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The excess accumulation of charges in the fluidized bed has a severe impact on hydrodynamics. Due to lack of effective
experimental methods, electrostatic effects on hydrodynamics have mostly been studied using numerical simulation. By
injecting a trace of liquid antistatic agents into a fluidized bed, charges were controlled and electrostatic influences on
particle motions were investigated. The average particle–wall impact angles are acquired by developing multiscale
wavelet decomposition of acoustic emission signals. The impact angles are significantly influenced by both charge levels
and gas velocities. If the electric force is reduced and/or fluid drag is increased, friction dominates the particle–wall
interactions. Under a larger gas velocity where fluid drag dominates, charges elimination causes no significant variation
in particle impact angles, but particle velocities increase as well as at lower gas velocities. In addition, existence of
electrostatic charges influences the ranges of bubble growing zone and jet impacting zone. VC 2015 American Institute

of Chemical Engineers AIChE J, 61: 3628–3638, 2015
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Introduction

Particle motions and circulations in freely bubbling fluidized

beds are mainly driven by arising gas bubbles. Particles move

upward through bubble wake regions and particle velocities are

significantly influenced by bubble sizes and velocities. On one

hand, particle velocity will impact important hydrodynamic

parameters like particles residence time, gas-solid contacting

efficiency, and axial solid diffusion.1 On the other hand, particle

motions cause impact and friction between particles and parti-

cle–wall, which result in electrostatic charges generation and

accumulation. Triboelectric charging between particles is

mainly determined by materials, particle sizes, relative velocity,

and environmental conditions.2–5 Except for these essentials,

tribocharging between particles and wall is still influenced by

particle impact angles.6,7 He et al.7 studied the influence of

collision angle on current transferred from particles to probe

and found the polarity of transferred current changed from posi-

tive to negative as collision angle increased. On the contrary,

the influence of charges of moving particles on impact angle

has never been investigated.
The excess accumulation of electrostatic charges in the flu-

idized bed has a severe impact on hydrodynamics and even

causes particle agglomeration and wall sheeting.8–13 When

particles are charged, particle motions are not only impacted

by fluid drag and gravity, but also influenced by electric force,

including electrostatic attraction and repulsion between

particles and particle–wall.14–20 Restricted particle motions
and distribution due to electric force are the main cause of par-
ticle agglomeration and wall sheeting. However, due to lack of
effective experimental methods, electrostatic effects on parti-
cle motions in the fluidized bed have mostly been studied
through numerical simulation by limited researchers. Rokkam
et al.21,22 developed a multifluid computational fluid dynamics
(CFD) simulation coupled with a simple electrostatic model
and studied electrostatic effects on particle segregation, fines
elutriation, and wall sheeting in industrial polyolefin fluidized
bed reactors. Hassani et al.19 developed a discrete element
method coupled with CFD model to investigate the influence of
electrostatics on hydrodynamics and indicated that the existence
of monocharged particles resulted in the decrease of gas bubble
sizes and solid diffusion coefficient. Lim18 numerically studied
the electrostatic effects on mixing behaviors of binary particles
and indicated that particle velocity reduced and particles tended
to adhere to wall, when electric force between particle–wall
dominated. This author also recommended experimental inves-
tigations on electrostatic influences to verify the simulation
results. Most numerical simulations coupled with electrostatic
model involve several assumptions which significantly deviate
from truth. For instance, there is no charge generation and dissi-
pation during fluidization. However, electrostatic charges in the
fluidized beds stay in dynamic equilibrium rather than
unchanged. In addition, most simulation results have not been
verified by experiments. Therefore, it is of vital importance to
develop experimental investigation of electrostatic influences
on fluidized particle motions.

In fluidized beds, acoustic emission (AE) signals are mostly
generated from friction and impact between particle–particle
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and particle–wall.23–28 As a nonintrusive, real-time monitoring
method, AE technique has been widely used in various chemical
engineering processes, especially in particulate processes.29–32

Cody et al.33 developed particles granular temperature calculation
model based on AE signals on column wall and studied the influ-
ence of particle sizes and superficial gas velocity on particles
granular temperature. The authors34 further indicated that particle
velocities, solid phase pressure, and diffusion coefficients can be
acquired from AE signals. Tsujimoto et al.26 used the high fre-
quency AE sensors to study the hydrodynamics in the fluidized
bed and found that the amplitudes of AE signals were related to
dimensionless gas velocity and initial bed height. Wang et al.35,36

also studied particle granular temperature using AE technique
and developed particle flow pattern recognition method based on
AE signals. He et al.37 developed a powder mass flow rate detec-
tion model in pneumatic conveying system based on the relative
magnitude of collision and friction energy ratio from multiscale
wavelet analysis of AE signals from tube wall using high-
frequency AE sensors. Therefore, the nonintrusive AE technique
can be applied to study particle motions and flow patterns in the
fluidized bed.

