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Alternating Field Electronanofluidization
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Abstract. The use of fluidized beds to remove submicron particles from gases has been investigated since 1949. High
efficiency removal was achieved in the 1970’s by imposing an electric field on a fluidized bed of semi-insulating granules
that were able to collect the charged pollutant entrained in the fluidizing gas. In spite of their extended use nowadays, the
collection efficiency of electrofluidized beds (EFB) is still hindered by gas bypassing associated to gas bubbling and the
consequent requirement of too high gas flow and pressure drop. In this paper we report on the electromechanical behavior of
an EFB of insulating nanoparticles. When fluidized by gas, these nanoparticles form extremely porous light agglomerates of
size of the order of hundreds of microns that allow for a highly expanded nonbubbling fluidized state at reduced gas flow. It
is found that fluidization uniformity and bed expansion are additionally enhanced by an imposed AC electric field for field
oscillation frequencies of several tens of hertzs and field strengths of the order of 1 kV/cm. For oscillation frequencies of the
order of hertzs, or smaller, bed expansion is hindered due to electrophoretic deposition of the agglomerates onto the vessel
walls, whereas for oscillation frequencies of the order of kilohertzs, or larger, electrophoresis is nullified and bed expansion
is not affected. According to a proposed model, the size of nanoparticle agglomerates stems from the balance between shear,
which depends on field strength, and van der Waals forces. The optimum field strength for enhancing bed expansion produces
an electric force on the agglomerates similar to their weight force, while the oscillation velocity of the agglomerates is similar

to the gas velocity.
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INTRODUCTION

Efficient removal of dust and mist from gases by pass-
ing these through a bed of fluidized solids was first
claimed by Meisner and Mickley in 1949 [1]. Almost
two decades later, practical problems such as reducing
air pollution from diesel exhaust and filtration of smoke
emissions from asphaltic pavement recycling process,
motivated Melcher to develop electrofluidized beds for
collection of submicron particles [2]. Melcher and co-
workers stressed a fluidized bed by imposing an elec-
tric field that effectively polarized the millimeter sized
particles. These semi-insulating particles then served the
function of conventional ¢lectrostatic precipitators, act-
ing as collection sites for the charged pollutants entrained
in the fluidizing gas. In comparison to electrostatic pre-
cipitators, the collection surface area per unit volume of
electrofluidized beds is greatly increased, making it pos-
sible to reduce the gas residence time and volume of
the filter [2]. A major concern that besets classical flu-
idized bed filters lies in the bypassing of the contami-
nants through gas bubbles. Gas bubbling is the typical
behavior found in fluidized beds of millimeter sized par-
ticles [3], providing little gas-solid contact and hamper-
ing reaction efficiency.

Powders of moderate density nanoparticles (such as
silica) can be uniformly fluidized and experience a tran-
sition to elutriation at high gas velocities with full sup-

pression of visible bubbles [4]. In this paper we study the
behavior of an electrofluidized bed of dry silica nanopar-
ticles, which shows agglomerate particulate fluidization
in the absence of externally applied electric field. Sam-
ples were subjected to DC and AC electric fields in or-
der to check the influence of the frequency of the ex-
ternal field and to determine the size and charge of the
powder. The suppression of gas bubbles in fluidized beds
of nanoparticles has been causally related to the forma-
tion of porous light agglomerates. A phenomenological
approach to predict the behavior of gas-fluidized beds
of nanoparticles is to consider agglomerates as effective
low-density spheres which may exhibit nonbubbling gas-
fluidization similarly to coarse particles fluidized by lig-
uids. In this way, the Richardson-Zaki (RZ) equation,
originally intended to describe the expansion of uni-
form liquid-fluidized beds [6], can be modified to con-
sider uniform gas-fluidization of nanoparticle agglomer-
ates [4]

Yo _
Vp

k=1, (n)
where v, is the superficial gas velocity, v, is the terminal
settling velocity of a single particle, ¢ is the particle
volume fraction, k, = d**/d,, is the ratio of agglomerate
size to particle size, and D = InN, /k,, where N, is the
number of particles in the agglomerate.
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FIGURE 1. Particle volume fraction as a function of super-
ficial gas velocity for fluidization without external electric field
applied. The solid line represents the modified RZ equation fit
to the data in the uniform fluidlike regime. The photographs in
the inset illustrate bed expansion.

