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We show experimental results on a proposed technique to enhance the fluidization
of nanoparticle beds. This technique consists of the application of an alternating elec-
tric field to the nanofluidized bed. Three different field configurations have been tested:
co-flow field, cross-flow field, and variable field configurations. Nanoparticle agglom-
erates are naturally charged by contact and tribo charging mechanisms and therefore
are agitated by the action of the externally applied field, which enhance fluidization.
According to our observations, the best results are obtained for the variable field con-
figuration. In this configuration, the electric field strength is higher at the bottom of
the bed, whereas it is almost negligible at the free surface. Thus, the larger agglomer-
ates, which tend to sink at the bottom of the bed due to stratification, and usually
impede uniform fluidization, are strongly agitated. It is thought that the strong agita-
tion of the bigger agglomerates that usually sink to the bottom of the bed contributes
to further homogenize the distribution of the gas flow within the bed by destabilizing
the development of gas channels close to the gas distributor. On the other hand, the
smaller agglomerates at the vicinity of the free surface are just weakly excited. Conse-
quently, fluidization is greatly enhanced, whereas at the same time excessive elutria-
tion is avoided. It is demonstrated that this technique is even suitable to achieve highly
expanded fluidization of unsieved nanopowder samples even though the fluidization
state returns to be heterogeneous upon the electric field being turned off. © 2009 Amer-
ican Institute of Chemical Engineers AIChE J, 56: 54-65, 2010
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The fluidization behavior of solid particles fluidized by

dry air at ambient conditions is mainly dependent on two
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particle properties: size and density. Bubbling fluidization is
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the most common behavior found in fluidized beds of coarse
grains (typically of size d, 2100 um for particle density p,,
~1000 kg/m®) as soon as the gas velocity u, surpasses the
minimum fluidization velocity u,,; (Geldart B behavior').
For intermediate size particles (of particle size between dj,
~20 pm and d, ~100 pm), the van der Waals attractive
forces between the particles become comparable to the parti-
cle weight and are capable of suppressing bubbles in an
interval of gas velocities between iy, and u, = u, > Uy,
where uy, is the gas velocity at bubbling instability (Geldart
A behavior!). It has been shown that interparticle attractive
forces can provide the fluidized bed with an effective elastic
modulus that stabilizes it against small disturbances.”?
Accordingly, it is observed that interparticle contacts are per-
manent in this stable expanded state, in which the bed takes
the appearance of a weak solid.** The fluid-like behavior of
Geldart A powders is accompanied by the instability to bub-
bling just when the gas velocity surpasses u,. Experiments
show that enhancing the interparticle force between fluidized
coarse grains may effectively shift their fluidization behavior
from Geldart B to A. For example, bubbling beds can be sta-
bilized by an incremental addition of a liquid6 or by fluidiz-
ing with highly adsorbing gases that increase the interparticle
attraction.’

The action of an externally applied electric field has been
proven to be effective in stabilizing fluidized beds of semi-
insulating Geldart B grains.® Generally, it is observed that
the field promotes the formation of strings of polarized par-
ticles that tend to follow the field lines and fill in the bub-
bles, thus impeding their growth. Theoretical and experimen-
tal studies®'” have 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-insu-
lating grains are required for charge relaxation times to be
comparable to the typical time between grain collisions,
which allows for charge exchange during collisions, thus
preventing the grains from charge accumulation. Further-
more, the increase of surface conductivity allows for higher
polarizability of the particles,'® which enhances interparticle
attraction. Surface conductivity is usually enhanced in prac-
tice by fluidizing the grains with humidified air. Otherwise,
electromechanical effects are seen to be mainly due to the
contact charging mechanisms'' of the insulating dry grains.
Then, the most severe effect observed for static and low fre-
quency alternating fields is channeling. Grains build up pro-
gressively on the electrodes upon application of the field and
the bed finally becomes depleted and diluted.’

When the particle size is decreased below ~20 um, natu-
ral van der Waals forces between the particles are exceed-
ingly large as compared to particle weight. Consequently,
these powders tend to rise as a slug of solids or to form
channels through which the fluid escapes rather than being
distributed through the bulk (Geldart C behavior'). To
improve the fluidization uniformity of these fine cohesive
powders, the techniques employed are aimed to lessen the
effect of the strong adhesion between the particles when
compared with particle weight. Usually, external excitations
are applied, including vibration or stirring. The addition of
flow conditioners, such as silica and titania nanoparticles,
which coat the surface of micron sized particles, thus reduc-
ing the attractive force between them, makes it possible to
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drive fine cohesive powders into a nonbubbling quasi-homo-
geneous fluidization phase. In the nonbubbling regime these
coated powders exhibit considerable bed expansion'*'*
characterized by a fluid-like dynamics.15 This new type of
behavior, which was not accounted for in the Geldart’s
scheme, is ruled by the hydrodynamic interaction between
particle agglomerates and the fluidizing gas. Bed expansion
is then affected by physical parameters such as agglomerate
size and structure'® and gas viscosity.'”'®

In contrast with the Geldart C behavior, a number of
works have revealed that smooth fluid-like fluidization of
some ultrafine powders (submicron particle size) is also
observed. Reports of uniform fluidization of submicron par-
ticles can be found from the middle 1980s.'"** Fluidization
of nanoparticles, providing extremely high gas-solid contact
efficiency, has become a promising technique for industrial
applications. Although some nanoparticles, such as titania
nanoparticles, exhibit poor fluidization quality, others, such
as silica nanoparticles, can exhibit a fluid-like fluidization
behavior, with high bed expansion and absence of visible
bubbles in a wide interval of gas velocities.”” Fluidized
nanoparticles are seen to form highly porous agglomerates of
size d** on the order of hundred of microns.?®*’ These com-
plex-agglomerates are formed by agglomeration in the fluid-
ized bed of simple-agglomerates of size d* in the range 1-
100 um that exist previous to fluidization.”® The agglomera-
tion of simple-agglomerates can be thought as the result of a
dynamic equilibrium of the attraction between the simple
agglomerates and the hydrodynamic friction from the sur-
rounding gas, that supports the weight of the complex-
agglomerates in the gravity field.”