In our previous study,38 trace amounts of liquid antistatic
agents (LAAs) were applied to control the charge levels of flu-
idized particles and electrostatic effects on bubble behaviors
were experimentally investigated. The results showed charge
accumulation resulted in significant decrease of bubble sizes
and bed level fluctuations. Since particle motions are mainly
driven by rising gas bubbles, variations of bubble sizes should
strongly influence particle motions simultaneously. However,
electrostatic effects on particle motions have been hardly
investigated so far, experimentally. Therefore, this work pro-
vides a first insight into electrostatic effects on fluidized parti-
cle motions experimentally by injecting different amounts
of LAA contents and using AE technique. Electrostatic

influences on particle impact angles and particle flow patterns

were specially focused on and a comparison of electric force

and fluid force under various conditions was also made.

Experimental Methods and Materials

Figure 1 shows the schematic diagram of the experimental

apparatus, which consists of fluidization system and measure-

ment system. The solid line represents gas flow while the

dashed line stands for signal flow. The fluidized bed is made

of a transparent Plexiglas column with an inner diameter of

150 mm and a height of 1000 mm. The expanded section at

the column top has a height of 300 mm and a width of

250 mm. At the bottom of bed column, an iron perforated dis-

tributor with open area ratio of 2.6% is installed, along with a

gas mixing chamber. Compressed air predried to a relative

humidity of 5–10% and within the temperature range of

10–158C is used as the fluidizing gas.
The measurement system includes online AE system, pres-

sure fluctuations, and electrostatic current detection system.

The online AE system consists of an AE sensor, a preampli-

fier, a main amplifier, data acquisition card (NI, USB-6351),

and a personal computer.30,36 The AE sensor used in this work

is a piezoelectric accelerometer, which has a resonance fre-

quency of 140 kHz (AE 144S, Fuji Ceramics Corp.). The sen-

sors are mounted on the outside of the column wall, collecting

signals generated from particle–wall impact and friction at

various axial heights (50–500 mm above the distributor).

According to the Shannon sampling theory,39 the sampling

frequency was chosen as 500 kHz and the sampling time is

5 s. The pressure fluctuations were measured at heights of 20

and 180 mm above the distributor using two pressure tubes,

which were made of steel with a length of 80 mm and an inter-

nal diameter of 4 mm. Each tube was flush mounted with the

Figure 1. Schematic diagram of experimental apparatus.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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inner wall of the column with a fine mesh covering the tip to

prevent fine particles from entering. The probe was connected

to one of two channels of a differential pressure transducer

(CTG121P, China), which produced an output voltage propor-

tional to the pressure difference between the two channels.

The other channel was exposed to the atmosphere, therefore,

the absolute pressure was acquired. The measuring range of

the pressure transducer is 62 kPa, and its relative accuracy is

60.25% of full scale. The sampling frequency of pressure

fluctuation is 400 Hz and sampling time is 5 min. The electro-

static current detection system includes multiple-induced elec-

trostatic probes and an electrometer (NanoCoulomb Meter

284, Monroe Electronics). The copper made arc-shaped elec-

trostatic probes, with a width of 6 mm and thickness of 2 mm,

were attached on the outer surface of the fluidized bed at a 608

angle, as shown in Figure 1. The arc-shaped electrodes were

set at five different levels (90, 180, 230, 300, and 380 mm

above the distributor), with four electrodes at the same level.