EXPERIMENTAL SETUP AND RESULTS

The fluidized bed apparatus consisted of a vertical 2.54
cm internal dia. polycarbonate vessel, 16.2 cm in height,
which is fitted at the bottom with a sintered stainless steel
plate, having a pore size of 5 pum, that acts as gas distribu-
tor. The fluidization cell is is placed between two parallel
square electrodes of 14 cm of side length. The distance
between the electrodes is fixed to [ = 8 cm. One of the
electrodes is grounded and high voltage V is applied to
the opposite electrode from an oscillator/amplifier net-
work. The electric field strength within the bed can be
taken as approximately constant (E ~ V/I). The power
supply system allowed us to provide peak field strengths
up to Ey ~ 2 kV/cm over a frequency range up to 10 kHz.
Different types of waveform, sinusoidal, square and tri-
angular shape, were applied. The flow of gas (dry air)
to the column was controlled by means of a MKS flow
controller with a full range from 0 to 2000 cm®/min. The
material tested in the experiments was pre-sieved (using
a sieve opening of 500 pm) AerosilOR974 , which is a
hydrophobic SiO; nanopowder with a particle density of
pp =2250 kg/m?, and particle size d, = 12 nm.

In Figure 1 we have plotted experimental data of ¢ as
a function of vy in the absence of external field applied.
The bed expands monotonously as v, is increased. By
fitting the data of vg vs. ¢ to the modified Richardson-
Zaki equation (Eq. 1), it is obtained d** = 226pm and
D = 2.588, which is in good agreement with previous
measurements [4].

Figure 2 shows experimental data on ¢ as a function
of v, and for different values of the strength of the cross-
flow electrostatic field applied. The main effect of the
electric field is an increase of ¢. From local observa-
tions [7], it is seen that the dynamics is ruled by elec-
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FIGURE 2. . Average particle volume fraction of the flu-

idized bed ¢ as a function of the superficial gas velocity vg
for different strengths of the electrostatic field applied.
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FIGURE 3. Relative variation of the particle volume frac-
tion as a function of the oscillation frequency of the alternating
electric field. Peak field strength is fixed to 1.25 kV/cm. Data
is shown for three different values of the superficial gas veloc-
ity vg. The inset shows electrophoretic deposition (1Hz) and
enhanced bed expansion (20 Hz).

trophoretic deposition at the wall. In the stationary state,
fluidization quality is hampered and bed expansion is de-
creased.

Insulating dry particles in a fluidized bed accumu-
late a significant amount of charge. Most investigations
suggest that the main cause for the charge build-up on
granular materials during industrial handling and pro-
cessing is contact charging [5]. Charges are exchanged
whenever any two surfaces come into contact with each
other even for cases where the bulk materials are the
same due to surface impurities and imperfections. The
electrophoretic force on our agglomerates is F, ~ Q**E,
where Q** is their charge. Using the Stokes’ law for
an isolated agglomerate, it can be estimated Q** =
3rud*v;*/E, where u is the gas viscosity and v;* is
the terminal velocity of the agglomerate. We have ana-
lyzed the trajectories of some agglomerates at the initial
stage of application of the electric field by means of a
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FIGURE 4. Photographs of the electronanofluidized bed il-
lustrating bed expansion for three different frequencies of the
alternating electric field (indicated) as compared to bed expan-
sion in the absence of externally applied electric field. Superfi-
cial gas velocity is fixed to vy = 2.7 cm/s.
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FIGURE 5. Relative variation of the particle volume frac-

tion of the electronanofluidized bed as a function of the field
strength for three different waveform types. Top: Data is shown
as a function of the peak field strength Ej. Bottom: Data is
shown as a function of the root-mean-squared field strength
E,s. electric field oscillation frequency and superficial gas ve-
locity are fixed to 20 Hz and v, — 2.7 cm/s, respectively.

CMOS high-speed camera. The agglomerate charge of
the agglomerates manually tracked was found to be of
the order of 10~14C, giving a charge to mass ratio Qmr
in the range 107 — 10~*C/kg.

In the case of an alternating field, it is expected that
the charged agglomerates will be forced to oscillate at
the field frequency. Figure 3 shows the relative variation
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FIGURE 6. Relative variation of the particle volume fraction
of the electronanofluidized bed as a function of the superficial
gas velocity. Electric field oscillation frequency and strength
are fixed to 500 Hz and Ey = 1.25 kV/m (square wave), respec-
tively. The lines are predicted curves by the model. Solid line:
complex-agglomerate charge Qf* = 1.9 x 1014 C. Dotted line:

Q5F =1x 10714 C. Dashed line: Q" =3 x 10714 C

of the particle volume fraction (A¢ /¢o, where ¢, is the
particle volume fraction in the absence of external elec-
tric field) of the electronanofluidized bed as a function of
the oscillation frequency for a fixed peak field strength
(Ep = 1.25 kV/cm). For frequencies of the order of hertzs
the main mechanism is still electrophoretic deposition of
the agglomerates on the walls, which gives rise to bed
channeling and collapse. In the range of intermediate fre-
quencies, between tens and hundreds of hertzs, the op-
posite behavior is observed. Bed expansion is greatly en-
hanced by the alternating field. Finally, for frequencies
of the order of kilohertzs and larger, the alternating field
has no appreciable effect on bed expansion (see Fig. 4).
The effect of the strength of the field in the range of in-
termediate oscillation frequencies and waveform type is
shown in Fig. 5. Bed expansion is further enhanced as
the strength of the field is increased. The data matches
to a single trend when it is plotted against the root-mean-
squared field E,,,s, which indicates that enhanced bed ex-
pansion is the result of a time averaged process. From a
log-log plot (see inset) it is observed that A¢ /o scales
as the field strength squared, which is proportional to the
kinetic energy gained by the agglomerates during one
semiperiod. This suggests a possible role of collisions
between agglomerates of different charge on deagglom-
eration.