Bed expansion of fluidized beds of nanoagglomerates, and
consequently the efficiency of gas-solid contact, can be fur-
ther increased by means of assisted fluidization methods,
including external Vibraltiorl,26’30 sound wave pulsation,31
centrifugation,® and addition of large magnetic particles that
are excited by a variable magnetic field.* These techniques
promote 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 fluidiza-
tion of presieved samples of silica nanoparticles. Usually,
silica nanopowder must be sieved before fluidization tests in
order to remove large and hard-to-break agglomerates of
sizes up to a few millimeters. In this paper, we investigate
the use of alternating electric fields as a method to enhance
the dry fluidization of silica nanoparticles. Even though the
nanopowder as a whole is electroneutral, insulating dry
nanoagglomerates accumulate a significant amount of charge
in the fluid-like fluidized bed due to contact charging mecha-
nism.>* The agglomerate charge absolute value Q%*,
obtained from manual tracking of the agglomerates subjected
to an electrostatic field, was found to be of the order of
107 14c.* Experimental observations have shown that fluid-
ized nanoparticle agglomerates excited by an electrostatic
field experience an electrophoretic force as a consequence of
being naturally charged, which leads to agglomerate electro-
phoretic deposition on the vessel walls, and subsequent chan-
neling and depletion of the bed.*** In this case, the electro-
static field has a detrimental effect on fluidization. On the
other hand, it could be expected that application of an alter-
nating field would serve not just to avoid electrophoretic
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Figure 1. Sketches of the three different setups used in the alternating electric field enhanced fluidization:
(a) Co-flow electric field, (b) Cross-flow electric field, (c) Variable electric field. The arrow represents the

direction of gas flow.

deposition but also to increase agglomerate agitation, thus
enhancing flow shear and bed expansion.”® Three different
alternating electric field configurations have been tested in
our work: cross-flow field, co-flow field, and variable field
configurations. It will be shown that the variable field config-
uration, mainly characterized by a strong field at the bottom
of the fluidized bed and a weak field close to the free sur-
face, is highly effective in assisting fluidization of even
unsieved nanoparticle samples.

Experimental Set-Up

The experiments were performed in a rectangular fluidiza-
tion cell made of polycarbonate, 4.5 cm in length, 2.5 cm in
width, and 21.0 cm in height. Fitted at the bottom of the cell
was a rectangular piece of sintered stainless steel (pore size
= 5 pum). The surface area available for the gas distribution
was 11.25 cm?. Filtered and dried air was chosen as the flu-
idizing gas for all experiments. The bed height of the fluid-
ized bed was measured using a ruler (marks in mm) taped to
the side of the fluidization cell. The gas flow through the flu-
idized bed was controlled using a MKS flow controller
(model 1179A) with a range from 0 to 2000 cm>/min.

The powder used in all of the experiments was silica
Aerosil® R974 (d, = 12 nm, particle density p, = 2250 kg/
m?). To reduce any hinderance of fluidization caused by
hard large agglomerates, the nanopowder was generally pre-
sieved using a 425 pum mesh, although experiments with
unsieved silica were also performed for one particular con-
figuration. Previous report525’26 show that sieved silica nano-
powder exhibits agglomerate particulate fluidization (APF)
behavior, which is characterized by a large bed expansion
and smooth fluidization. On the contrary, the unsieved nano-
powder displays a rather heterogeneous fluidization state
characterized by little bed expansion and stable gas channels.
It is well known that nanopowder history may have substan-
tial effects on the fluidization behavior of fine cohesive pow-
ders®” because interparticle adhesive forces might be largely
increased by stresses applied during previous nanopowder
history. Thus, in order to have reproducible results, the
memory of the nanopowder should be erased by convenient
initialization before any measurement is taken. The initiali-
zation procedure followed in our experiments consists of first
applying a high gas velocity (4, ~ 3 cm/s). In this state, the
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nanopowder should have lost memory of its previous his-
tory.”” Additionally, the cell was fixed with a teflon holder
to the table of a vertically oriented Tira GmbH vibrator,
which enabled us to help fluidized bed initialization when it
was needed. Once the bed has reached a stationary state, the
gas velocity is decreased to the desired value and bed height
is measured. Then the electric field is turned on and the sta-
tionary bed height after application of the field is measured
as the electric field strength is slowly increased. After each
experiment, vibration helped to remove any nanopowder
electrostatically deposited on the cell walls.

Three different types of electric field spatial distributions
were used in the electric field enhancement fluidization
experiments (see Figure 1).

