aﬁeét the behavior of
a fluidized bed, and is not considere'd‘ by Eqﬁétion 5.5, is the perturbation of particle
flow byéxternal fields. o
| In the present work, experimental results on vibrofluidized bedé of';silica hénopar—

ticles are reported. In the light of the new data the usefulness of Equation 5.5 will be
investigated. In a second part of our work, the effect on the fluidized bed expansion
of an electrostatic field applied in the horizontal direction as recently investigated
by Kashyap et al. (2008) is investigated. A main observation reported in the work
of Kashyap et al. (2008) is that the electric field markedly hindered bed expansion.
In our wofk, similar observations are reported. It remains, however, to be discussed
what effect the electric field has on ihterpar‘ticle forces. Silica nanoparticles would be
pdlarized‘ when the electric ﬁéld is applied, giving rise to an additional force. How-
ever, it is uncertain whether the strength of this forée is relevant or how it would
affect agglomeration. In our work, the effect on the fluidized bed-When both fields
are applied is alsb investigated. These results will highlight the necessity of bringing
into discuséibn the perturbation of agglomerate flow as a possible physical mechanism

that affects the résponse of the fluidized bed to external fields.

5.2 Experimental

In the experiments reported in this work, a cylindrical fluidization cell made of ﬁoly-
carbonate of internal diameter D=2.54cm and height H = 16.2cm, and with avsin-
tered metal gés diétributér (pore size ~ 5um) at its base was utilizedi. The cell was
placed between two square electrodes with 14cm of side lehgth. The typical distance
between the‘electrodes was 7;6cm, Qne of the electrodes was grounded aﬁd high

voltage (up to 30 KV) was applied to the opposite electrode using a high voltage
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DC supply (Spellman model HRH 40PN120 /OVP/ FG with a range of 0 to 40 KV).
In this way the behavior of the fluidized bed could be tested when subJected to a
horlzontal el@ctros‘ca‘rlc field of stxength up to 4kV/cm.

The ﬂuldlzatlovl cell was fixed with a teflon holder to the table of a Tira. GmbH
vibra‘-;or (model Tira vib TV52120) driven by a power amplifier model Tira BAA500,
W‘th a maximum.output bf 6 A. Vibratioﬁ was apblied in the vertical direction. The
acceleration amplitude was measured with a piezoelectric accelerometer Briiel and
Kjaer model 4500A. The current output of the accelerometer was read using a lock-in
amplifier (Stanford Research Instruments model SR530) tuned to the frequency of the
vibrations. Thus, open loop control was used to set the amplitude of the vibration.

The gas flow (dry nitrogen) through the cell was controlled using a MKS flow
controller (model 1179A) with a range from 0 to 2000 cm®/min. The height of the
fluidized bed h was measured using a ruler taped to the side of the bed (marks in
mrri). When th'erli-near amplitude 6.f the vibrations was tbo.la.rge to clearly visualize
" the height cf the powder, stfoboéédpic illuminaﬁién was used to allow for visualization
of the Iﬁarks on the ruler. R

" The 'I'nateriial‘ employéd in’ the exp’eri’ménts.Was silica Aéfbsil@R@fl(parﬁcle
size d, =12 nm, pafticlé density pp =2250 Kg/m3). The mass of sample used m was
in the range between 0.20 g and 0.45 g. From the mass and height of the fuidized bed,
the'avefagevp'érticle volume fraction is calculated as #=m/(p,Sh), where S = 5cm?
is the cross-section area of the bed. In order to correct for elutr.iéution, the mass of the
material in the cell at the beginningraﬁd conclusion of each run was measured. The
mass at intermediate stages was calculated by inﬁerpolati‘on.‘ Typically, the mass of
elutriated powder was below 5% of the initial Iﬁass. |

Using this setup, the following expeﬁments were performed:

1 The particle volume fraction of the fluidized bed as a function of the super-
* ficial gas velocity (expansion curve) in the absence of any external field was
measured. The expansion curve was measured starting from a gas flow rate of
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1000 cm?/min and decreasing the gas flow rate in decrements of 100 cm®/min
after the bed had reached a stationary.state. This experiment allowed us to
estimate the average size and fractal dimension of the agglomerates by fitting
the modified RZ equation (Equation 5.1) to the data.

The effect of applied vibration on the fluidized bed expansion was measured.

To this end the vibration amplitude was slowly increased at a givenfrequeney————
while the gas flow supply to the bed was kept constant. These ¢ éxperiments were

performed at five vibration Irequenmes 30 Hz 50 Hz, 100-Hz, 200 Ha and 300

Hz. -

ND

3. The effect of a horizontal electrostatic field on the expansion of the fluidized bed
was measured. To this end the powder was initialized by fluidizing it at a gas
flow rate of 1000 cm®/s. Then the electric field was turned on and the expansion
curve, with the electric field kept constant, was measured by decreasing the gas
flow rate in decrements of 100 cm®/min.

4. The effect of vibration and the electrostatic field on the fluidized bed expansion
when both fields are simultaneously applied was measured.

' 5.3 Expansion of the Fluidized Bed in the Absence of External Fields

Figure 5.1 shows the particle volume fraction ¢ of the fluidized bed measured as a
function of the superficial gas velocity v,.” Each point of this curve is calculated as
the average over the 36 iﬁdepeﬁden‘p 'r;m.s perforfned. —The error bars.represent the
standard 'dex-/'iatien ef the mea;sﬁrvements,m ‘The expansion ‘curve serves.us. to find an
esti_mation of the agglomerate size d** and fractal dimension of the agglomerates D,
by ﬁ‘rtmg the data of vg vs. ¢ to the modlﬁed RlChaI‘daOvl—Zﬂkl equatlon (Equation
5.1). The best fit of Equamon 5 1 to. ‘rhe averaged data, glves arr : ‘205/J,m,and

D, =2.6, in good agreement with previous estimations for the same powder.

5.4 Effect of Vibration on Bed Expansion at Constant Gas Velocity

Figures 5.2a to 5.2c show the effect of applying vertical. vibration to the initially
fluidized bed ab dlfferent values of the superficial gas velomty In these experlments,

the gas Veloc1ty was kept constant wh11e the v1bra’clon amphtude af a glven vibration
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study at small vibration' frequencies (v < 50 Hz). -

This result suggests t‘h‘at,’ within"this limit, Equa,tion' 5.4 can be used to esti-
mate agglomerate size in the vibrofluidized bed. For example, vin'the vibrofluidized
bed éxperiments on the samé nanoparticle system reported by Nam ‘et-al (2004),
they used A = 4 and v = 50 Hz, and obtained, from a modified RZ fit to their'data,
d** = 160gm and D, = 2.58. Using ianqUatiori 5.4, dy = 235ﬂm'and D, = 26
from our nonvibrated fluidized bed expansion data, it is obtained that d** = i74ﬂm
for A = 4, in good agreement with the result inferred by Nam et al. (2004). Figure
5.3 shows a modified RZ fit to our bed expansion data for A =4 aﬁd v = b0Hz. The
results from this fit are d** = 171um and D, = 2.61, which are close values to the
ones obtained by Nam et al. 2004 and to the agglomeréte size predicted by Equation
5.4.

In,the. previous work on viscosity effects on the fluidization state of nanopow-
ders (Valverde et al., 2008) using nitrogen or neon as the ﬂuidizing gas, it was found
that R974 'siliéa fuidizes without bubbling, Ekperiments have been repeated here to
* confirm that the fluidization remains bubbléless even ét high superﬁcfal gas velocities.
Very small “microbubbles’ have been observe.d, but these are not on the same order
of size as the bed expansion-curtailing large bubbles. Thus, ét high velocities, the
silica. nanopowder transits from a state of uniform homogeneous ﬂuidizafion, to an
expanded turbulent state.