When charged particles come across the probes, induced cur-

rents are generated, the magnitudes of which can be used to

characterize the charge level of fluidized particles.40

The polypropylene (PP) particles (Sinopec, China), with par-

ticle density of 0.9 g/cm3 and mean diameter of 1.85 mm (Gel-

dart D type), were used as fluidized particles. PP particles used

in this work are the same as those reported in our previous

work,38 from which the sieve size distribution was shown. The

minimum fluidization velocity was determined experimentally

from the pressure drop vs. superficial gas velocity curve and

found to be 0.55 m/s. Experiments were carried out under

excess superficial velocities of 0.15 and 0.35 m/s, respectively.
AtmerTM 163 is a commonly used LAA in polyolefin industry

to control the charge level of fluidized particles. Different

amounts of LAA were injected in this work, as shown in Table 1.

Results and Discussions

Control of electrostatic charge levels in fluidized bed

Various amounts of LAA were injected to maintain differ-

ent charge levels of fluidized particles, enabling the influence

of electrostatics on particle motions to be studied. Figure 2

shows the variations of induced currents with time after fluid-

ization for 30 min. The electrodes may sense both the charges

of fluidized particles and the charges of the column wall.

When particles are fully charged after a certain fluidization

time, the charges of particles and the column wall should tend

to reach equilibrium state. Therefore, the currents induced

from the column wall should be constant. However, according

to the variations of induced currents in Figure 2, the induced

currents still significantly fluctuate with time. The fluctuation

of induced currents were attributed to the motion of charged

Table 1. LAA Injection Amount

Mass ratio, ppm 12.5 37.5 62.5

Volume, mL 0.03 0.09 0.15

Figure 2. Variations of induced currents with time.

(H 5 90 mm, U – Umf 5 0.15 m/s).

Figure 3. Variation of induced currents at multiple positions.

(a) U – Umf 50.15 m/s. (b) U – Umf 50.35 m/s. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Table 2. Average Induced Currents

U – Umf

(m/s)
LAA
(ppm)

IC(1)
(nA)

Std
(nA)

IC(2)
(nA)

Std
(nA)

0.15 0 31.3 11.6 230.5 10.9
0.15 12.5 21.2 7.9 221.7 7.7
0.15 37.5 16.1 4.5 216.9 4.7
0.15 62.5 3.2 0.4 23.2 0.6
0.35 0 123.5 21.4 2120.4 25.4
0.35 12.5 111.1 11.7 2108.8 21.6
0.35 37.5 30.8 4.9 233.7 4.5
0.35 62.5 8. 4 0.8 28.3 1.1
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particles through sense zone of electrodes, thus both positive

and negative currents are generated. The amplitude of induced

currents is mainly influenced by the charges of particles and

particle velocities.40 Therefore, under a certain fluidization

condition, the mean amplitude of induced currents can be used

to characterize the charge of particles.
Figure 3 shows the variations of mean induced current at

multiple axial positions. At a lower excess gas velocity

(0.15 m/s), no obvious current was found on the electrode set

at 380 mm, therefore, variations of induced currents at four

positions were displayed in Figure 3a.
In a freely bubbling fluidized bed without LAA, the average

induced current at excess superficial gas velocities of 0.15 and

0.35 m/s was determined to be 31.3 and 123.5 nA, respec-

tively. The induced currents significantly decreased after

injection of LAA and particle charges were nearly completely

eliminated after an injection of 62.5 ppm LAA. The mean

induced currents at various axial positions are shown in Table

2. As shown in Table 2, the average induced currents signifi-

cantly decrease with increasing LAA content.
Figure 4 further shows the variations of charge-to-mass

ratios under various LAA contents and two excess gas

velocities. Particles at the bottom part (H 5 80 mm) were neg-
atively charged. Since the LAA increases the charge dissipa-
tion rate, the charge-to-mass ratios (absolute value) decreases
with the increase of LAA contents. Particles were more nega-
tively charged under a larger excess gas velocity (0.35 m/s)
and the influences of LAA on charge-to-mass ratios were simi-
lar. Therefore, according to the results of induced currents and
charge-to-mass ratios, the charge levels in fluidized bed can be
controlled via injection of trace LAA.