For the horizontal electric field configuration (hereafter
referred to as the cross-flow field configuration), two square
electrodes (14 cm length) were positioned on either side of
the fluidized bed. The distance between the electrodes was
held constant at d = 8.3 cm. One of the electrodes is
grounded and alternating high voltage V is applied to the
other from an oscillator-Trek amplifier network. This config-
uration was used in Ref. 30 to study the effect of an electro-
static field on nanofluidization. From a 3D FEM calculation
of the electric field between the electrodes using COMSOL
Multiphysics software, it was shown that this configuration
produced a rather uniform electric field within the cell,
whose strength could be well approximated by E = V/d.

For the vertical field configuration (hereafter referred to as
the co-flow field configuration), the side electrodes were
removed, and instead, a piece of wire mesh (I mm pore
size), with the same rectangular dimensions as the cell cross-
section, was suspended by means of a vertical metallic bar
at the top of the cell at a distance d = 8 cm from the gas
distributor plate, which served the function of the other elec-
trode. The voltage distribution and electric field across the
electrofluidized bed obtained using COMSOL Multiphysics
software by solving the Laplace’s equation (VV(x, y, z) =
0) indicates that the electric field has a higher strength in the
vicinity of both electrodes. Besides of the preferential orien-
tation of the electric field, a relevant difference between the
cross-flow and co-flow configurations in our experiments, is
that, in the former one, the nanoagglomerates cannot touch
the electrodes and thus they remain just naturally charged,
whereas, in the latter one, the electrodes are within the
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Figure 2. COMSOL simulation results of the voltage
and electric field distribution between the
electrodes (variable field configuration).

The electrodes and the cell have been drawn to scale, with
the distances in cm. Voltage is normalized (the verticals
electrodes were set to voltage 1 and the lower electrode was
grounded). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

fluidized bed, and thus the charge of the particles may
change from contact with the electrodes (especially the bot-
tom electrode).

For the third type of electric field configuration (hereafter
referred to as the variable field configuration), the two verti-
cal electrodes used for the cross-flow field configuration are
in place on either side of the bed and both are held at the
same high voltage. The metallic distributor plate at the bot-
tom of the fluidization cell is grounded. Figure 2 shows the
distribution of electric potential and field in the mid plane of
the cell, which were numerically obtained using 3D FEM
COMSOL Multiphysics software by solving the Laplace’s
equation (V*V(x, y, z) = 0) with the boundary conditions V
= 1 at the vertical electrodes and V = 0 at the metallic gas
distributor plate (the voltage is normalized to its maximum
value). 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. 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 strength of the field along the central vertical axis of
the cell in its mid plane is plotted in Figure 3 for the co-flow
and variable field configurations. As it was inferred from pre-
vious observations, it is seen that the variable field configura-
tion creates a rather nonuniform field within the bed of high
intensity in the vicinity of the gas distributor and almost negli-
gible at a height comparable with the distance between the
vertical electrodes. The vertical field configuration creates a
field of higher intensity in the vicinity of the gas distributor,
but also of high strength as the upper electrode is approached.

It is well known that the distribution of agglomerate sizes
is quite broad,”” which gives rise to a marked stratification
within the fluidized bed. In the stratified bed, the largest size
agglomerates would be at the bottom and the successive
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layers toward the top would be composed of agglomerates of
ever decreasing sizes, with the smallest ones preponderant at
the very top. Thus, the interest of the variable field configu-
ration is twofold. By means of a nonuniform electric field of
high strength in the vicinity of the gas distributor, the excita-
tion on the larger agglomerates would be enhanced. At the
same time, the smaller agglomerates close to the free surface
should not be affected by the almost negligible electric field
strength in this region, which would be beneficial to avoid
excessive elutriation.

The following parameters were chosen as variables for all
the experiments: electric field frequency f, electric field
strength E,, and gas velocity u,. It can be expected that the
effect of the electric field would be relevant for field
strengths yielding an electric force on the agglomerates F.**
comparable to their weight W** « 2 nN, where it has been
used d** = 200 um and p** = 50 kg/m3 for the agglomer-
ate size and density, respectively.'®?®*’ Thus, alternating
field of strengths up to the order E, ~W**/0** « 2 kV/cm
are applied, which should be sufficient for an observable
effect on bed expansion.

We also tested the effect of subjecting the nanopowder
bed to an initial corona discharge before fluidization. This
was accomplished by placing a metallic pin above the sur-
face of the bed, which was subjected to a high DC voltage
in order to allow current to flow from the tip of the pin to
the metallic distributor plate, part of which was deposited in
the nanopowder.

Results and Discussion
Effect of fluidization cell geometries

In their previous study on the effect of vibration and elec-
trostatic fields on the quality of nanoparticle fluidization,
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Figure 3. COMSOL simulation results of the electric
field strength along the central vertical axis
of the bed as a function of the distance to
the gas distributor (co-flow and variable field
configurations).

The potential difference between the electrodes is set in
both cases to 1 kV. In the variable field configuration, the
distance between the lower rim of the vertical electrodes
and the gas distributor plate (bottom electrode) is 3 cm. In
the co-flow configuration, the distance between the top me-
tallic mesh electrode and the gas distributor plate is 8 cm.
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Figure 4. Particle volume fraction (¢) as a function of
superficial gas velocity in conventional fluid-
ization experiments (in the absence of exter-
nally applied electric field) for different cell
geometries.

