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Electrostatics and hydrodynamics in the fluidized bed are mutually affected, and excess accumulation of electrostatic
charges has a severe impact on hydrodynamics. However, there is a serious lack of experimental investigation of elec-
trostatic effect on hydrodynamics. This work provides a first insight into the electrostatic effects on bubble behaviors
experimentally by injecting a trace of liquid antistatic agents (LAA) into a fluidized bed. Different amounts of LAA
(0–50 ppm) were injected to make the electrostatic charges vary in a wide range and the bubble behaviors were investi-
gated simultaneously. Results showed that the charges on particles decreased with increasing amount of LAA, which
resulted in larger bubble sizes, stronger fluctuations of dynamic bed height, and less wall sheeting, respectively. The
maximum reduction ratio of bubble sizes due to electrostatic effect was 21%. When particles were charged, the bubble
sizes were significantly smaller than those estimated from the classical correlation. This discrepancy was attributed
to the neglect of electrostatic effect in classical correlation. VC 2015 American Institute of Chemical Engineers AIChE J,

61: 1160–1171, 2015
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Introduction

Electrostatic charges are generated and accumulated
mostly due to insulated particle–particle and particle-wall
frictions in the gas-solid fluidized bed. The excess accumula-
tion of electrostatic charges has a severe impact on hydrody-
namics in fluidized bed, even causes particle agglomeration
and wall sheeting.1,2 Recent research of electrostatics in flu-
idized bed mainly focuses on charge generation mechanism
based on different electrostatic measurements. Boland and
Geldart3 studied the effects of mean particle size and gas
humidity on charge generation and dissipation in the fluid-
ized bed through ball electrostatic probes. They concluded
that electrification in fluidized bed is generated by the
motion of particles around bubbles. Park et al.4 developed a
single bubble injection experiment and found electrostatic
charges in the fluidized bed increased as the bubble size
increased. Zhao et al.5 measured the charge distribution of
fluidized particles using a vertical array of Faraday pail sen-
sors and indicated that particles were bipolar charged and
small particles tended to be negatively charged. Mehrani
et al.6 developed an on-line Faraday cup fluidized bed sys-
tem and concluded that friction between gas and wall had
little influence on electrostatic charges, while elutriation of
fines was the main cause of charge accumulation in the fluid-
ized bed. A technique has been developed by Chen et al.7,8

to measure the charge distribution around a single rising

bubble in a two-dimensional fluidized bed using a number of
induction probes. Their results indicated that the wake of the
bubble was more negatively charged than the emulsion
phase, and a nearly zero charge density inside the bubble
was found. Sowinski et al.9,10 used a unique online Faraday
cup method to measure the electrostatic charges of the bed
particles, the particles adhered to the column wall, and the
entrained fine particles. They found an occurrence of bipolar
charging in both bubbling and slugging regimes with
entrained fines being mainly positively charged, whereas the
bed particles and those attached to the wall carried net nega-
tive charges.

According to the research mentioned previously, the
change of hydrodynamics will certainly alter the degree of
particle electrification.11–15 However, the influence between
hydrodynamics and electrostatics is mutual, and variation of
charges on particles will also affect hydrodynamics in the
fluidized bed. Unfortunately, there is a serious lack of exper-
imental investigation of electrostatic effect on hydrodynam-
ics. This is attributed to the fact that tribocharging of
particles strongly depends on many factors, including physi-
cal properties of gas and solid, operating conditions, and
environmental conditions.1,16 A slight change of any of these
factors will alter the electrostatics in the fluidized bed. Thus,
tribocharging of insulated particles is not very easily to be
controlled, which raises the difficulty in quantitatively
adjusting the degree of electrification in the experimental
investigation. Even so, some efforts have still been made to
adjust the electrostatic charge in fluidized bed quantitatively.
Reduction of electrostatic charge by increasing the humidity
of fluidizing gas was investigated by Park et al.4 and their
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results indicated increasing the relative humidity reduced the
electrostatic charge by increasing the surface conductivity of
insulated particles. Relative humidity between 40 and 80%
was the best for charges elimination, while over-
humidification led to excessive capillary forces causing
defluidization. Wang et al.17 found the addition of a small
amount of metal oxides into the fluidized bed can adjust the
charge magnitude and polarity of particles. However, the
physical property of fluidized particles was changed in the
meantime and fines elutriation also increased. So far, due to
the difficulty of experimental investigation, electrostatic
effects on hydrodynamics in the fluidized bed have only
been studied through numerical simulation. Rokkam et al.18

developed a multifluid computational fluid dynamic (CFD)
simulation coupled with an electrostatic model and found the
entrainment rate reduced when fines were charged. Their
simulation results of electrostatic effect on elutriation are in
accordance with Briens19 and Li20’s experimental results.
Jalalinejad et al.21 numerically investigated the effect of
charged particles on single rising bubbles through two fluid
model and found bubbles elongated and rose slowly when
particles were charged. Hassani et al.22 developed a discrete
element method (DEM) coupled with CFD model to study
the effect of electrostatic forces on fluidization hydrodynam-
ics. Their results indicated that when particles were mono-
charged, the repulsive forces between particles resulted in a
larger emulsion voidage and smaller bubble sizes. Lim23

developed a DEM study on the mixing behaviors in gas-
solid fluidized bed systems with electrostatic effects and
indicated that particles adhered to walls and less vigorous
fluidization was found when the electrostatic forces between
particle-wall were stronger than fluid drag forces.