Figure 5 shows the variations of standard deviations (STD)
of pressure fluctuations at different charge levels under two
superficial gas velocities. As shown in Figure 5a, the STD
increases significantly with increasing injection amounts of
LAA at an excess superficial gas velocity of 0.15 m/s, which
indicates a smaller charge level in the fluidized bed, resulted
in the formation of larger bubbles. When the excess gas veloc-
ity was increased to 0.35 m/s, the STD only increased slightly
with increasing LAA contents. Suppose the magnitude of STD
can be used as a characteristic length of bubble size,41,42 sig-
nificant differences of the electrostatic effect on bubble sizes
under different gas velocities can be observed. From Figure 5,
the largest STD increases due to electrostatic elimination at an
excess gas velocity of 0.15 and 0.35 m/s is 62 and 12%,
respectively. However, from Table 2, the largest decrease in
induced currents is 28 and 115 nA. The results indicate that a
larger decrease in charge level does not necessarily translate
to a large increase in bubble size. The influence of excess
superficial gas velocity should be accounted when considering
the electrostatic effect on bubble sizes. This is due to the dif-
ference of the dominant forces on the particles under different
gas velocities, which will be further discussed in the following
section.

Electrostatic effect on fluidized particle motions

The charge levels of fluidized particles can be controlled by
injecting various amounts of LAA, therefore, influence of
electrostatics on particle motions can be further studied. AE
signals were used in this work to characterize particle motions.
Figure 6 shows the comparison of AE time domain signals and
power spectral density (PSD) analysis at different charge lev-
els of fluidized particles. The frequency information of AE
signals was mainly located between 15 and 150 kHz and two
dominant frequency peaks at 20–60 and 60–120 kHz, respec-
tively, can be easily found from Figure 6. When the charge

Figure 4. Variations of charge-to-mass ratios under
various LAA contents at two excess gas
velocities.

(H 5 80 mm). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. Variations of standard deviations of pressure fluctuations with various LAA contents.

(a) U – Umf 5 0.15 m/s. (b) U – Umf 5 0.35 m/s.
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level decreased from 21.2 to 3.2 nA, the magnitude of AE sig-

nal significantly increased, an indicator of a stronger particle

motion. The higher frequency peak in the PSD was obviously

decreased due to charge decrease, while the magnitude of PSD

significantly increased.
In fluidized beds, the AE signals were mostly generated

from friction and impact between particle–particle and parti-

cle–wall. Since the AE signals attenuate rapidly in air,26 the

signals acquired in this work from the column wall are mainly

due to friction and impact between fluidized particles and

wall. He et al.37 developed wavelet analysis on AE signals

acquired from the pneumatic conveying pipeline and found

the AE energy consisted of friction energy and impact energy.

To be specific, the friction energy lay in the frequency range

of 0–60 kHz and while the impact energy was mainly in the

range of 60–120 kHz, which was in good accordance to our

results in Figure 6. Therefore, their analysis was adopted in

this work.
The AE energy of particle–wall impact and friction can be

separately expressed as36,37

Ec52gtmCsSpv3
p;n (1)

Ef52lgtmCsSpvp;tv
2
p;n (2)

where Cs is the particles concentration near the wall, Sp is the

valid receiving area of AE sensor, vp,n and vp,t stands for the

normal and tangential impact velocity between particles and

wall, g is the transformation efficiency from collision pressure

to acoustic pressure, l is the friction efficient, m is the mass of

single particle, and t represents the detection time. When the

materials are fixed, the total AE energy is only related to parti-

cle velocity, particle concentration, and impact angle a

Et5Ec1Ef52gtmCsSpv3
p;n 11

l
tan a

� �
(3)

In order to further acquire the impact energy and friction

energy between particle–wall, 5 scales wavelet decomposition

of AE signals was developed. The frequency of each scale

wavelet is listed in Table 3, which is also shown in Figure 6.
Figures 7 and 8 showed the time domain and PSD analysis

of 5 scales wavelet decomposition signals. As shown in Figure

7, the main time domain information is located in the scales of

1–4. In addition, the main frequency information is almost

included in first 4 scale signals and located between 15.6 and

125 kHz, to be specific. Moreover, the frequency information

of first two scales lay in 62.5–125 kHz and that of 3rd and 4th

lay in 15.6–62.5 kHz, which was exactly the same frequency

range of two dominant frequency peaks in Figure 6. In other

words, the first two scales wavelet decomposition signals can

be used to represent the particle–wall impact while the 3rd and

4th scale signals stood for particle–wall friction.
Therefore, the impact energy and friction energy based on

AE signals can be defined

Dc5
Ec

Et

5
1

l
tana11

5d11d2 (4)

Figure 6. AE time domain signals and PSD analysis in different charge levels.