" The formation of bubblés in the vihrofluidization of hanoparticles is mainly
dependeht on two parameters: ‘the freqﬁency of vibration and the superficial gas
velocity. From our experimental data; plots of solid volume fraction ¢ and the effective
gfavity lambda A were generated. A typical example is seen in Figure 5.2c for a
relatively };igh superficial velocity of 1.97 cm/s. At high. frequencies, the value for ¢
decreases monotonically as A iricreéses, implying an increase in bed height. However,

in two of the data sets (f = 30 Hz, and f = 50 Hz), it can be seen that at a critical
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sion and is not taken onto account by unatIO"l 5. 5 would be the perturbatwn
of the ﬂow field of the agglomerates Ari goroua study of tms effect would consist of
dlre(‘t observatmns of the agglomerate ﬂow patterns in the ﬁu1dlzed bed Thls can
be accompushed by means of particle image velocimetry analysrs (PI\/ ), as used for
example fer observing particle flow patterns in li‘quid-ﬂuidiz‘ed beds of nonedhesive
partieles (Duru and G.uazzel]_i; 20(7)2): | | o | | |
It is possible, however, to perform simple estimations to evaluate to which
extent vibration might affect the agglomerate ﬂowv patterns. If it is assumed that the
fluctuation velocity of the agglomerates in the fluidized bed is of the order of the gas
velocity v, (as measured by Segre et al. (2001) for noncohesive particles fluidized by
liquids), the time required for an agglomerate to travel a distance of the order of half
~-its size would be §t ~ 0.01s (using as typical values d** ~ 200um and v, ~ lem/s).
Thus, for vibration frequencies of the order of f ~ 1 /(268t) ~ 50Hz or smaller, the
a.gglomerates would be able to follow the oé'cﬂlatory motion transmitted from the
gasdistr-ibutor. Since there is a broad dispersion in the e.gglemerete size, it can be
expected that for frequencies of the order of hundred of hertz, the fow of the smaller

egg]_omerates could be affected by the vibrations, but thle effect would become less

noticeable as the vibration frequency is increased. It is therefore reasonable that the

responee of the bed to vibration depends also on vibration frequeﬁey. -

5.4.1 Eﬂ'ect of a Horizontal‘ Eleictric’Field ondBed EXpahsion

Due to the .presence of ‘rhe metalhc dlstrlbutor the electrlc field eould be
alstorted near the base of the eell Other Qources of—mhemegvﬂe!txﬁeﬂtheﬁﬁeldrarethe—
ﬁmte size of the eleetrodes and the preeence of the dlelectrm Walls of the ﬂuldlzatlon
cell. In order to evaluate the relevance of these drs’rurbances, a 3D FEM calculatlon
of the electric ﬁeld between the electrodes using COMSOL Multiphysics software .. ...

was made Both 2D and 3D calculatrons were performed The 2D calculatlons were
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Max: 1.00
1

0
Min: 0

Figure 5.6 Electric potential in the vertical mid plane perpendicular to the elec-
trodes. Distances are to scale.

of the fluidized bed as a function of the superficial gas velocity v, for several values
of the electric field applied. Each point of these curves represent the average and
standard deviation over 12 independent runs. As it can be seen in Figure 5.7, the
main effect of the application of the electric field is an apparent increase in the particle
volume fraction of the fluidized bed or decrease in bed expansion. This observation
agrees qualitatively with the results recently reported by Kashyap et al. (2007) using
a similar setup.

One might wonder if the application of the electric field should affect the
agglomerate size and/or its fractal dimension. Indeed, the externally applied electric
field polarizes the particles giving rise to an additional force that modifies particle

agglomeration. This force between the induced dipoles might lead to the formation
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larger than the force fq between the induced dipoles by the electric field. Thus, it is
unlikely that the electrostatic field plays a direct role on agg'lomeration dynamics.
A further observatlon that upholds thlS conclusion is hat the effee‘r of the

elecfﬂc field was not rever81ble If the electrlc field was turned off the helght of the

bed even contm.ued to decrease shghtly rather than to ret.urn to r,ne height before
appli'catiio»n of the 'ﬁelci.r This Ca}.\ be seen in the series of phetogrephe "ShOvvn in
Figure 5.8, in which the voltage was increased from 0 KV to 10 KV and then turﬁed
back to 0 KV while keeping a constant superficial gas velocity of 2.6 cm/s. This
observation suggests that the electric field must have a relevant influence on the
flow of agglomerates. Since it is practically impossible to have uncharged particles
in a powder sample due to contact and tribo charging (Glor, 1988), there must be
present a horizontal electrostatic force on the agglomerates Fe = QE, where Q) is
the cherge on the agglomerate. Thus, the action of the field would be-'to drive
the agglemerates towards the lateral walls of the bed giving rise to a sqiidlike layer
'ef'- powder adhered to the walls and a !cent'ral low density channel tllfou.gh ‘which
most of the gas bypasses the pdwe{er.- As a consequence, ﬂurielizat_ionn uhiformity
and bed 'exp‘ans'ioﬁ'would be'hindefed as observed experimentall'§> Since the electric

field turns the APF (agglomera‘re partlPulateﬂurdizatlo‘rﬁ%ehavmrfcrheteregeneous

ﬂuldlzamon it is therefore questionable to use the modified RZ ,Equatlon,,,LCLm data
on bed expansmn as affected by the electric field.

It is poemble to obtain a rough estimation of the afrglomerates charge from
the balance between the Stokes horizontal drag forr‘e and the horizontal electrostatic

force,

O 3mudvy, - o e -
Q ; ) E -

(5.8)
where vy, is the horizontal drift velocity of the agglomerate. Even though vy, should

be rigorously measured by means of a noninvasive technique, it can be estimated
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that v, ~ lem/s since the time scale for the action Vorf the electric field is of the
o.rder of seconds and the length scale, which is given by the bed diameter, is of the
order of centimeters. Thus, the average agglomerate charge must bé of the order of
107'5C. Kashyap et al. (2007) explain their results on bed collapse from the addition
of an electrical forc.e to-the momentum balance equation. From their experimental
data, Kashyap et al. (2007) estimate charge to mass ratio values of the order of
5 x 107%C/kg. If this value is.assumed to correspond. to the‘ratio of the charge
of an agglomerate to its mass, and using the size of the agglomerates previousty ————— —
derived (d** ~ ‘235 pm) aﬁd agglomerate fractal dimension (D =~ 2.6, which gives
an agglomerate density p** = p,kP=3 ~ 40 kg/m3), @ ~ 1071°C is cbtained in
agreement with the calculation based on Equation 5.8. This value is also comparable
- tothe typical particle charge measured for electroneutral blown powders (Eden, 1973).
From this charge value, and assuming that agglomefateé can be considered as
effective spherical particles with an electfical permittivity close to the pérmittivity of
'va(::u'uxﬁ d_ue' to its high porosity, the electrostatic force between agglomerates would

be (Feng, 2000)

Frv o Z— 5.9

¢ dmep(d)? (5.9)
which gives a negligible value (F} ~ 107**nN) as compared to the van der Waals
force between agglomerates (Fypy, ~ 107 — 107°N). This calculation justifies that

the electrostatic forces are dismissed in the estimation of the attractive force between

agglomerates, even though they carry an electrostatic charge.