Numerical simulation coupled with electrostatic model, to
some extent, can obtain the electrostatic effect on fluidiza-
tion hydrodynamics. However, most simulations have not
been validated with experimental verification. Moreover,
most simulations involve numerous assumptions and simpli-
fications which seem unreasonable according to experimental
results.6,24–27 For instance, charge generation and dissipation
are often neglected in electrostatic model and the amounts of
charge on particles are assumed to be constant and independ-
ent of particle sizes. All these disadvantages limited the
accuracy and applicability of simulation results. Therefore, it
is of vital importance to investigate the electrostatic effects
on hydrodynamics experimentally.

This work provides a first insight into the electrostatic
effects on hydrodynamics experimentally, especially bubble
behaviors, by injecting a trace of liquid antistatic agents
(LAA) into the fluidized bed. Different amounts of LAA (0–
50 ppm) were injected to make the electrostatic charges vary
in a wide range (0–2.8 nC/g) and the bubble behaviors were
investigated simultaneously. The influence of electrostatic
charges on dynamic bed heights was also studied. The elec-
trostatic effects on fluidization hydrodynamics were con-
cluded and the affecting mechanism was also discussed.

Experimental Methods and Materials

Figure 1 shows the schematic diagram of experimental
apparatus, which consists of fluidization system and detec-
tion system. The black solid line stands for gas flow and the
dashed line represents the signal flow. The fluidized bed is
made of a transparent Plexiglas column with an inner diame-
ter of 150 mm and a height of 1000 mm, including an

expanded section at the top, which has a height of 300 mm
and a width of 250 mm. The bed column is equipped with a
gas mixing chamber at the bottom and an iron perforated
distributor with an open area ratio of 2.6%. The compressed
air is dried and measured successively before entering the
mixing chamber.

The detection system includes electrostatic voltage mea-
surement, Faraday cup electrometer and pressure fluctuation
probe. The self-developed electrostatic voltage measurement
consists of spherical electrostatic probe, voltage/current con-
verter (ADTECH, MVX106), data acquisition card (NI,
USB-6351), and computer. Output voltage signals were
sampled at 400 Hz. The electrostatic probes were installed at
various axial heights (80, 140, 190, and 240 mm) above the
gas distributor and each probe was located 5 mm from the
inner column wall. The Faraday cup electrometer (Monroe
Electronics, NanoCoulomb Meter 284) was used to measure
the average charge-to-mass ratio of charged particles. The
sampling ports were set at 80 and 240 mm above the distrib-
utor. The charged particles from sampling port went directly
into the Faraday cup due to the pressure difference between
inside and outside of the fluidized bed. Considering the pos-
sible influence of sampling process on measurements, all
experimental runs were repeated at least three times to
ensure the reproducibility of the results. The pressure fluctu-
ation signals were measured at 20, 160, and 240 mm above
the distributor using three pressure tubes made of steel with
a length of 80 mm and an internal diameter of 4 mm. Each
pressure tube was mounted flush with the inner wall of the
column with a fine mesh covering the tip to prevent fine par-
ticles from entering into the probe. The probe was connected
to one of two channels of a differential pressure transducer
(CTG121P, China), which produced an output voltage pro-
portional to the pressure difference between the two chan-
nels. The other channel was exposed to the atmosphere. The
measuring range of the pressure transducer is 62 kPa, and
its relative accuracy is 60.25% of full scale. The sampling
frequency was 400 Hz in all cases and the signal was
resampled to 100 Hz before further analysis. The locations
of signal measuring points are specified in Figure 2.

Figure 1. Schematic diagram of experimental apparatus.
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AtmerTM 163 is a synthetic ethoxylated amine in liquid
form with a density of 0.86 g/cm3, which is commonly used
as antistatic agent in polyolefin. To avoid its larger concen-
tration in a certain position, a trace of LAA was injected
into the center of the bed close to the distributor so that
LAA could be easily diffused with the help of high speed
gas jet near the distributor, as shown in Figure 2. The
amount of LAA added is listed in Table 1, and the mass
ratio is calculated based on 2 kg particles. Since the amount
of LAA added is less than 100 ppm, the influence of liquid
itself on hydrodynamics can be neglected.28

Compressed air was used as fluidizing gas and predried to
a relative humility of 10–15% and the air temperature was
among 15–20�C. The polypropylene (PP) powder (Sinopec,
China) with a particle density of 0.9 g/cm3 was used as flu-
idized particles. PP powder has a mean diameter of 1.85 mm
and belongs to Geldart D particles. The sieve size distribu-
tion of PP is displayed in Table 2.