Quintanilla et al.”® utilized a cylindrical fluidized bed with a
diameter of 2.54 cm. Kanyap et al.¥ utilized a rectangular
fluidized bed in their study of electrostatic fields. This differ-
ence in fluidization cell geometry might have an affect on
the quality of fluidization. Thus, a study of the conventional
fluidization was performed in our actual rectangular fluid-
ized. The results were directly compared to those reported
by Quintanilla et al.>°

For these experiments, the presieved R974 silica nano-
powder was allowed to fluidize conventionally with no exter-
nal fields. Figure 4 shows the particle volume fraction of the
fluidized R974 silica nanopowder as a function of superficial
gas velocity u,. In this plot, as in the following ones, we uti-
lize the particle volume fraction ¢ to measure the expanded
state of the fluidized bed, such that ¢ = m/(p,AH), where m
is the mass of the fluidized nanopowder, p,, is the nanopow-
der material density, A is the area, and H is the height of the
fluidized bed. Thus, as the bed expands and the height
increases, the particle volume fraction ¢ decreases.

In the conventional fluidization experiment, the particle
volume fraction decreases continuously due to the smooth
increase in bed expansion as the superficial gas velocity is
increased. Further increase of u, above 3 cm/s gives rise to
a significant amount of elutriation. As it can be seen in Fig-
ure 4, the fluidization behavior of the R974 silica nanopow-
der is almost independent of the cell geometry as should be
expected from the uniform fluid-like fluidization exhibited
by this nanopowder and absence of solid stresses on the par-
ticles in this fluid-like regime. Slight deviations in particle
volume fraction exist, however, at velocities less than u, =
1 cm/s due to the transitional nature of the nanopowder
going from the fluid-like to a solid-like state.'®

Electrofluidized bed: co-flow field configuration

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 different arrangements were thus used for the
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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.

A substantial difference in the expansion of the fluidized
bed was observed when these different arrangements were
used. When the bottom electrode was grounded, moderate
bed expansion was observed. However, when the arrange-
ment was reversed, and the top electrode was grounded,
much larger bed expansion was observed. Figure 5 shows
the relative variation of the particle volume fraction A¢/¢o,
where A¢p = ¢ — ¢ and ¢ is the initial particle volume
fraction for conventional fluidization (i.e., E, = 0), as a
function of the nominal electric field strength (£, = V/d) for
a fixed gas velocity (4, = 0.66 cm/s) and electric field fre-
quency (f = 20 Hz). It can be seen that the larger bed expan-
sion (over 20% larger) can be obtained using the top elec-
trode grounded arrangement. Just slight increments can be
obtained for the bottom electrode grounded arrangement
(below 10%) but only at very high electric field strengths
(results from experiments using different batches were made
to confirm this). It can be observed in Figure 5 that in the
top grounded electrode arrangement, enhanced bed expan-
sion begins at lower electric field strengths. These experi-
ments were also repeated at a lower gas velocity (u, =
0.44 cm/s). Again, the fluidized bed achieved much greater
expansion (almost 20% relative increment) in the top elec-
trode grounded arrangement. A reasonable explanation to
why the top electrode grounded arrangement is more effec-
tive in obtaining greater bed expansions than the bottom
electrode grounded arrangement is that in the former
arrangement, more particles are directly exposed to charging
at the distributor. In the bottom electrode grounded case, for
the particles to become charged, the current needs to pass
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Figure 5. Relative variation of the particle volume frac-
tion (A¢/¢o) as a function of nominal electric
field strength (E,) in the co-flow field configu-
ration and for bottom grounded electrode
(gas distributor) and top grounded electrode
(wire mesh).

Gas velocity u, = 0.66 cm/s and field oscillation frequency
(20 Hz) are fixed. Two sets of data for the bottom grounded
electrode arrangement are shown corresponding to experi-
ments performed using different batches.
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Figure 6. Relative variation of the particle volume frac-
tion (A¢/¢o) as a function of nominal electric
field strength (E,) in the co-flow field configu-
ration for different field oscillation frequen-
cies (indicated).

Gas velocity is fixed to u, = 0.44 cm/s. The error bar indi-
cates the experimental indeterminacy. [Color figure can be

viewed in the online issue, which is available at www.
interscience.wiley.com.]

from the upper electrode, through air, to the surface of the
bed. In the top grounded electrode case, the particles in
direct contact with the distributor may take charge from it.
Higher level of charge will give rise to higher agitation
by the applied field and thus to increased fluidization
enhancement.

It must be noted however that application of the electric
field introduced a certain indeterminacy in the measurements
of the bed height. Main sources of this indeterminacy are the
blow up of nanopowder that is captured by the upper elec-
trode and the sticking of electrostatically charged nanopow-
der to the internal walls of the cell that causes an unquantifi-
able effective lost of mass of the fluidized nanopowder.
Because the mass of nanopowder to be fluidized is so small,
any lost of mass in fluidization gives rise to a high indeter-
minacy in the calculation of particle volume fraction. These
effects are inherent to the highly polydisperse nature of
nanoagglomerate size'® and charge.'® This hinders the repro-
ducibility of the results when different batches of nanopow-
der are used as can be seen in Figure 5, where results are
shown obtained from different nanopowder batches for the
bottom grounded arrangement. Thus, the results shown in
this preliminary research are mostly indicative of a qualita-
tive trend and should be just evaluated as a qualitative com-
parison of the relative effects of the alternating electric field
according to different configurations used.