5.4.2 Effect of Superimposed Vibration and Electric Field

The change in the particle volume fraction A¢ as a result of the joint application

of a horizontal electrostatic field and vertical vibrations is measured with respect to
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Figure 5.8 Series of photographs showing the irreversibility of the effect of the
electric field on fluidized bed expansion. The superficial gas velocity is 2.6cm/s. The
strength of the electric field E is slowly increased from a) to ¢). a) E = 0V/m. b)
E =0.66 x 10°V/m. ¢) E = 1.32 x 10°V/m. In d) the field is turned off. The arrows
indicate the evolution of the free surface. In d) the free surface cannot be neatly
distinguished.

the particle volume fraction in the absence of these external fields. In Figs. 5.9 to
5.12, the results obtained by increasing from zero the amplitude of vibration while the
electric field and vibration frequency remain fixed is shown. As expected, the opposite
effects observed when both fields are applied separately also take place when both
fields are jointly applied. The solidlike layer of powder that was stuck to the walls due
to the horizontal electrostatic force, and produced a bed collapse, was removed and
redispersed again by vibrating the cell with sufficient intensity. In this way the bed
recovered approximately its original expansion state as can be seen in Figs. '5.9t05.12.
Thus, vibrations counteract the collapse induced by the electric field, while the electric
field counteracts the expansion induced by vibrations. This is explainable from the
perturbations of agglomerate flow induced by both fields. In the electrovibrofluidized
bed, the vertical flow induced by vibrations and the horizontal drift caused by the

electrostatic force occur simultanéously. Thus, depending on the relative strength
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of both fields either collapse or expansion .could Be'observéd, The main effect of a
combination Qf V’ibratién and electric field can be QUalitatively reproduced from a
linear superposition éf the effects of both fields, i e. A¢ ‘: JAY -{- A¢g, wﬁere Ao,
is the change in the particle volume fraction due to the effect of the vibration alone
and A¢g is the change in the pérticle volume fraction due to the effect of the_velectr-ic
field alone.

When both the electric field and vibration are applied, the main forces acting
on an agglomerate adhered to the wall powder layer are the vibrational force F, =
Mo A(21v)? = mg(A—1)go, where m, = (1/6)p,md3kD® is the mass of the agglomerate,
the electrostatic force F, = QF, and the van der Waals adhesive force Fyy, ~ 107% —
1078N. Looking at Figs. 5.9 to 5.12, it can be estimated that the effects of the electric
field and vibration are compensated when the vibrational force is similar to the van
der Waals force, while the electlfical force (F, ~ 1071°N) is typically smaller than these
two forces. Although the estimation of the electrical force is rather rough because it
is based on a rough estimate of the electrical charge, these estimations suggest a likely
scenario in which the electric field, if strong enough, moves the agglomeratés to the
walls by overcoming intrinsic hydrodynamic fluctuations. VWhen these agglomerates
arrive at the wall they become adhered to other agglomerates mainly due to the
adhesiﬂ'e van der Waals force. If vibration is applied, and once the vibrational force is
high enough (df the order of the van der Waals force), these agglomerates are removed
and, at that point, the opposed effects of both ﬁeids are cdmperisated.

‘ Nonlinear' superimposition of both effects is found in the regime of small fre-
quenéies (30Hz and 50Hz) at high vibration amplitudes due to bubbling stimulation
by- vibration. As observed, the bubbles are easily stimulated fof these freq’uencies
and, ‘coﬁsequently,‘bed collapse is observed instead of expansion. Whén the electric
field is applied to the Bubbiing vibrated bed, the horizontal drift of the agglomerates

contributes to the disruption of large rising bubbles. Thus, ‘in this situation, the
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application of the electric field results in lessening the stimulation of bubbles, which

gives rise to bed expansion instead of bed collapse.

5.5 Conclusions

A general consensus in the literature is that the uniforin gas fluidization of nanopar-
ticles is possible due to the formation of highly porous agglomerates of size on the
order of hundred of microns. Since bed expansion is related to agglomerate size and
porosity, most of the works have been focused on finding a reliable estimation of the

average agglomerate size. In the present work, it is shown that the flow structure of

the agglomerates may also play a relevant role on the fluidized bed behavior as eceurs— -

in uniform fluidized beds by lignids of large beads (Duru and Guazzelli, 2002) and
gas-fluidized of micrometric particles (Valverde et al. 2003). For these systems, flu-
idizatién uniformity and bed expansion are related to the typical size and fluctuation
velocity of coherent particle flow structures. Although a rigorous study on nanoflu-
idization would require to look at the local scale, in the present work it is shown that
from bulk measurements, the fluidization uniformity and bed expansion can be al-
tered by the action of external fields on the flow of agglomerates. Our results indicate
that small amﬁ)litude'vertical vibration induces bed expansion either by decreasing
agglomerate size and/or by incréasing the vertical componént of the velocity of the
agglomerates. On the other hand, a horizontal electrostatic ﬁéld induces bed collapée
due to a drift of the a,gglomer'ates towards the walls caused by the electrostatic force.
When both fields are simultaneously applied, the net éffect can be approximately ob-
tained.ﬂ‘"om a linear superposition of the seprarate eﬂééts of both ﬁeldé, excebf for the
case Of bubbling stimulation induced by vibrations. At large vibration amplitudes,
aﬁd preferably small frequencies, vertical vibration induces the déveloprﬁent of large
bubbles that curtail bed expansion. In this case the horizontal component of the

agglomerate flow caused by the electric field acts against the formation of bubbles
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and.favors bed expansion. These results can be of interest to applications in which
the bulk b‘ehavior of the fluidized bed could be manipulated by means of external
fields, e.g., to suppress the growth of large bubbles and gas bypassing when fluidiz-
ing ABF type nanopowders such as titania. Future experimental work needs-to-be- — -
focused on understanding the relation between the behavier of the fluidized bed and

the agglomerate flow structure at a local scale. .



CHAPTER 6

ENHANCED NANOFLUIDIZATION BY
~ALTERNATING ELECTRIC FIELDS

6.1 Introduction

The fluidization behavior of solid particles fluidized by dry air at ambient conditions is
mainly dependent on two particle proberties: size and density. Bubbling fluidization
is the most common behavior found in fluidized beds of coarse grains (typically of
size d, 2 100 pm for particle density p, ~ 1000kg/m?) as soon as the gas velocity u,
surpasses the minimum fluidization velocity u,,; (Geldart B behavior [Geldart, 1973)).
For intermediate size particles (of particle size between d, ~20pm and d, ~100um),
the van der Waals attractive forces between the particles become comparable to the
particle weight and are capable of oupprﬂssmg bubbles in an 1nter\ al of gas velocities
between up,s and u, = up > Upy, wnerﬂ w, is the gas VGlO(’ltV at bubbling instability