Two fundamental experiments were carried out to study
the triboelectric charging characteristic of PP particles over
column wall.

First, a vibration test was developed to determinate the
charge polarity of PP particles after impacting with poly-
methyl methacrylate (PMMA) wall. A certain weight of PP
particles (the same PP particles used for fluidization) were
put into a PMMA column with a diameter of 60 mm and a
height of 200 mm. Then the PMMA column with PP par-
ticles was put on a vibrating device. After vibrating for
5 min, PP particles were moved into a Faraday cup, from
which the charge to mass ratios were measured. The process
was repeated for three times for each sample.

Second, to indicate the difference between the PP particles
before and after injection of LAA, PP particles with different
amounts of LAA were first melt and remodeled into a slice
with a diameter of 80 mm and a thickness of 2 mm. The sur-
face resistivity of PP slices was then measured by a high

insulation tester (ZC90F, China). By applying a high voltage
of 500 V on each slice for 1 min, the resistivity was
acquired from the tester. Each sample was tested for at least
three times to reduce the probability of detection errors.

The fluidized bed was first swept by dried air for 10 min,
and 2 kg previously dried PP powder was added, with a static
bed height of 210 mm. The particles were fluidized for at
least 30 min to ensure fully tribocharging. The electrostatic
voltage and pressure fluctuations were recorded simultane-
ously. When the electrostatic charges of particles reached
equilibrium, particles were sampled and charge-to-mass ratios
were measured. Then, a trace of LAA was injected near the
distributor and variations of electrostatic voltage and pressure
fluctuations were recorded again. Besides, a digital camera
(Sony HDR-SR10) was used to record the bed surface during
the experiment, at the speed of 25 frames/s and resolution of
1440 3 1080 pixels.

All the experiments in this work were carried out under a
superficial gas velocity of 0.7 m/s. The minimum fluidization
velocity (umf) was determined experimentally by the classical
method (pressure drop across the bed vs. the decreasing
superficial gas velocity). The value of umf was 0.54 and
0.47 m/s for fully charged particles and particles whose
charges were eliminated by LAA, indicating an increase of
umf for charged particles. The electrostatic forces between
charged particles and particles adhered to walls obstructed
normal fluidization, which resulted in an increase in umf.
Besides, the transition velocity from bubbling to turbulent
fluidization was independently studied by pressure fluctua-
tions and found to be 1.77 m/s in this work.

Results and Discussions

Electrostatic charges control via LAA injection

When the superficial gas velocity was 0.7 m/s, the varia-
tions of electrostatic voltage at various axial bed heights

Figure 2. Locations of signal measuring points and antistatic injection.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Amount of LLA Added

Mass ratio, (ppm) 12.5 25 37.5 50 75 100
Volume, (mL) 0.03 0.06 0.09 0.12 0.18 0.24

Table 2. Size Distribution of PP Powder

Sieve size, (mm) 2.05 1.4 1 0.85 0.5 0.25 <0.25
Mass ratio, (%) 58.4 20.5 13.9 2.60 4.01 0.42 0.17
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with fluidization time were shown in Figure 3. The voltage
at 80 mm above the distributor decreased rapidly with fluid-
ization time and reached a minimum voltage 10 min later,
indicating negatively charged particles at the bottom. The
positive voltage at 240 mm increased slowly with fluidiza-
tion time. According to Figure 1, the PP particles in the flu-
idized bed were bipolar charged, with negatively charged
particles at the bottom part and positively charged particles
at the top part. Besides, the negative voltage (absolute value)
was significantly larger than positive voltage, indicating that
most particles were negatively charged.

When the electrostatic voltage reached equilibrium, a trace of
LAA was injected close to the distributor. Figure 4 showed the
variations of electrostatic voltage after injection of 37.5 ppm
LAA. After injection of LAA, the absolute value of voltage at
80 mm decreased rapidly at first and reached a relatively low
voltage finally. For measuring points higher than 80 mm, the
voltages increased rapidly and reached a peak, then decreased
gradually to zero. Change of voltages at 80 and 240 mm were
more significant compared with other measuring points. The

following analyses were based on the variations of voltage at
these two measuring points.