One of the parameters studied in the vertical field electro-
fluidized bed experiments was the frequency of the AC sine
wave. Previously, it has been observed in the case of vibro-
fluidized beds that application of a low vibration frequency
results in a higher bed expansion and that the effect of fre-
quency becomes less marked at high frequencies.30 In this
work, electrofluidization experiments were performed in
which the bed was fluidized at a constant gas velocity and
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vertical electric fields of different frequencies (f = 1, 5, 10,
20, 100, 500, and 1000 Hz) were applied according to the
top grounded arrangement. Experimental data for a fixed gas
velocity (u, = 0.44 cm/s) are plotted in Figure 6, where it
can be seen that the frequency does have a slight effect on
the expansion of the fluidized bed. The largest bed expan-
sions (A¢p/pg =~ 25%) are observed for the frequencies in the
intermediate range of f = 10-100 Hz. It is seen that less
expansion occurs for f < 10 Hz and f > 100 Hz. Significant
electrophoretic deposition of the electrostatically charged
agglomerates at the walls and electrodes takes place in the
range of small frequencies as seen for DC fields,>* thus hin-
dering fluidization quality. On the other side, high oscillation
frequencies produce very short oscillations of the agglomer-
ates, thus minimizing the enhanced fluidization effect of the
field.

The degree to which the fluidized bed has reached an
expanded state can affect the further contribution of the elec-
tric field to obtaining larger bed expansion. The effect of
increasing the electric strength at different constant gas
velocities was studied at a fixed frequency. To avoid signifi-
cant electrophoretic deposition at low field frequencies and
lack of effect at high frequencies, a field frequency of 20 Hz
was chosen for this study. The data were taken for the top
grounded orientation to fully maximize the expansion of the
fluidized bed.

Figure 7 shows the relative variation of the particle vol-
ume fraction as a function of electric field strength at vary-
ing superficial gas velocities. It can be seen that the largest
relative bed expansion occurs at lower gas velocities (0.7
cm/s < u, < 1 cm/s) when compared with those at higher
gas velocities (1.6 cm/s < u, < 1.9 cm/s). It can also be
observed that the slopes of the expansion curves at each gas
velocity are almost the same, implying that the electric field
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Figure 7. Relative variation of the particle volume frac-
tion (A¢/¢o) as a function of nominal electric
field strength (E,) for different gas velocities
(indicated) in the co-flow field configuration.

Field oscillation frequency is fixed at 20 Hz. The error bar
indicates the experimental indeterminacy. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 8. Induced current I from the corona discharge
as a function of voltage applied V at differ-
ence distances (indicated) from the tip to the
metallic distributor plate.

provides uniform expansion for all gas velocities. This sug-
gests that the electric field is less beneficial when the fluid-
ized bed is in a fully developed fluidized state, almost at the
point of elutriation.

The effect of previous artificial charging of the particles
was studied in order to compare the fluidization behavior of
artificially charged and naturally charged particles. To artifi-
cially charge the R974 silica nanopowder before fluidization,
we applied a corona discharge by placing a metallic pin
above the surface of the bed, which was subjected to a high
DC voltage while the distributor plate was grounded. Corona
charging of granular layers of insulating millimeter sized
particles at the surface of a grounded electrode has been
reported in the literature and is used in practice in roll-type
electrostatic separators.38 However, little is known on how
the ionic charge is distributed in the material.

Figure 8 shows the induced current / measured in our
corona charging experiment as a function of voltage applied V
at different distances d between the pin and the distributor.
Three major points can be observed from this figure. First, the
distance between the pin and the distributor has a large effect
on the amount of current that can be transmitted. The largest
current observed is at d = 3 cm. Distances less than 3 cm were
not used so that the bed, when fluidized, would not come in
contact with the pin. Second, it can be seen that there is a non-
linear relationship between current and voltage. Third, larger
currents can be obtained at negative charging when compared
with those used with a positive corona discharge.

To study the effect of corona charging on the fluidization
behavior of silica nanoparticles, the following experiments
were performed. First, the nanopowder was fluidized conven-
tionally (without corona charging or external field) and
allowed to settle. Then, a corona charge was applied to
allow the particles to become charged. The nanopowder was
precharged using a DC current with a voltage of —12 kV.
The nanopowder was then fluidized in the absence of exter-
nally applied electric field to see if the previous corona
charging itself had any effect on fluidized bed expansion.
Finally, the corona charged nanopowder was fluidized in the
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presence of an externally applied co-flow electric field and
using both the bottom grounded and top grounded arrange-
ments. In Figure 9, the particle volume fraction ¢ of the flu-
idized bed according to these procedures is plotted as a func-
tion of superficial gas velocity. It can be seen that the curve
with the highest particle volume fractions, which indicates
poor fluidization quality, corresponds to the case of the con-
ventional fluidized bed of corona precharged nanopowder.
According to visual observations, this is most likely due to
an induced strong attraction between the charged particles
and the metallic distributor plate. As seen in Figure 9, the
hampering effect of corona precharging on fluidization could
be, however, compensated by applying a co-flow field only
using the top grounded electrode arrangement, whereas the
level of expansion could not be recovered by means of the
bottom grounded arrangement. This is another indication of
the effectiveness of the top grounded arrangement in enhanc-
ing bed expansion.