{Geldart A behavior [Geldart, 1973]). It has been shown that mterpart.lcle attractive

forces can provide the fluidized bed with an effective elastic modulus that stabilizes it
against small disturbances (Rietema 1991, J éckson 2001). Accordingly, it is observed
that interpaftide contacts are pefﬁianent in this stable'expanded‘s:ta,te, in which the
bed takes the appearance of a weak solid (Tsiﬁbntides and J a,cks'bn; 1993; Meﬁon and
Durian, 1997). The fluidlike behavior of Geldart A powders is accompanied by the
instability to bubbling just when the gas velocity surpasses uy. Experiménts show
that :enkianéing the interparticle force between fluidized cdarsé grains may effeétively
shift their fluidization behavior from Geldart B to A. For example bubbling beds can

be stamhzed by an incremental addition of a hquld (bevﬂle and (‘hﬁ—r%zi) or by

ﬁuldlzmg with hlghly adsorbing gases ‘that increase the 1nterpa1t1cle attraction (Xle
and Geldart, 1990) | | o
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The action of an egterna.lly applied electric field has been proven,to,b.e effec-- — =
tive in stabilizing fluidized beds of semi-insulating Geldart B»grains‘(Colver, 1995).
Generé,lly, 'it isrobsel-“ved that t‘;}-le'ﬁelo_.l ‘pr.omotes the fqrrﬁ.atién of strings of polar-
ized par’picles that tend to follow the field lines and fll in the-bubbles, thus iimped—
ing their growth. Theoretical and experimental studies {Colver, 1995; Johnson and
Melcher, 1975) ilave demonstrated that electric fields of the order of 1 kV/cm are
effective in changing the behavior from Geldart B to Geldart A stable fluidization.
Semi-insulating grains are required for charge relaxation times to be comparable to
the typical time between grain collisions, which allows for charge exchangeduring———
collisions, thus preventing the grains from charge accumulation. Furthermore, the
increase of surface conductivity allows for higher polarizability of the particles (van
Willigen et al., 2005), which enhances interparticle attraction. Surface conductivity
is usually enhanced in practice by fluidizing the grains with humidified air (Johnson
and Meléher, 19'75)‘.‘ OthérWise, electromechanical effects are séen to be mainly due
to. contact charging mechaniém (Glor, 1988) of the ins’ulaéi’ng dry grains. Then, ‘the
miost severe effect observed fc;r static and léw frequeﬁcy altérﬁatirig""ﬁelds is channel-

ing. Grains build up progressively on the electrodes upon applic'ation of the field and

the bed finally becomes depleﬁed@nddﬂuted@hnsan@ndmmhlﬂﬁ) _
" When particle size is decreased below ~20 pm, natural van der Waals forces
between the particles are excéedingiy large as compared to pérticle \Afeigllt, Conse-

quently, these powders tend to risé as a slug of solids or to form channels through

which the fluid escapes rathér than being distributed through the bulk (Geldart-C
behavior V[Gelrdart, 1973]) In order to improve the fluidization 'uﬁiformif}f of these
fine cohesive .povv(:iers, the téChnidues employed are aimed to lessen the effect of the
strong adhesion between the particles as compared to particle weight. Usually, ‘ex-

ternal excitations are applied, includihg vibration or stirring. The addition of flow

conditioners, such as silica and titania nanoparticles, which coat the surface of micron
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sized particles, thus reducing the ‘attr‘activé force between thern, makes it possible to
drive fine cohesive powdeérs into a honbubbling quasi—hofnog’eneous fluidization phase.
In the nonbubbling regime these coated powders exhibit considerable bed expansion
(Valverde et al., 1998; Quintanilla et al., 2006; Chen et al.; 2008) characterized by
- a fluidlike dynamics (Valverde et al., 2001). This new type of behavior, which was
not accounted for in the Geldart’s scheine, is ruled by the hydrodynamic interaction
betweenv particle agglomerates and the fluidizing gas. Bed expansion is then affected
by physical parameters such as agglomerate size and strﬁcture (Castellanos ét al.,
2001) , and gas Viséosity (Valverde and Castellanos, 2007; Valverde et al., 2008).

In contrast with the Geldart C behavior, a number of works have revealed
that smooth fluidlike fluidization of some ultrafine powders (submicron particle size)
© is also observed. Réports of uniform fluidization of submicron particles can be found
from the middle 1980s (Chaouki et al., 1985; Chavarie et al., 1987; Morooka et al.,
1988; Brooks and Fitzgerald, 1986; Li et al., 1990; Pacek and Nienow, 1990). Flu-
idizétion of nanoparticles, providing extremely high gas-solid contact efficiency, has
becoﬁle a promising technique for industrial applications. While some nanoparti-
cles, such as titania nanoparticles, exhibit poor fluidization quality, others, such as
silica nanopéfticles, can exhibit a ﬂuidlike ﬂuidization beha\-ﬁior; with high bed ex-
pansion and absence of visible bubbles in a wide interval of gas velocities .(Zhu et al.,
2005).’ Fluidized hanoparticles are seen to form highly porous agglomerat’es‘ of size
d** on the order of hundred of microns (Nam of al., 2004; Wang et al., 2006). These
complex-agglomerates are formed by 'agglomeration in the fAuidized bed of simple-
agglomerates of size d* in the range 1-100um that exist previous to fuidization (Yao
et al., 2002). The agglomeration of simple-agglomerates can be thought as the re-
sult of a dynamic equilibrium of the attractibn between the simple-agglomerates and
the hydrodynamic friction from the surrounding gas, that supports the weight of the

complex—agglomefates in the gravity field (Valverde and Ca-stellanos, 2006).
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Bed expansion of fluidized beds of nanoagglomerates, and consequently the
efﬁciency of gas-solid contact, can be further increased by means of assisted ﬂui(:iiza;
tion methdds, including external vibration (Nam et al., 2004; Quihtanilla et al., 2008),
sound wave pﬁléa’cion (Zhu et al., 2004), centrifugation (Quevedo et al., 2006) and ad-
dition of large magnetic particles that are excited by a variable magnetic field (Yu et
al., 2005). These techniques pi"oniote complex-agglomerate agitation, which increases
the flow shear on their surface and thus decrease their size, and have been proven to
be effective in enhancing the fluidization of presieved samples of silica nanoparticles.
Usually silica nanopowder must be sieved prior to fluidization tests in order to remove
large and hard-to-break agglomerates of sizes up to a few millimeters. In the present
paper we investigate the use of alternating électric fields as a method to enhance the
dry fluidization of silica nanoparticles. Insulating dry nanoagglomerates accumulate
a significant amount of charge in the fluidlike fluidized bed due to contact éharging
mechanism (Valverde et al., 2008). The agglomerate charge Q** obtained from man-
ual traéking of the agglomerates subjected 'to an electrostatic field was found to be of
the order of 10~14C (Valverde et al., 2008). Experimental observations have shown
that fluidized nanoparticle agglomerates excited by an electrostatic field experience
an eleétfophoretic %me%&eeﬁsequeﬂe&e#bemgn&b&;ally charged, which leads to
agglomerate electrophoretic déposition on the vessel walls, and su'bsequént channeling
and deplétion of the bed (Kashyap et al., 2008; Quintanilla et al., 2008). On the other
hahd, it could lbe'expected that application of an alternating field would serve not
just to avoid electrophoretic'deposition but also to increasé' agglomerdte agitation,
* thus enhancing flow shear and bed expahsion. Three different alternatihg electric
'ﬁeldA configurations have been tested in our work: cross-flow field, co-flow field, and
nonuniform field configurations. It will be shown that the nonuniform field configura-
tion., mainly characterized by a sﬁrong field at the bottom of the ﬂuidized bed and a

weak field close to the free surface, is highly effective in assisting fluidization of-even——
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unsieved nanoparticle samples.