LAA has good conductivity since ethoxylated amine has
hydrophilic group (AOH). Therefore, the surface charge dis-
sipation rate of fluidized particles accelerated after injection
of LAA, thus resulted in a decrease of electrostatic voltages
in the fluidized bed. The charge dissipation rate of insulated
particles strongly depends on the permittivity and resistivity,
and the charge dissipation equation can be expressed as29,30

dQ

dt
52

Q

sr

(1)

sr is a time constant of charge dissipation and defined as,

sr5eaq (2)

where ea is the permittivity of insulated particles and q
stands for resistivity. The differential Eq. 1 can be easily
solved, as shown

Q5C � e2t=sr (3)

where C is a constant. According to Eqs. 1 and 2, a lower
resistivity indicates a smaller time constant of charge dissi-
pation, which means a faster charge dissipation rate.

Figure 5 displayed the variations of electrostatic voltage
drop before and after injection of different amounts of LAA.
The voltage drop was defined as the absolute difference
between electrostatic voltage before and after injection of
LAA. When injecting only 12.5 ppm LAA, there was almost
no significant change of voltage at 240 mm, while the volt-
age at 80 mm reduced slightly. This is because the content
of LAA was too low to diffuse effectively to the whole bed.
Therefore, electrostatic voltage decrease was only observed
at the bottom part of the fluidized bed, as the injection point
was close to the distributor. With the increased amount of
LAA injected, the electrostatic voltage drop increased signif-
icantly. When the content of LAA was larger than 37.5 ppm,
the voltage drop increased to 1400 V at 80 mm height and
the electrostatic voltage almost reached zero (as shown in
Figure 4), which indicated that charges of particles were
close to be completely eliminated.

Figure 3. Variations of electrostatic voltage with fluid-
ization time.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Variations of electrostatic voltage after LAA
injection (37.5 ppm).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Electrostatic voltage drop under various LAA
contents.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The time constants of charge dissipation after injection of
LAA can be acquired through fitting of electrostatic voltage
in Figure 4 by using Eq. 3. The fitting results are displayed
in Figure 6. According to the figure, the time constants of
charge dissipation decreased with the increasing LAA con-
tent, which indicated that a larger content of LAA injected
resulted in a larger charge dissipation rate. According to
Eqs. 1 and 2, the charge dissipation rate was inversely pro-
portional to the surface resistivity of charged particles. When
LAA was injected and fully diffused, the charged particles
were covered with a conductive liquid film, which leaded to
a decrease in surface resistivity. Therefore, a smaller time
constant was found under a higher LAA content.

Besides, the time constant of charge dissipation at the top
section did not change significantly when the injection con-
tent was less than 25 ppm. This was attributed to the fact
that the injection position was close to the gas distributor
and too little LAA was not able to reach the particles at the
top section.

Figure 7 further shows the variation of surface resistivity
of PP under various contents of LAA. The magnitude of the

surface resistivity of PP was among 1013 X and decreased
significantly after injection of LAA. When the injection con-
tent reached 100 ppm, the value of surface resistivity
dropped 1.5 orders of magnitude. This was the main cause
of electrostatic voltage decrease. The function of LAA as
charge dissipation additives was similar to the effect of
increasing gas humidity.4,30,31

To further verify the influence of LAA on electrostatic
charges in the fluidized bed, the variations of charge-to-mass
ratios of particles were also measured. The results are dis-
played in Figure 8. When fully fluidized and charged, the
particles at the bottom have an average charge-to-mass ratio
of 22.75 nC/g, while the particles at the top have only
0.2 nC/g. The results indicated that particles were mainly
negatively charged at the bottom and slightly positively
charged at the top of the fluidized bed, which was consistent
with the results of electrostatic voltages.

Moreover, the particles were more negatively charged.
This was attributed to the contact potential difference
between the particles and wall. Figure 9 indicated the mean
charge to mass ratio of PP particles of different weight after
impacting with PMMA column in the vibration test. When
2 g PP particles were continuously vibrated for 30 s and
5 min, Q/m reached 28.36 and 221.9 nC/g, respectively,
which indicated an increase of charge on the particles due to
continuous contact with PMMA wall. PP particles were neg-
atively charged after impacting with PMMA wall, as pre-
dicted, since PP has a larger work function than PMMA.32

Moreover, the mean absolute charge to mass ratio decreased
with increasing PP weight. This is because that the particle–
particle interactions resulted in bipolar charges, which
reduced the overall mean absolute charge to mass ratio.

When LAA was injected into the fluidized bed, the surface
charge dissipation rates of all particles increased. In addition,
the smaller particles in the top section, which were mainly
positively charged, had a larger dissipation rate than the
large and negatively charged particles due to a larger specific
surface area. Therefore, after injection of LAA, the fluidized
bed displayed a mean negative charge at the upper part.
Increasing the content of LAA leaded to a decrease in
charge-to-mass ratios of both particles at the upper and lower

Figure 6. Time constants of charge dissipation under
various contents of LAA.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Surface resistivity of PP under various con-
tents of LAA.