Another parameter varied in precharging the particles was
the polarity of the corona discharge. From Figure 8, it was
observed that the largest induced current takes place at nega-
tive applied voltage. The nanopowder was charged at two
different negative corona voltages and one positive voltage
to observe how the expansion behavior changes. As it can
be seen in Figure 10, the largest expansion for the pre-
charged nanopowder fluidized with no external fields occurs
in the case of the positive corona charging. This is in good
agreement with Figure 8 because the smallest induced cur-
rent was observed at positive voltages. Therefore, the nano-
powder is less likely to remain in contact with the distributor
plate. For the negative corona charging, it can be seen that
the nanopowder fluidizes more difficultly especially at low
gas velocities. For the strong negative corona charging (V =

—&— conventional fluidization (not
precharged powder)

0.025 7

—— conventional fluidization
(precharged powder)

0.02

—&— electrofluidization (bottom electrode
grounded) of precharged powder

0.015

—®— electrofluidization (top electrode
grounded) of precharged powder

0.005 A

0 T T T T T 1
0 0.5 1 1.5 2 2.5 3
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Figure 9. Particle volume fraction ¢ as a function of
superficial gas velocity in fluidization of pre-
viously precharged nanopowder in the pres-
ence of a co-flow electric field for different
arrangements as indicated, and in the ab-
sence of externally applied electric field (con-
ventional fluidization).

Results from conventional fluidization of not precharged nano-
powder (as shown in Figure 4) are shown for comparison.
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Figure 10. Particle volume fraction ¢ as a function of
superficial gas velocity during conventional
fluidization (in the absence of externally
applied electric field) of the nanopowder pre-
viously precharged using corona discharge
at different voltage levels as indicated.

—16 kV), the nanopowder is unable to fluidize until almost
twice the minimum uniform fluidization velocity in the ab-
sence of field is reached (uy ~ 2umys ~ 0.8 cm/s). The same
results inferred from Figure 10 were also observed for the
electrofluidized bed in both the top and bottom grounded
electrode arrangements. These results imply that corona pre-
charging hinders the expansion of the fluidized bed, unless
the externally applied field after corona charging is strong
enough to compensate for the particles sticking to the metal-
lic distributor.

An additional effect that must be accounted for is the
ionic wind motion originated from DC corona discharges.*
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 is that nanopowder particles may be airborne
and then coat the corona wire, preventing it from being
effective.®” This problem is particularly relevant in our nano-
fluidized bed. The mean gas velocity associated to the ionic
wind can be estimated as ug ~ /e/ng, where € and p, are
the electric permittivity and density of the gas, respectively,
and E is the electric field strength. Using € = 8.85 x 10~ '*
F/m, p, = 1.2 kg/m3, and E = 1 kV/cm, we obtain u, ~30
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 turbulent
motion. This causes the lost of a significant amount of nano-
powder. Also the gas circulation causes compaction of a
nanopowder layer against the distributor, which further ham-
pers subsequent fluidization. This compaction effect can be
also inferred from Figures 9 and 10, where it is seen that the
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particle volume fraction ¢ of the previously charged bed in
the absence of fluidizing gas flow is above the value of ¢
for the not precharged nanopowder.

Electrofiuidized bed: cross-flow field configuration

For the cross-flow field electrofluidized bed experiments,
the study of the effect of electric field frequency was per-
formed by observing the fluidized bed expansion as a func-
tion of gas velocity at a constant applied electric field
strength (£ = 1.25 kV/cm) for several frequencies. Data of
the relative variation of the particle volume fraction A¢/¢pg
are plotted in Figure 11 showing that that the largest relative
expansion obtainable occurs at f = 20 Hz as for the co-flow
field configuration. As the frequency is increased above
100 Hz, the relative expansion becomes smaller similarly to
the results obtained for the co-flow field configuration.

Further cross flow field electrofluidization experiments were
performed at f = 20 Hz to maximize the enhanced expansion
effect of the alternating field. In these experiments, the bed
was allowed to expand at a fixed gas velocities. The electric
field strength was then slowly increased and the bed height
was monitored. Figure 12 shows A¢/¢p as a function of the
electric field strength at different gas velocities. It can be seen
that the bed expands quite uniformly as the electric field is
increased and that, for the higher gas velocities (¢, > 1.33 cm/
s), larger bed expansions might be obtainable. However, it was
observed that the highly expanded bed transited for E,, 2> 2
kV/cm into a dilute regime in which the bed surface becomes
undistinguishable and a considerable mass of nanopowder was
elutriated.

These results are in direct contrast to those obtained from
the cross-flow field configuration reported previously using
DC electric fields.’*>> For a DC field, it was shown that flu-
idized beds of nanoparticles subjected to a electrostatic field
in the cross-flow configuration exhibited decreased bed
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Figure 11. Relative variation of the particle volume
fraction (A¢/¢po) as a function of
superficial gas velocity for different field
frequencies (indicated) in the cross-flow
field configuration.

Field strength is fixed at 1.25 kV/cm. The error bar indi-
cates the experimental indeterminacy.
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Figure 12. Relative variation of the particle volume
fraction (A¢/¢o) as a function of nominal
electric field strength (E,) for different gas
velocities (indicated) in the cross-flow field
configuration.