6.2 Experimental Set-up

The experiments weré performed in a réqta,ngular ﬁu:idization cell made from polycar-
bonate, 4.5cm in length, 2'..5cm in_width, and 21.0cm in height. Fitted at the bottom
of the cell was a rectangular piece of sintered stainless steel (pore size = 5um). The
" surface area available for the gas distribution was 11.25cm?. The powder used in all
of the experiments was silica Aerosil® R974 (d, = 12nm, particle density p, = 2250
kg/m?). To reduce any hinderance of fluidization caused by hard large agglomerates,
‘the powder was generally pre-sieved using a-4254m mesh. Experiments with unsieved

silica were also performed for one particular configuration. Filtered and dried air was

phosen as the fluidizing gas for all experiments. The bed height of the fluidized bed
was ﬁxeasured using a ruler (marks in mm) taped to the side of the fluidization cell.
The gas flow though the fluidized bed was controlled using a MKS flow controller
(model 1179A) with a range frem 0 t5 2000 cm?/ min. The cell was fixed with a teflon
holder to the table of a Tira GmbH Vibrat'o'r,‘ which enabled us to help .ﬂuidizé.d bed
initialization when it was needed. -

Three different types of electiic field spatial distributioﬁs were used in the elec-
tric field énhancement fuidization experiments (see Figuré 6.1). For the horizontal
electric field éonﬁguration (hereafter refefr‘éd to as t.hé cross-flow field cbnﬁguratién),
two s@uafé electrodes (14 cm length) Wel;é‘ positioned on either side of the fuidized
bed. The distance between the electrodes Wés held constant at d =8.3cm. -(L)né of the
electrodes is grounded and altelnatmg hlgh voltage Vs apphed to the other from
an oscﬂlator—Trek amplifier network. For the vertical field uonﬁgura’rlun (hereafter
referred to as the co-flow field conﬁguratlon) the side electrodes were removed, and
instead, a plece of wire mesh (lmm pore size), with the same rectano“ular dimen-

sions as the cell cro%s—sectlon was quspended by means of a vertmal metallic bar at
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size and: density, respectively (Nam et al., 2004; Wang et al., 2008; Valverde et al.,
2008). Thus, alternating field of strengths up to the order E,, ~ W**/Q*" "~ 2 kV /cm
aré applied, which should be sufficient for an observable effect ‘on bed éxpansion.
' Thé‘eﬁ'ect of subjecting the powder bed to an initial corona discharge before
fluidization Was also tested. This Waé accomplished by placing a metallic pin above
the surface of the bed, which was subjected to a high DC voltége in order to allow
current to ﬁéw from the tip of the pin to the metallic distributor plate, part of which

was deposited in the powder.

6.3 —Results-and-Diseussion-
6.3.1 Effectof Fluidization Cell Geometries

In their previous study on the effect of vibration and electrostatic fields on the quality
of nanoparticle. fluidization, Quintanilla et al. (2008) _util_izgd a cylindrical fluidized
‘bed with s diameter of 2.54cm. Kanyap et al. (2008) utilized a rectangular fluidized
bed in their study of electrastatic fields. This difference in fluidization cell geometry
might iha"v"e an affect on the quaiity of fluidization. Thus, a study of the conventional
ﬂgidigation@as performed in our actual rectangular fluidized.The results-were di-—————

rectly compared to those reported by Quintanilla et al. (2008).

For.these experiments, the R974 silica nanopowder was allowed to fluidize
conventionally with no external fields. A small amount of vibration was initially used
to minimize any channeling that occurs during powder initialization. Figure 6.2 shows
the particle volume fraction of the fluidized R974-silica nanopowder as a function of
superficial gas velocitj ng. In this llla.lot'\, as.in the following ones, the solid volume

fraction ¢ was utilized to measure the expanded state of thé fuidized béd, such that







115
6.3.2 Electrofluidized Bed: 'Co-‘ﬂ.ow Field Conﬁgufation

Effect of Electrode Grounding

As it is detailed in the experimental setup section, for the co-flow field configuration
experiments, the electrodes were placed inside the fluidized bed. Either electrode
could be connected to the high voltage source and used as the live electrode. Two dif-
ferent arrangements were thus used for the experiments. In the first arrangement, the
bottom electrode (gas distributor metallic plate) was grounded and the top electrode
(wire mesh) was connected to the high voltage source. In the second arrangement,
the top electrode was used as live electrode and the bottom electrode was grounded.

Figure 6.3 shows the voltage difference across the electrofluidized bed. In these

Slice: Electric potential [V]
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Figure 6.3 COMSOL simulation results of the voltage distribution between the
vertical electrodes across the fluidized bed.

case, the upper electrode is connected to the high voltage source and the bottom elec-

trode (the metallic distributor plate) is grounded. The difference in voltage between
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10 — 100Hz. The largest bed expansion obtainable (also at the highest electric field
strength) was at f = 20Hz. It is seen that less expansion occurs for [ < 10Hz
and f > 100Hz. As expected, electrophoretic deposition of the agglomerates at
the walls and _electrodes is like_ly in the range of ‘smail frequencies, .si_mi'larly to the
case of -a DC field (Quintanilla et al., 2008), thus hindering ﬁuidizatioﬁ qualify. On
the other side, high oscillation frequencies will produce very short oscillations of the
agglomerates, thus minimizing the enhancedrﬂuidizati;)n effect of the field. This
allowed the determination that f = 20Hz should be used as an optimal frequency in

future electrofluidization experiments.

Effect of Superficial Gas Velocity on the Vertical Electrofluidized Bed

The degree to which the fluidized bed has reached an expanded state, can affect the
further contribution of the electric ﬁeld to obtaining 1arger bed expansion. The effect
of increasing the electrlc strength at different constant gas velocities was studied at a
ﬁxed frequency (f = 20Hz). Fig 6.8 shows the relative variation of the partlcle volume
fraction as'a fuﬁction of electric field strength at varying superficial gas velocities. It
;is importént to noté that all the gas veloéities chosen are above ﬁg = Uny ~ 0.4
cm/s. This was to minimize any disturbances of the fluidized bed as it traﬁsits to thé
fluidlike state. Some oscillatory behavior of the bed surface was obéerved at velocities
near this tfansitional regime. | |

| Fr§m Figure 6.8 it can be seen that the largest relative bed expansion occurs
at lower gas velocities (0.7cm/s < uy < lem/s) compared to those at higher gas
velocities (1.6cm/s < u, < 1.9cm/s). It can also be seen that the slopes of the
expaﬁsion curves at each gas velocity are almost the same, implying that the electric
field provides uniform expansion for all gas velocities. This sﬁggests that the electric
field is less beneficial when the fluidized bed is in a fully developed fluidized state,

almost at the point of elutriation. Tt is important to note that this data was taken for
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results inferred from Figure 6.11 were also observed for the electrofluidized bed in
both the top and bottom grounded électréde arrangements. These results imply that
corona préchafging hinders the expansion of the ﬂu_idizéd bed, unless the external
applied field is Stfong enough to combenéate for the particlesr sticking to' the metallic
distributor. |

‘An additional effect that must be accounted for is the ionic wind motion
originated from DC corona discharges (Rickard et al-., 2005).' Ionized air molecules
nearby the pin have the same polarity as that of the charged tip. Subsequently,- the
ionized gas cloud immediately expands due to the repulsive forces. This repulsion
Of, ions creates the so-called corona wind that flows from the tip. Thus, a practical
problem with corona charging of fine particles, such as micron sized xerographic toner
particles, is that powder particles may be airborne and then coat the corona wire,
preventing it from bei-ng' effective (Rickard et al., 2005). This problem is aggravated
in our nanofluidized bed. The mean gas velocity associated to the ionic wind can be
estimated as Uy ~ +/€/pyE, where ¢ and py afe the electric permittivity and density of
-the gas, respectively, and E is the electric field strength. Using € = 8.85 x 1072 F/m,
p = 1.2 kg/m?, and F = 1kV/cm, u, ~ 30 is obtained cm/s, which is more than one
order of magnitude larger than the minimum fluidization velocity for our nanopowder.
Thus, the corona charging usually sets the nanopowder in tﬁrbulent motion as can be
seen in Figure 6.12. This causes the lost of a significant amount of. powder and also

powder compaction against the distribﬁtdr, which hampers 'subsequenﬁ fluidization.