Figure 8. Variations of charge-to-mass ratios under
various LAA contents.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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part of bed. When the injection content reached 37.5 ppm,
all the particles were close to be completely neutralized.
Therefore, according to the results of electrostatic voltage
and the charge-to-mass ratios, electrostatic charges in the flu-
idized bed can be controlled through injecting a trace of
LAA.

The negatively charged particles were inclined to move
toward the wall due to the electrostatic attractive forces and
thus caused wall sheeting.10,12,33,34 Figure 10 further shows
the photos of wall sheeting in the fluidized bed after injec-
tion of LAA. As shown in Figure 10a, when particles were
freely fluidized, severe wall sheeting was found on the whole
internal wall. After injection of LAA, wall sheeting was

obviously reduced due to a decrease of charges. Most sheet-
ing disappeared when injecting 25 ppm LAA, except for a
small zone about 50 mm above the distributor. This small
area were called stagnant zone, in which particles were less
active.35,36 Therefore, in this section, a smaller electrostatic
force can make particles adhere to the wall and particles
already adhered were harder to drop from the wall. When
injecting 50 ppm LAA, particles were completely neutralized
and no sheeting was found on the wall. The variations of
wall sheeting further verified the feasibility of charge control
via injection of LAA.

In summary, PP particles were mainly negatively charged
in the freely bubbling fluidized bed. Injecting a trace of
LAA caused obvious decrease of electrostatic charges and
disappearance of wall sheeting. According to the variations
of electrostatic voltage, charge-to-mass ratios and wall sheet-
ing, it is feasible to control the electrostatic charges in the
fluidized bed through adding LAA.

Electrostatic effect on bubble behaviors

The first part of our work focuses on the feasibility of
charge control, while this part of work focuses on the study
of electrostatic effect on bubble behaviors. Pressure fluctua-
tions were used to characterize the gas bubble behaviors
under different charges.

Figure 11 first shows the pressure fluctuations in 10 s at
160 mm above the distributor under various contents of LAA.
A large periodicity of pressure signal was found when par-
ticles were charged, and the peak values of the fluctuations
were relatively uniform. As has been analyzed previously,
particles were bipolar charged and tended to adhere to the
wall when no LAA was injected into the fluidized bed. Dur-
ing experiments, an obvious decrease of dynamic bed height
was observed after fluidization for 30 min. When adding 12.5
ppm LAA, no significant change of pressure fluctuations was

Figure 9. Mean charge to mass ratio of PP particles
after impacting with PMMA column.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Wall sheeting in the fluidized bed with various LAA contents.

(a-0 ppm; b-12.5 ppm; c-25 ppm; d-50 ppm). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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found which was consistent with the few changes of electro-
static charges in the fluidized bed. When the injection content
of LAA increased, the periodicity of pressure signal decreased
and the peak values were no more uniform. Meanwhile, a
strong fluctuation of dynamic bed height and particles projec-
tion was experimentally observed. As can be seen from Figure
11, the pressure fluctuations with charged particles fluidized
were quite distinct from those with neutralized particles. To
the best of our knowledge, this phenomenon has not been
reported before. Further analysis of pressure fluctuations were
carried out below.

Figure 12 displays the probability density distributions
(PDDs) of pressure fluctuations at 16 cm under various con-
tents of LAA. As shown in Figure 12a, the PDDs under free
fluidization differed from Gaussian distribution, offset to the
right and were close to an approximate bimodal distribution.
The PDDs narrowed when the fluidization time increased
from 5–30 min. As analyzed, electrostatic charges increased
with fluidization time until reaching equilibrium charge.
After injection of LAA, the PDDs broadened, which indi-
cated a larger fluctuation of pressures. With the increasing
contents of LAA, the PDDs of pressure fluctuations broad-
ened gradually and the approximate bimodal distribution
turned to wide distribution finally. Fan et al.37 indicated that
the PDDs of pressure fluctuations were wider in the middle
of the bed due to coexistence of small and large gas bubbles.
When particles were monocharged, the electrostatic repulsion
between charged particles resulted in an increased voidage
of emulsion phase and gas bubbles were shrunk.22 Thus, the
PDDs of pressure fluctuations narrowed. From Section Elec-
trostatic Charges Control Via LAA Injection, it is known
that electrostatic charges decreased with the increasing injec-
tion content of LAA. Therefore, the constraints of charged
particles on gas bubbles weakened and the PDDs widened
with increasing content of LAA. When the injection content
was larger than 37.5 ppm, charges of particles were almost
completely eliminated and a further increase of injection
content would not change the PDDs.