Field oscillation frequency is fixed at 20 Hz. The error bar
indicates the experimental indeterminacy. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

expansion as the electric field strength was increased. Con-
trarily, we show in this work that alternating electric fields
enhances the expansion of the fluidized bed as the field
strength is increased. A further advantage of the alternating
field cross-flow configuration is that the electrodes are not
placed inside the fluidization cell, which avoids the negative
effects of the electrostatic deposition of the agglomerates on
them observed for the co-flow field configuration.

The transition of the bed to a dilute expanded state, and
the eventually continuation to the elutriated state, elaborates
the point that although the application of a cross-flow elec-
tric field can be advantageous to further expanding the fluid-
ized bed, it becomes limited at relatively high gas velocities.
In the dilute and elutriated state, the bed surface becomes
undistinguishable, and the nanopowder leaves the fluidization
cell. The loss of nanopowder can be detrimental to industrial
applications at high gas velocities. For that reason, we devel-
oped the variable field configuration, in which the highest
strength of the field is limited to the bottom of the bed,
whereas the field is practically zero at the free surface.

Electrofluidized bed: variable field configuration

Experiments were performed at constant field oscillation
frequency (f = 20 Hz) for this variable field configuration.
At different gas velocities, the voltage applied was increased
and the corresponding bed height was measured. Figure 13
displays the relative increase of particle volume fraction as a
function of electric field strength at different gas velocities
for a distance between the lower rim of the vertical electro-
des and the distributor of d = 3 cm. The figure shows quali-
tatively similar results to the ones obtained from previous
configurations. A distinct differentiation can be made for the
several gas velocities used. The expansion is much more
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enhanced at lower gas velocities when compared with higher
ones. It must be considered that silica R974 is a special kind
of nanopowder that can be well fluidized even without the
aid of an electric field at high velocities. Thus, it is reasona-
ble that the electric field fluidization enhancement is more
effective at lower gas velocities.

One of the parameters that can be varied for the variable
field configuration is the distance of the vertical electrodes
to the distributor plate. In the first set of experiments, the
distance between the lower rim of the vertical electrodes and
the distributor plate was d = 5 cm but the relative increase
of expansion observed (~3.75%) was almost a complete
order of magnitude smaller than the increase measured for
the other configurations and any noticeable expansion did
not occur until the field reached a strength of approximately
E, =~ 2 kV/cm. The vertical electrodes were then lowered to
d = 3 cm, for which expansion enhancement is already con-
siderable at E, ~ 0.8 kV/cm. It is expected that bed expan-
sion will be further enhanced if the vertical electrodes are
further lowered.

An interesting observation for this configuration is the
strong agitation of the agglomerates in the region of high
strength field, which can be inferred for the observed slight
vortex motion of the nanopowder near the gas distributor
plate. This indicates that the strong field close to the gas dis-
tributor helps to vigorously agitate the larger agglomerates
that sink to the bottom of the bed and usually hamper addi-
tional bed expansion. The agitation of these large agglomer-
ates further destabilizes the development of gas channels
close to the gas distributor. An additional advantage of this
variable field configuration is that the amount of elutriation
is visibly reduced when compared with enhanced
fluidization experiments using cross-flow and co-flow field
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Figure 13. Relative variation of the particle volume
fraction (A¢/¢o) as a function of nominal
electric field strength (E,) for varying gas
velocities (indicated) in the variable field
configuration.

The distance between the lower rim of the vertical electro-
des and the metallic gas distributor is d = 3 cm. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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Figure 14. Relative variation of the particle volume
fraction (A¢/¢o) as a function of gas velocity
for unsieved R974 silica with and without
electric field applied (variable field configu-
ration).

Nominal field strength (E, = V/d) is fixed at 4 kV/cm.
Data from conventional fluidization of sieved silica (with-
out electric field applied) is shown for comparison.

configurations. Even at the higher voltage differences,
the bed surface is seen to remain clearly distinguishable
and there is little nanopowder loss due to the minimized
elutriation.

It is noticeable that at very high nominal electric field
strengths, gas bubbles close to the distributor are developed.
These bubbles do curtail further expansion as seen in Figure
13, where it is observed that A¢/¢, saturates at high electric
field strengths (E, > 3.25 kV/cm). These results are reminis-
cent of bubbling stimulation in vibrofluidized beds at high
vibration intensities in the range of small vibration frequen-

cies.’® In fact, a commonality between these types of
enhanced fluidization techniques is that in both cases the
excitations are predominantly concentrated at the bottom of
the bed.

The unsieved nanopowder has a rather polydisperse ag-
glomerate size distribution ranging from ~10 um to some
sizes on the order of 1 mm. Thus, before all the above
reported experiments, the R974 silica nanopowder had to be
presieved to remove agglomerates larger than 425 um that
impeded proper initialization. Previous sample sieving has
been systematically used in assisted fluidization techniques.
The removal of these large and hard agglomerates helps the
average sized agglomerates fluidize. The particularly inter-
esting field distribution caused by the variable electric field
configuration in our experiment led us to study the effect of
this assisted fluidization technique on the fluidization behav-
ior of unsieved nanopowder.

The first experiment consisted of conventionally fluidizing
(without any external 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.
These larger agglomerates sink to the bottom of the bed and
hinder a uniform distribution of the gas flow within the bed
thus favoring gas channeling. Once the electric field was
turned on (f = 20 Hz, E,, = 4 kV/cm), it was seen however
that the bed began to expand immediately. Then, the nano-
powder was allowed to fluidize once more conventionally af-
ter the electric field was turned off in order to see if the
enhanced fluidization effect of the field was irreversible.