6.3.3 Electrofluidized Bed: Cross-flow Field Configuration
Effect of FElectric Field Frequency

For the cross-flow field electrofluidized bed experiments, two square external elec-
trodes were placed on either side of the fluidization cell as detailed in the experimental

setup section. One electrode was connected to the high alternating voltage source,
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6.3.4 Electrofluidized Bed: Variable Field Configuration
Sieved R97/ Silica Nanopowder

In the nonuniform field configuration, thé two vertical electrodes are in place on either
side of the bed and both are held at the same high voltage. The‘metvallic distributor
plate at the bottom of the fluidization cell is‘ grounded. Figure 6.16 shows the distri-
bution of electric potential between the horizontal electrodes and the distributor plate

obtained by FEM calculation using COMSOL Multiphysics software. In the figure,

Slice: Electric potential [V] Max: 1.00
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Figure 6.16 COMSOL simulation results of the voltage distribution between the
horizontal and vertical electrodes (nonuniform field configuration).

it can be seen that the highest potential difference occurs in the region between the
vertical electrodes and the distributor plate, thus the larger induced electric field is
applied in this region (Figure 6.17). On the other hand the field between the vertical
electrodes is negligible for a bed height of the order of the separation between the

electrodes. The interest of this field distribution is two fold. It is well known that the
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distinguishable and there is little powdervIo‘ss due to the m’inirr;lized' elutriation.

| An iﬁteresting observation at Ve'ry- high electric field strengths ris the déVelop—'
mént ofbubbles closé to the distributor, which do curtail 'fﬁ'r'thér' bed expénéioh as the
ﬁeld strength is increased. In Figuré 6.1!9, this can be observed at h‘igh~ eieétfic 'ﬁeldb
Sﬁréng;chs (B, > 3.25 kV /cin). These results are réminiséent of bubbling stimulation
in vibrofluidized beds at high vibratiori intensities in the range of small vibration
frequencies (Quintanilla et al., 2008). In fact, a common point between these types
of enhanced fluidization techniques is that in both the excitations are predominantly

concentrated at the bottom of the bed.

Unsieved R974 Silica Nanopowder

iI‘.he unsieved nanopowder has a rather polydisperse agglomerate size distribution
ranging from ~ 10um to some sizes on the order of 1 mm. Thus, pricr to all the
above reported experlments the R974 silica nanopowder was pre-sieved to remove
any agglomerates larger than 445,um Previous sample s1ev1ng has been systematl—
cally used in assisted ﬂuldlzatlon technlques. The removal of these large and hard
agglomeratés helps the average sized agglomerates fluidize. The particulérly inter-
ésting flow structure caused by the nonuniform electric field configuration in our
experlment led us to study the effect of this assisted ﬂuldlzatlon technlque on the

fluidization behav1or of unsieved nanopowder. .

The first experiment consisted of conventionally fluidizing (without any exter-
nal excitations) the unsieved nanopowder. The bed expansion was found to be quite
poor. as expected‘ due to the inability of the-larger agglomerates to fluidize and the
lack of good gas-solid mixing of the smaller agglomerates Once the electric field was
turned on (f = 20Hz 'E, =4 kV/cm), the bed began to expand immediately. Then,
the powder was allowed to fluidize once more conventionally after the electric field was

turned off. Figure 6.20 shows the relative variation of the particle volume fraction as
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Figure 6.21 Expansion behavior of the unsieved R974 silica before (left) and after
(right) the electric field was applied (nonuniform field configuration).

of the unsieved nanopowder. It is observed however that the bigger agglomerates
remain still deposited at the bottom of the bed, indicating that, although the electric
field preduces strong agitation of these aggloinerates, it does not break them. Thus,
when the field is turned off the fiuidization state of the unsieved silica returns to its

heterogeneous state as can be seen in Figure 6.20.

Ewvaluation of the dielectrophoretic force

The total electric force acting on a suspended particle of net charge @ in a
non-uniform field E is given by
F=QE+ (p-V)E. (6.2)

where @ is the net charge on the particle, p:is the dipole moment of the- particle

and- E is theelectric field vector." The second term in-the right-hand side of equation



force, arising from the polarization of matter and its subsequent tendency to move

into regions of diverging field intensity. For charged particles in a electrostatic field
the first term in the right-hand side of Equation 6.2, involving the direct attraction
of the electric field for a charge ':electrophoresis) is dominant. Since, it is practically
impbssible‘to'have uncharged particles in a powder sample (Valverde et-al., ‘200’8)',
the electrophoretic influence is usually dominant, although it can be'nullified by using
a high frequency alternating field instead of a static field.

Dielectric particles placed in an electric field become polarized according to
their electrical permittivity and thus experience a dielectrophoretic force if the field

is not uniform. For a sphere of diameter d, this force is approximately given by -

3
SRy~ %—C;—pel—s;;;VEQ ' (6.3)
- where E is the- strength of the electric field applied, and ¢; and €, are the permittivities
of the surrcunding fluid and sphere, respectively. In general, dielectrophoresis is an
effect requiring. quite divergent fields and usually requires sizable differences in the
permittivities of the particle and the surrounding medium ?. ~In the experiments
performed; there is & maximum value of VE? ~ 0.4 x 10'% V2 /em?® for the variable field
configuration: If silica agglomerates-are considered as effective particles of maximum
size d, ~ 1 mm, and using ¢; = 8.854 x 10712 F/my, e, = 1.14¢; (value reported for
silica aerogel:in Matweb), a maximum dielectrophoretic force £y =~ 0.04 nN according
to Equation 6.3 is obtained, which is negligible as compared to agglomerate weight.
Dielectrophoresis does not play therefore a role in our system although-it should be

taken.into account in variable field configurations, specially when high permittivity

materials are employed.
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6.4 Coenclusions

In recent years, the fluidization of nanoparticles has become of great interest for'in-
dustrial applications due to greatly enhanced contacting between the gas and solid
nanoparticles. Unfortunately, most nanopowders cannot be uniformly fluidized, thus
hampering the eﬂiciency‘ of industry processes relying on nanoparticle fluidization.
Usually, nanoparticle systemsr are characterized by the existence of large and hard
agglomerates that impede homogeneous expansion . when the béd is subjected to a
gas flow. This ivs the case, for sxample, of unsieved silica nanoparticles, which is the
nanopowder tested in our work. A number of techniques have been proposed in the
literature to enhance the fluidization quality of nancpowders such as external vibra-
tion, sound wave pulsation, -Centrifugation, and addition of large magnetic particles
that are excited by a variable maghetic field. These techniques have been shown to
serve tc enhance expaﬁsion of fluidized bé‘ds of silica ndnopowders, which were sieved
prior to fluidization. In the present work, it is demonstrated that the application
of either a cross-flow or a co-flow alternating electric field is also useful to enhance
fluidization of this system. H'owéver, the most effective 'tvecltlni'que to assist fluidization
has been shown to cdnsist of application of a nonuniform al’téfhfat’i’ﬁ@"e’lé’ét’ﬁé field,
{x}hich is weak in the vicinity of the free surface bﬁtrs.tr@ng close to the b‘ott'om.of the
bed. Due to fhé wide size distribution of the naﬁopafticle égglbmérates, éépecieﬂly
in the case of unsieved samplés ‘ranging from 'fen of microns to miIlifriéters,"ﬁhe con-
vention&il'ﬁuidized bed is hié‘hly ‘str'ati'ﬁed, with the larger égglorﬁeratés sinking to
the bottom of the bedi and the smaller agglomerates almost free floating in the free
surface. These émaller'agglomératés are éasﬂy clutriated if the gas flow is increased to
mobilize the :larger aggloérierétesl The alternating noxiuniféfm field agitates strongly
the larger agglomératés while has almost ‘r.lo‘effect on the smaller aggiomératés, thus
enhancing fluidization and at the same time avoiding excessive elutria;r,ion.