Figure 13 shows the variations of skewness of pressure
fluctuations with increasing weight ratios of LAA. The nega-

tive value of skewness indicated a right offset of pressure
fluctuations, as also shown in Figure 12. The skewness of
pressure fluctuations for charged particles was smaller than
that for fresh particles. After injection of LAA, the skewness
increased with the decreased charge until the charged par-
ticles were completely neutralized. Abbasi et al.38 found that
the skewness of pressure fluctuations increased with the
increasing superficial gas velocity, indicating a larger bubble
size and stronger bubble motion resulted in a larger skew-
ness. Therefore, it can be conjectured that charge reduction
on particles leaded to a stronger bubble motion and a larger
bubble size.

The standard deviation of pressure fluctuations was fre-
quently used to qualitatively characterize the gas bubble size
in the gas solid fluidized bed.39,40 Figure 14a shows the var-
iations of standard deviation of pressure fluctuations at
16 cm above the gas distributor before and after injection of
50 ppm LAA. At the beginning, the standard deviation
decreased with fluidization time and reached its minimum
after 10 min. After injection of 50 ppm for 20 min, the
standard deviation rose quickly and reached its maximum at
26 min. In combination with the charge variations in Section
Electrostatic Charges Control Via LAA Injection, it can be
concluded that a large amount of charges on particles leaded
to a decrease in gas bubble sizes and on the contrary, charge
reduction resulted in bubble growth. Through DEM simula-
tion, Hassani et al.22 found that when particles were mono-
charged or nonequally bipolar charged, the electrostatic
repulsion between charged particles could cause an increase
of emulsion voidage and a decrease of gas bubble size. This
is consistent with our experimental results. Moreover, the
standard deviation increased with the increasing contents of
LAA injected, as shown in Figure 14b. Therefore, a smaller
amount of charges on particles caused a larger gas bubble in
the fluidized bed.

It is difficult to obtain the diameters of gas bubbles in the
three-dimensional fluidized bed experimentally. Van der
Schaaf et al.41,42 developed a decoupling method for analyz-
ing pressure fluctuations, from which the bubble sizes can be
estimated. On the other hand, Mori and Wen43 developed a

Figure 11. Pressure fluctuations at 160 mm under various contents of LAA. (0–55 ppm).
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typical bubble size correlation for both Geldart B and Gel-
dart D particles, as shown in following equations

dbm2db

dbm2db0

5e20:3z=dt (4)

dbm50:65
p
4

d2
t u02umfð Þ

h i0:4
(5)

where db0 and dbm represents the initial bubble size and the
maximum bubble size respectively, and db is the bubble size
at a certain height. According to Eq. 5, under a same superfi-
cial gas velocity u0, a larger minimum fluidization velocity
umf resulted in a smaller bubble size. This is because that an
increasing minimum fluidization velocity increases the gas
flow in emulsion phase and decreases the gas flow in bubble
phase.

Figure 15 displays the variations of gas bubble sizes at
16 cm above the gas distributor before and after injection of
LAA. The solid blocks stand for experimental values esti-
mated from pressure fluctuations using van der Schaaf’s
decoupling method42 and the solid line represents correlation
prediction results based on a minimum fluidization velocity
of 0.47 m/s, when charges of particles were eliminated by
LAA. As shown in Figure 15, the bubble size decreased with
fluidization time. When particles were fully charged, the

bubble size decreased by 21% compared to that for fresh
particles. After injection of 37.5 ppm LAA, the electrostatic
charges decreased and the bubble size increased. During the
15 min after injection of LAA, the bubble diameter increased
from 4.8 to 7.2 cm. The variation of bubble sizes was con-
sistent with the results of skewness and standard deviations
of pressure fluctuations. Therefore, electrostatic charges in
the fluidized bed have a significant influence on bubble sizes
and fewer charges facilitate bubble growth.

Besides, the correlation prediction of bubble size was
obviously larger than the experimental values when particles
were charged. This is due to the fact that the typical Mori–
Wen’s correlation did not consider the electrostatic effect on
bubble sizes. Figure 16 further shows a comparison of bub-
ble diameters between correlation predictions and experi-
mental values obtained from pressure fluctuations. The solid
line and dash line stand for correlation predictions with a
minimum fluidization velocity of 0.47 and 0.54 m/s, respec-
tively. As shown in Section Electrostatic Effect on Bubble
Behaviors, the minimum fluidization velocity of PP particles
raised from 0.47 to 0.54 m/s due to electrostatic charges.
According to Mori–Wen’s correlation, a larger umf leads to a
smaller gas bubble size under an identical superficial gas
velocity. When particles were freely charged, the bubble
sizes were obviously smaller than correlation predictions.
When adding 25 ppm LAA, the experimental value of bub-
ble size was larger than the predicted value at umf50.54 m/s.
When the injection content reached 37.5 ppm, the experi-
mental value was larger than the predicted value at
umf50.47 m/s. The discrepancy between predicted value and
experimental value decreased after partial reduction of elec-
trostatic charge. This result further verified the conclusion
that neglecting consideration of electrostatic effect on the
bubble sizes resulted in the discrepancy between correlation
predicated value and experimental value.