Figure 14 shows the relative variation of the particle vol-
ume fraction (with respect to the packed state) as a function
of superficial gas velocity according to this procedure. In
this figure, it can be seen that the application of the nonuni-
form electric field has a remarkable effect on the expansion
behavior of the unsieved nanopowder, which fluidized

Figure 15. Snapshots of a fluidized bed of unsieved R974 silica before (left) and after (right) the electric field was

applied (variable field configuration).
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heterogeneously in the absence of external field with rather
small expansion. Relative increments on bed expansion of
almost 80% were obtainable when the field was applied.
Data from conventional fluidization of presieved silica is
shown for comparison. As can be observed, the level of
expansion obtained by application of the alternating nonuni-
form field to the unsieved fluidized bed of silica is compara-
ble to the expansion observed for the conventional poorly
fluidized bed of presieved silica. Figure 15 shows a photo-
graph of the unsieved nanopowder fluidized at the maximum
gas velocity (#y; ~ 3 cm/s) before and after the electric field
was applied. This figure clearly illustrates that the applica-
tion of the nonuniform alternating electric field has a dra-
matic effect on the fluidization expansion of the unsieved
nanopowder. It is observed, however, that the bigger
agglomerates remain still deposited at the bottom of the bed,
indicating that, though the electric field produces strong agi-
tation of these agglomerates, it does not break them, though
it facilitates a uniform distribution of the gas flow to the rest
of the bed. Thus, when the field is turned off, the fluidization
state of the unsieved silica returns to its heterogeneous state
as can be seen in Figure 14.

Conclusions

A number of techniques have been proposed in the litera-
ture to enhance the fluidization quality of nanopowders such
as external vibration, sound wave pulsation, centrifugation,
and addition of large magnetic particles that are excited by a
variable magnetic field. These techniques have been shown
to serve to enhance expansion of fluidized beds of silica
nanopowders, which were sieved before fluidization. In this
article, we demonstrate that the application of either a cross-
flow or a co-flow alternating electric field is also useful to
enhance fluidization of this system. However, the most effec-
tive technique to assist fluidization has been shown to con-
sist of application of a nonuniform alternating electric field,
which is weak in the vicinity of the free surface but strong
close to the bottom of the bed. Because of the wide size dis-
tribution of the nanoparticle agglomerates, especially in the
case of unsieved samples ranging from 10 of microns to
millimeters, the conventional fluidized bed is highly strati-
fied, with the larger agglomerates sinking to the bottom of
the bed and the smaller agglomerates almost in suspension
close to the free surface. These smaller agglomerates are
easily elutriated if the gas flow is increased to mobilize the
larger agglomerates or other assisted fluidization techniques
are used. It has been shown in this work that the alternating
nonuniform field strongly agitates the larger agglomerates,
which destabilizes the development of gas channels close to
the distributor thus enhancing fluidization. Furthermore, the
variable field has almost no effect on the smaller agglomer-
ates at the top of the bed, thus avoiding excessive elutriation.
By using this technique, the nanopowder does not have to
undergo a pretreating sieving process, which has been criti-
cal to most fluidization studies of R974 silica. It is remark-
able that the action of the field is noticeable without the
need of electrostatically precharging the nanopowder.
Because of contact and tribo charging mechanisms, the
nanoparticle agglomerates naturally accumulate sufficient
electrostatic charge to be appreciably excited by electrostatic
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fields of strength on the order of 1 kV/cm. Nevertheless, in
this work, we have carried out tests on artificially precharged
nanopowder samples by means of corona discharge. This
technique has been found to be counterproductive in further
enhancing fluidization, which is mainly due to nanopowder
sticking to the metallic distributor plate.
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Appendix
Evaluation of the dielectrophoretic force

The total electric force acting on a suspended particle of
net charge Q in a non-uniform field E is given by

F=QE + (p- V)E. (A1)

where Q is the net charge on the particle, p is the dipole
moment of the particle, and E is the electric field vector.
The second term in the right-hand side of Eq. Al, involving
the dipole moment and field gradient, is known as dielectro-
phoretic 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 Eq. Al, involving the
direct attraction of the electric field for a charge (electrophore-
sis) is dominant. Because it is practically impossible to have
uncharged particles in a nanopowder sample,34 the electropho-
retic influence is usually dominant, though 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 uni-
form. For a sphere of diameter d,, this force is approxi-
mately given by*!

12 182+281

1

Fq VE? (A2)

where E is the strength of the electric field applied, and &
and &, are the permittivities of the surrounding 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 sur-
rounding medium.*' In our experiments, we have a maxi-
mum value of VE? » 0.4 x 10?V%cm® for the variable
field configuration. If we consider silica agglomerates as
effective particles of maximum size d, = 1 mm, and using
& = 8.854 x 1072 F/m, & = 1.14¢, (value reported for
silica aerogel*?), we have a maximum dielectrophoretic force
Fyq = 0.04 nN according to Eq. A2, which is negligible
when compared with agglomerate weight. Dielectrophoresis
does not play, therefore, a role in our system, though it
should be taken into account in variable field configurations;
specially, when high permittivity materials are used.

Manuscript received Dec. 5, 2008, and revision received Apr. 20, 2009.

January 2010 Vol. 56, No. 1

Published on behalf of the AIChE

DOI 10.1002/aic 65