It is remarkable that fhe action of the field is noticeable withouf the need
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of electrostatlcally precharglng the Dowder Becaﬁse of 'contact-end A‘erivbo charginé
mechamsms the nanopartmle agglomerates naturally accumulate sufﬁc1ent electro-
statlc charge to be apprecnably excited by elec‘rrostatlc ﬁeldq of Strength on the order
of 1 kV/ cm. Nevertheless in this work, tests on art1ﬁc1ally preoharged powder sam-
ples by means of corona discharge were carried out. This t.echmque has been found to
be ineffective in fﬁfther enhancing ﬂuidization. A main ‘obst‘acle fof ‘_ﬁhat is that the
corona wind associated to the discharge is estimated to carry air velocities of more
than one order of magnitude larger than the minimum fluidization velocity of the
nanopcewder, which drives the airborne powder into a turbulent state. Subsequently
an appreciable mass of powder is lost and coats the internal parts of the fluidization
cell thus hampering later fluidization.

The three different alternating electric fields arrangements investigated in this
work (co-flow, cross-flow, and variable) all enhance the quality of bed expansion of
the nanofluidized bed. For the co-flow ease, the arrangement of the electrodes play
a major role in the expansion behavior. In the cross—ﬂew case, bed expansion is
noticable, but at high velocities, the powder can easily transition to an elutriated
state. The variable field arrangement gives results that are highly dependent on
the distance between the horizontal electrodes and the bottom vertical electrode.
As this distance decreases, enhanced bed expansion becomes more appafent. This
arrangement’s greatest strength is helping to assist in the fluidization of unseived
nanbpéwder, which has a wide agglomerate size distribution range. By using this
techhique, the powder does not have to undergo a pre-treating sieving process, which

has been crifical to most fluidization studies of R974 silica.



CHAPTER 7

SUPERCRITICAL NANOFLUIDIZATON

7.1 Introduction

In Chapter 4, it was shown that a more viscous gas can lead to an extended window of
particulate fluidization for APF nanopowders. Therefore, if a supercritical fluid was
used, the fluidization behavior sheuld be further improved. In her dissertation, Nam
(2004) provided a preliminary invéstigation into the fluidization of nanoparticles using
supercritical carbon dioxide. For her experiments, a pressurized fluidization vessel
was constructed from stainless steel. A pressure transducer was used to measure the
pressure drop across the fluidized bed and a mass flow meter and pump were used to
charge the CO; into the vessel at supercritical conditions.

Nam used three different powders (_silica, R974, -silica 300, silica A90) in her
work and studied their fluidization properties at different pressures while holding
the temperature constant (7" ~ 40°C). The powders were allowed to fluidize with
increasing and decreasing velocity and the preésure drop was measured as a function of
superﬁcié,l gas velocity. For both the increasing and decreasing velocity experiments,
no substantial hysteresis was ohserved. However, for both cases, the pressure drop
did not become constant at w,s. Instead, the pressure drop kept increasing with

increasing superficial CO4 velocity.

7.2 Experiniental Setup

A custom-built supercritical fluidization setup was designed by researchers at NJIT
as well as with engineers from AppliTech Corp. and Fluitron Inc. A drawing and
photograph of the experimental setup can be seen in Figures 7.1 and 7.2.

Connected to the setup are compressed cylinders of liquid CO,. After the
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Figure 7.1 Drawing of NJIT Supercritical Fluidization Setup

- liquid CO, leaves the cylinder, it is sent to a chiller (typically at 5°C) so that the COq
remains in the liquid state prior to entering the pump. It is then sent te a high pressure
pump in which either the mass flow rate or the pressure of the fluid can be specified.
From the pump, the CO, enters a preheater in which it is heated up to the temperature
of the vessel. The CO, enters the vessel through a distributor plate, above which the
the soli.d particles are held as a fixed bed. The vessel itself is surrounded with a
jacketed heater which heats the vessel up to a specified temperature. The C'O, leaves
the vessel and enters a back pressure regulator, which ménitors the internal pressure
of the vessel, and then exits through an exit line. A differential pressure (DP) cell is
also attached to the vessel to record the pressure drop across the fluidized bed. The
vessel Hiémetef was specified to be 2 inches to minimize any wall effects. Vertical
glass windows were designed to allow the fluidized powder to be viewed. The glass
windows allow the bed height of the fluidized bed to be recorded.

o Althbilgh the glass wiridéws ére huge advantage over other fluidized bed 's’et.ups

which mdinly consist of metal autoclaves, this setup also has a few disadvantages. The
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Figure 7.2 Photograph of the NJIT Supercritical Fluidization Setup

vessel was split into two main sections and experiments can be perfo_rmed with one
or both. Each section weighs approximately 150 lbs which makes it very difficult
to take apart. Also, the size of the vessel also makes it difficult to keep isothermal.
Although thermocouples are connected to the vessel, its massive size (as well as the
glass windows) can cause theré to be a temperature gradient ‘ra.dially across the vessel.
Prior to any ﬂuidiza.tioh experiments to be performed, the powder must be
charged to the vessel. Two different distributor plates (100um, and 40pm pore size
openings) are available. Once the powder is charged, the vessel must be pressurized
prior to operating at any substantial superficial gas velocity. Also, the vessel and
preheater must heated up to the dési.red temperature prior to using the supercritical
CO,. Once the vessel is at fhe desfred temperature and Apressure, the CO, can be
pumped at the desired flow rate. It is important that the pressure drop of the vessel
be measured as a function of gas velocity prior to doing any fluidization experiments.
" The ultimate goal of ﬂuidiéin‘g' nanopowders tunder éupercﬁticai conditions is

fo use. the S.AS. (supercritical 'antiéoliient) process in a continuous setup. The SAS

process has been successfully used to coat'nanbpartiéle aggicmefatés with polymer
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in ‘a, batch setup. In the supercritical fluidization setup, it is proposed that when the
nanopowders are fluidized, a polymer solution can be charged into the vessel. Due to
the solvation properties of supereritical COs, the polymer would come out of solution
and coat the nanopowder with a thin uniform ldyer. ‘Although the RESS process
has been successfully used to coat micron-sized glass Beads w\;ith paraflin, it has not
"~ been applied to nanopowrder'é. The ability to .coat nancparticles, for example; drug

nanoparticles, with a polymer is the ultimate goal of this project.



CHAPTER 8

RECOMMENDATIONS FOR FUTURE WORK

8.1 Introduction

Although it has been shown that a variety of techniques such as the use of a more
viscous gas or the application of external fields can enhance the quality of nanofluidiza-
tion, other techniques, such as the use of supercritical fluids need to be investigated.
In this chapter, suggestions for future work are presented. These suggestions include
continuing approaches to the techniques previously investigated, as well as, proposed
investigations that can be performed simultaneously. In the case of supercritical flu-
idization, suggestions regarding the operation of the vessel, including modified design

considerations, are given.

8.2 Effect of Viscosity

In the Workr previous described in Chapter 4, it was shown that the use of a highly
viscous gas can enhance the quality of nanofluidization. When neon was used, as com-
pared to nitrogen, the homogeneous fluidlike regime brior to bubbling state and/or
thb elutriation state was expanded. This is also predicted using a modiﬁed_appboach
to Harrjson’s criterion for bubble size. The minimum fluidization velocity was also
slightly lowered when a more viscous gas was used. The following extensions. to the
work are prbposed. | - |

| First, it is suggested that obher viscous gases be used. In this preliminary
study, nitrogen and neon ‘Were chosen but other gases, such as argon and ‘xenon may
be considbred. Also, for these experiments, dry gas, i.e. dry nitrogen, was used.