To be concluded, the bubble size in the fluidized bed was
reduced by electrostatics in two aspects: (1) Electrostatic
repulsion force between charged particles leads to an
increase of emulsion voidage and a decrease of bubble phase
and (2) Electrostatic charges cause an increase of minimum
fluidization velocity and lead to a decrease of bubble sizes.

Electrostatic effect on fluctuation of dynamic bed height

When particles were charged (free fluidization for 30
min), it was experimentally observed that the fluctuation of
dynamic bed height was significantly reduced. However, the

Figure 12. PDD of pressure fluctuations at 160 mm above the distributor. (a-under different fluidization times and
b-under various contents of LAA).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 13. Skewness of pressure fluctuations at 16 cm
under various LAA weight ratios.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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dynamic bed height regained fluctuation after injection of
37.5 ppm LAA. During the experiments, fluctuation of
dynamic bed height was simultaneously recorded by digital

camera as well as pressure fluctuations. Figure 17 shows a
comparison of fluctuations of dynamic bed height obtained
when particles were charged and neutralized. For charged
particles, a smaller mean dynamic bed height can be found
and the dynamic bed height was less fluctuating, compared
to that for neutralized particles. When particles were
charged, the bubbles in the bed were shrunk and the bubble
size decreased, which resulted in a decrease of bubble rising
velocity. Therefore, the dynamic bed height was less fluctu-
ating for charged particles.

Van der Schaaf et al.40 indicated the average cycle fre-
quency (the reciprocal average cycle time [ACT]) was line-
arly proportional to the correlation entropy, which can be
used to characterize the frequency of gas bubble eruption at
bed surface. Figure 18 shows the variations of the ACT of
pressure fluctuations with LAA weight ratios. The ACT is
defined as twice the total sampling time divided by the num-
ber of crossings with the average value. When particles were
charged, the relevant pressure fluctuations had a largest
ACT, which indicated a most weak fluctuation of bed height.
Furthermore, the ACT decreased with the increasing injec-
tion of LAA. The fluctuation of dynamic bed height was
strongly relevant to the bubble size and bubble rise velocity.
When charges of particles were neutralized, the bubble size
increased and the bubble rise velocity was also increased.
Therefore, the fluctuations of bed surface were strengthened
when adding LAA.

Mechanism of electrostatic effect

Influences of electrostatic charges on bubble behaviors
and bed surface fluctuations were investigated in Sections
Electrostatic Effect on Bubble Behaviors and Electrostatic
Effect on Fluctuation of Dynamic Bed Height, respectively.
In conclusion, electrostatics had a severe effect on hydrody-
namics in the fluidized bed. When particles were charged,
the minimum fluidization velocity increased, bubble sizes
decreased, and bed surface fluctuation weakened. The more
charges the particles acquired, the more significant the

Figure 15. Variations of gas bubble sizes with time
before and after injection of 37.5 ppm LAA.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 16. Comparison of bubble diameters with axial
bed heights between correlation predictions
and experimental values from pressure fluc-
tuations under various weight ratios of LAA.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Standard deviation of pressure fluctuations
at 160 mm.

(a) Variations of standard deviation with time before

and after adding 50 ppm LAA and (b) Variations of

mean standard deviation with LAA weight ratio.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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electrostatic effect was. Therefore, when considering the
electrostatic effect in the fluidized bed, influence on hydro-
dynamics should be taken into more consideration than wall
sheeting and agglomeration.

Electrostatic effect on bubble behaviors can be divided
into two steps: (1) Influence of electrostatic force on the
movement and distribution of charged particles and (2) Influ-
ence of particles movement and distribution on bubble
behaviors. To explain how electrostatic charges affect the
bubble behaviors in the fluidized bed, three simple cases are
designed and displayed in Figure 19.

Case 1: Two monocharged particles in infinite space.
According to Coulomb’s law, the electrostatic force between
charged particles is strongly influenced by charge amount
and distance between two particles, as shown in Eq. 6

fe5
1

4pe0

q1q2

r2
(6)

When two particles are monocharged, particles move
away from each other to decrease the repulsion force. There-
fore, the distance between two particles increases.

Case 2: N particles in limited space. The electrostatic
force of particle i arising from other charged particles can be

calculated by assuming each particle to be a constant point
charge, as shown in Eq. 7

fep;i5
XN

j51
j6¼i

qiqj

4pe0r2
ij

(7)

where rij is the mean distance between particle i and particle
j. When all particles are monocharged, particles tend to
move toward the interface and along the interface simultane-
ously. Thus the average repulsion force decreases and the
mean distance among N particles increases.