DISCUSSION

A change of the particle volume fraction when the
field is turned on could be attributable to a variation
of the complex-agglomerate size. In order to estimate



theoretically the complex-agglomerate size, simple-
agglomerates, which exist before fluidization [4], will
be considered as effective particles undergoing agglom-
eration due to attractive forces between each other [8].
This attractive force is counterbalanced by the gas flow
shear to support the weight of the complex-agglomerate
in the gravity field plus the shear due to their forced
oscillations in the electric field. The balance between
the overall time-averaged shear and the attractive force
determines the size of the complex-agglomerates. The
complex-agglomerate weight force W** is balanced
by the hydrodynamic friction from the surrounding
gas, which acts mainly at its surface due to the flow
screening effect. Using a spring model [8], the typical
strain on the surface of the complex-agglomerate can
be estimated as y, ~ W**/K**R**. Here W** = N*W*,
where N* is the number of simple-agglomerates in the
complex-agglomerate and W* is the simple-agglomerate
weight force. K** is the complex-agglomerate spring
constant, which, using a theory on the elastic properties
of random percolating systems, can be obtained from the
simple-agglomerate spring constant K* and the elasticity
exponent B (K** ~ K*/(k*)B, where k* is the ratio of
complex-agglomerate radius R™ to simple-agglomerate
radius R* and 8 = 3 in 3D). When the alternating electric
field is turned on, the forced complex-agglomerate oscil-
lations give rise to an additional shear force to balance
the electric force Q**E. The root-mean-squared shear
strain is thus increased up 0 Yms = /(%)>+ (%)%
where Y ~ Q" E,s /K™ R*. Thus, the shear force,
which acts on the simple-agglomerates attached
to the outer layer of the complex-agglomerate, is
Fy ~ K*YmsR* ~ (k*)PT2/(W*)2 4 (Q*Eyms)?. Here
it is assumed N* = (k*)? and that the complex-
agglomerate charge is equally distributed among the
simple-agglomerates (Q** = N*Q*, where Q% is the
simple-agglomerate  charge).  Simple-agglomerates
attach to the complex-agglomerate as long as the
shear force is smaller than the attractive force. Thus,
the limit condition Fy = F,;w leads to the equation
k* ~ Bo'/(P+2) for estimating the complex-agglomerate
size d**, where the agglomerate Bond number Bo is
defined as the ratio of the attractive force Fuw to
V(W52 (Q*Eppis)?. The simple-agglomerate weight
is W* = N,W,, where W, is the nanoparticle weight and
Np, is the number of primary nanoparticles in the simple-
agglomerate, which is assumed o be N, = (d*/d,)P.
The simple-agglomerate charge Q* is needed to estimate
the complex-agglomerate size. Provided that simple-
agglomerates are unaltered by the clectric field, it is
Q* = Q*/N§, where Qf" and Nj are the complex-
agglomerate charge and number of simple-agglomerates
in the complex-agglomerate for £ = 0, respectively.
Thus
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where ki = d;*/d* is the relative complex-agglomerate
size in the absence of electric field. Using a typical value
of Fyw = 10 nN, d* = 30um, and D =2.5—-2.6 [4], it
is predicted d3* ~ 150um in the absence of applied elec-
tric field. Eq. 2 can be used in the modified RZ equa-
tion (Eq. 1). Figure 6 shows the relative variation of
the particle volume fraction as a function of the super-
ficial gas velocity for an imposed external field of peak
strength E9 = 1.25 kV/cm. The lines represent the pre-
dictions by the model for difterent values of the complex-
agglomerate charge. Complex-agglomerate size in the
absence of electric field and fractal dimension are taken
from our previous derivation based on bed expansion e¢x-
perimental data (d3* = 226 ym, D = 2.588). Remark-
ably, the prediction fits to the data in the fluidlike regime
for a value of the complex-agglomerate charge (Qf* =
1.9 x 10~ C) similar to the order of magnitude esti-
mated by tracking agglomerate trajectories. The model
prediction is however quite sensitive to the agglomerate
charge. Considerable deviation from the data is obtained
for other charge values of same order of magnitude. This
prevents us from a conclusive statement on the model
validity. Moreover, the role of collisions on deagglomer-
ation is not considered by the model.
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