Humidity is a parameter that will affect the viscosity of a gas. If air is used in a

study, the humidity could be varied by changing the moisture content of the gas. It

144



145

is 1mportant to note that the humidity will not only effect the v1scosfcy of the gab
but can cause liquid br1dges and also change the electrostatlc effects.

Second, as the viscosity of the ﬁuidizing gas changes, another fluid parameter
changes, the density. It is proposed -th'at‘ gases of different densities, but similaf
viscosities be chosen for a pararﬁetric study. Carbon dioxide might be considered
for this as the density can change quite readily as the temperature and pressure are

varied in the near the critical point.

8.3 Measuring the Apparent Viscosity of a Nanofluidized Bed

A further extension of studying the effect of gas viscosity on a nanofluidized bed is to
also study the apparent viscosity of the fluidized bed itself. When the nanopowder
transitions to the fluidlike regime, it also takes on fluidlike characteristics. Foscolo
aﬁd Gibilafo have predicted the apparent viscosity of a fluidized bed compriséd of
fnicron—sized particles but measuring the terminal velocity of a s_teel ball placed within
the bed. This experiment can‘be similarly applied for the case of a nanofluidized bed.
By coupling this experiment With.furthér studies iﬁto the effect of fluidizing viscosity
or density, a further understandin‘g of the fluidlike state of the nanofluidized bed can

be established.

- 8.4 Vibrofluidized Bed and Bubble Formation

One of the most 1nterest1ng aspects of the vibrofluidization work done on nanopow-
ders was the observatmn of 1arge bed expansmn—cur‘raﬂmg bubbles Wthh formed
and propagated throughout the fluidized bed at low vibrational frequencws i e
f =30 —50Hz. A deeper understandmg into th1s phenomena is warranted as the
b.ed -e.xperiences‘ a state of d_eﬂuldlzatlon as the bubbles become larger and propagate
throughout the bed.

Flrst a study should be focuqed solely on the range of f =0 —50Hz. For
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this frequency range, the amplitude can be varied to observe the fluidization quality
and bubble formation at different vibrational intensities. This study should also
be conducted with micron particles as well to serve as a comparison. If Geldart
A particles also experience large bubble formation under these conditions, then a
possible explanation would involve the resonant frequencies of the fluidization column
and the particles themselves.

In addition to this work, the size and propagation (e.g. bubble rising velocity)
can be studied as a function of vibrational intensity. Further modifications to the
proposed medified Harrison criteron for bubbling nanofliidized bed can be done for
the case of vibrofluidization.. In this model, D,/d** serves as the parameter governing-
the bubbling behavior. In the vibrofluidized bed, d** is a function of A. Thus, the
equa‘rlon can be modified and will hopefully predict the bubbling behdwor ( mcludmg

bubble size) as a function of the vibrational intensits v applied.

8.5 FEffect of Eléétrbstaﬁc Fields and Coro‘na Charging

The apphcatlon of DC electréstaalc fieids st'found to howo a detmmental effect on
fche quality of nanoﬂuldlzatlon When the nanopowder was in the ﬂuldhke regime,
thé additional application of an electrostatic field caused the bed to collapse. This
was attributed to the charging of the p.owder and its migﬂratién to the fluidization cell
walls. | |

An apphcatlon of the electrostatlc elec*’rrlo field study is to measure the Qurface

Charge of the fluidized nanopowder Also, this can be done for a Varlpty of nanopow-

ders 8"1d micrometric powders of dlﬁ‘erent dleleutx ic Consfants Pa,rtn,le frackmg meth—
ods can be Pmploved to study ’che m1grat1on of the powde‘ to thp ﬂuldlza ion cell walls
as a functlon of applied electric field strﬂngth |

When the powder was precharged prior to fluidization, it was found that pow-

der stuck to the metallic distribﬁtor‘plate. This led to difficuify in obtaining ho-
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mogeneous-bed-expansion-and-smaller- bed- heights-were observed. A further. . stu,d),ff S

into the effect of particle charging and its influence on. fluidization would be to redo

the ekperim.ent_s (e.g. different voltages and polarities applied) using.a non-metallic
distributor plate. A porous gas distributor made of glass would serve nicely for these
experiments.. By using a non-metallic distributor plate, any effects due to particle o

attraction would. be minimized.

8.6 Effect of Alternating Electric Fields

Unlike the case of DC electrostatic fields, the application of AC electric fields en-
hanced the fluidization characteristics of R974 silica. In particular, the non-uniform -
alternating field arrangement led-to the-suecessful fluidzation of unsieved nanopow-
der. Unfortunately, un81eved nanopowder was not used in another of the other electric
ﬁeld orlentotlons rcross ﬂow or co- ﬂov») A natural extension of the work would be to
see if those arrangements have any effect on ﬁmdrzlng un°1eved nanopowder Also
for the non—umform arrangement the Chargrng of the eleetrodes should be reversed,

ie. the horlzontal electrodes should be grounded and the bottom electrode bhould be

connected to the AC sources.

rlhe non-uniform arrangement was applied to Titania P25 in hopes to enhance
the fluidization. It was found that although the technique was allowing unsieved R974
to reach a state of tnrbulent fluidization, it Was uneuccessful for sieved Titania P25.
This arrangement should be tested for other nanopowders ineluding A90 silica and
Alu C-(alumina). In addition, this arrangement s‘hould also be tested on micrometric

powders'(‘cohesive Grbup C powders and Group A glass beads) aswell

8.7 Supereritical Nanofluidization

Much work has been done in tryrng to get the NJIT supercrltrca? ﬂurdrzatlon system

operatmna] There are still a few problems that need to be addreqsed These problems
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will be pointed out and suggestions will be made to further improve the design.

8.7.1 Distributor Design

With almost any fluidization system, the distributor plays a major role in the proper
flow of gas upward through the powder. In ‘ehe NJIT system, two distributor plates
were chosen: .100 pm and 20pm. The former was chosen to-minimize. any large
pressure drops that might occur. Initially, Geldart Group A glass beads (75 5_ dyp >
90um) were chosen but they were unable to be properly fluidized. It is possible
that the particles became stuck within the pores of distributor plate. Recently, the
20pum distributor frits were obtained, so experiments can be done to determine if the

distributor is the main cause of the abnormal fluidization b\ehavior observed.

8.7.2 Pressure Drop

‘The pressure drop across the fluidized bed is necessary to determine whether or not
: the part;cles are ac‘rually fluidized ( ie AP/ I/V ~ 1). It is possﬂol e within the
ﬂmdlzed bed but some SPCthYlQ c annot be de&gn due to the outer meta shell The
pressure drop must be tested ﬁrst wi thout powder to see 1f 1t varies as a funetlon of
superﬁclal gas velocity. Once this is complete, the pres:;ure dzop can be tested by

comparing the cbserved value mth a measured a,mount ox oowder Welght

8,7.3 Temperature Profile

Due to the massive structure of the fluidized bed reactor, the temperature profile -

within the reactor can vary quite extensively. The glass windows-area source of heat
loss from the vessel. Although the surface area of the Windows is not large compared

to the area of the vessel 1f the 'vessel is to be held at Constant temperature w1th1n

1°C, then, it cQuld play a major ro]p To hp]r keep 'rhp quqpi within. the constant— — —
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temperature range, it is suggested that more thermocouples be applied to the vessel.
Also, they should be located within the vessel and not attached to the reactor walls

adjacent to the jacketed heater.
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