Moreover, if the interface of limited space is also charged,
supposing all charged particles are in an infinite cylinder
(close to the fluidized bed), then the electrostatic force
between particles and interface can be calculated as

few;i5
k

2pe0ri;w
qi (8)

where k is the linear charge density of the interface and ri,w is the
mean distance between particle i and the interface. If the interface
has an opposite charge polarity with particles, the attraction force
between particle and the wall, and repulsion force between par-
ticles and particles, make particles move toward interface more
easily. Otherwise, if the interface and particles have identical
polarity, the mean distance will be reduced to balance the repul-
sion force between particles and wall.

Case 3: N particles in a limited space with a gas bubble
in the middle. If all the particles are monocharged, the repul-
sion forces between particles would increase the mean dis-
tance, thus the gas bubble is shrunk and larger repulsion
forces will cause a larger decrease in bubble sizes. More-
over, if the interface and particles have opposite polarity,
particles tend to adhere to the interface.

The gas-solid fluidized bed is somehow similar to the lim-
ited space in Case 3. When particles are mainly charged
with one polarity, the repulsion force dominates. Therefore,
particles are separated and bubbles are shrunk. Moreover,
most particles in the bed have a charge polarity opposite to
the wall.16,34 The repulsion force between particle–particle
and attraction force between particle-wall make particles eas-
ily adhere to the wall, which causes wall sheeting further.
The stronger interaction between particles and the wall also
causes a small increase in minimum fluidization velocity.

Figure 17. Fluctuations of dynamic bed heights.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 18. ACT of pressure fluctuations under various
LAA weight ratios.

Figure 19. Schematic mechanism of electrostatic
effect.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Conversely, if particles are mainly bipolar charged due to
particle–particle collisions,44,45 the attraction forces between
bipolar charged particles would decrease the mean distance
and increase the bubble sizes.22 In other words, electrostatic
effect of bipolar charge is contradictory to our experimental
results. Therefore, electrostatic influence of mono charge
was discussed in this work. This is because that more than
92% of fluidized particles have a diameter larger than 1 mm
and triboelectric charging between PP and PMMA is more
significant than particle–particle interactions due to a larger
contact potential difference between different materials. Fur-
ther experimental investigation of electrostatic effect of bipo-
lar charge on bubble behaviors will be carried out in the
future.

For our experimental system, particles were mainly nega-
tively charged and the electrostatic effect was illustrated on
the right of Figure 20. When injecting 37.5 ppm LAA,
charges of particles were almost completely neutralized and
the electrostatic effect disappeared.

Conclusions

Due to the difficulty in quantitatively controlling the
degree of triboelectrification of insulated particles, there is a
serious lack of experimental investigation of electrostatic
effects on hydrodynamics in the fluidized bed. This work
developed a new method to quantitatively adjust the charges
of particles inside the fluidized bed by injecting a trace of
LAAs and provided a first insight into the electrostatic
effects on hydrodynamics experimentally. The main results
are concluded as follows:

1. PP particles were mainly negatively charged in the
freely bubbling fluidized bed. Injecting a trace of LAA
caused obvious decrease of electrostatic charges and reduc-
tion or even disappearance of wall sheeting. The feasibility
of controlling electrostatic charges via injecting LAA was
first verified based on the variations of electrostatic voltage,
charge-to-mass ratios and wall sheeting. The obtained data
confirmed the probability and feasibility of adjusting the
electrification degree of particles quantitatively by adding
LAA, which laid the foundation of investigating electrostatic
effects in the fluidized bed through experimental method.

2. Electrostatics had a severe effect on hydrodynamics in
the fluidized bed. When increasing the degree of electrification
of particles, which were mainly negatively charged, the mini-
mum fluidization velocity increased, bubble sizes decreased
and bed surface fluctuation weakened. The electrostatic effect
became more prominent when particles were more charged.

3. Based on the results obtained, it is demonstrated that
the influence of electrostatic charges on hydrodynamics
arises from the variations of particle motion and distribution.
When particles are mainly charged with one polarity, the

repulsion force dominates. Then particles are separated and
the void fraction in the emulsion phase increases, which
indicates that bubbles are shrunk. The repulsion force among
charged particles and particle-wall attraction force make par-
ticles easily adhere to the wall.

When considering the electrostatic effect in the fluidized
bed, besides wall sheeting and agglomeration, the influence
of electrostatics on hydrodynamics should also be taken into
more consideration. Electrification of particles can cause
remarkable decreases of bubble size and rising velocity.
Moreover, the fluctuation of the bed is weakened and the flu-
idization quality declines. Therefore, it is of vital importance
to reduce or even avoid electrostatic charge accumulation in
the industrial fluidized bed reactors.
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