(a) U – Umf 5 0.15 m/s, H 5 7.5 cm, IC 521.2 nA; (b) U – Umf 5 0.15 m/s, H 5 7.5 cm, IC 5 3.2 nA.

Table 3. Frequency Ranges of the 5 Scales Wavelet Decomposition Signals

Scale d1 d2 d3 d4 d5 a5

f (kHz) 125–250 62.5–125 31.3–62.5 15.6–31.3 7.81–15.6 0–7.81
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Df5
Ef

Et

5

l
tan a

l
tan a 11

5d31d4 (5)

where Dc and Df represent particle–wall impact energy ratio
and friction energy ratio, respectively, and d1–d4 represent the
wavelet scale energy ratio. The impact angle can be further
derived from Eq. 4

a5
lDc

12Dc

(6)

Therefore, the impact angle a between particles and wall can
be calculated from friction coefficient and impact energy ratio.

Figure 9 showed the electrostatic effect on axial distribution
of impact energy ratio Dc and friction energy ratio Df under

Figure 7. Reconstruction of each scale wavelet decomposition time domain signals.

(U – Umf 5 0.15 m/s, 12.5 ppm, H 5 17.5 cm).

Figure 8. PSD analysis of each scale wavelet decomposition signals.

(U – Umf 5 0.15 m/s, 12.5 ppm, H 5 17.5 cm).
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two excess superficial gas velocities. Df was significantly larger
than Dc in every case studied, which indicated that friction
dominated the interaction between particles and wall. The fric-
tion and impact energy ratio were influenced by both gas veloc-
ity and charge levels of particles. As shown in Figure 9a, when
particles were fully charged at a low gas velocity, the impact
energy ratio at the column bottom was obviously larger than
that at the top. On the contrary, the friction energy ratio at the
bottom was relatively small. However, the impact energy ratio
at the bottom reduced significantly after increasing the excess
superficial gas velocity (Figure 9b) or charge neutralization
(Figure 9c), thus, keeping both Dc and Df almost constant in
multiple axial positions. On the one hand, increasing the gas
velocity raised the drag force on particles, which mainly acted
in the axial direction like gas flow. Thus, the friction energy
ratio increased and impact energy ratio decreased after raising
gas velocity. On the other hand, reduction of charge levels led
to a decrease of electrostatic force, resulting in the drag becom-
ing the dominant force. Therefore, reducing electrostatic
charges translated into an increase of Df and decrease of Dc.

Moreover, electrostatic charges elimination resulted in a
significant increase of friction energy ratio under an excess
gas velocity of 0.15 m/s while a larger excess gas velocity
weakened the electrostatic effect. This can be attributed to the
dominance of the drag force at large gas velocities and mean-
while the electrostatic effects on particle motions were less
significant. Lim’s18 simulation results also indicated that elec-
trostatic force influence on particle velocity and mixing behav-
iors decreased with increasing gas velocity.

According to Eq. 6, the impact angle can be calculated from
friction coefficient (assumed as 0.343) and impact energy ratio.
Figure 10 displayed the axial distribution of impact angles
under various LAA contents. When particles were charged,
the mean impact angle at the bottom of fluidized bed was
larger than that at the top, where particle–wall friction domi-
nated. Most fluidized particles were ejected from the bubble
wakes at bed level and then moved downward along the col-
umn wall.25 Therefore, those particles near the wall at the top
only had a tiny impact angle (close to 58) and friction domi-
nated the particle–wall interaction. However, for particles near
the wall at the bottom, their velocities were not only influ-
enced by other downward moving particles, but also by gas jet
and bubble coalescence. Therefore, the normal velocity of
these particles was larger than that at the top, which resulted
in a larger impact angle. When charges were fully or partly
eliminated at a lower gas velocity, electrostatic forces between
particles and wall reduced. Thus, particle motions were mainly
controlled by drag force. Therefore, normal velocities and
impact angles decreased. However, under an excess gas veloc-
ity of 0.35 m/s, electrostatic influence on impact angles weak-
ened, mainly due to the dominance of the drag force at a
higher gas velocity.

As shown in Figure 10, electrostatic charges mainly influ-
enced particles at the bottom. Figure 11 further showed the
results of electrostatic influence on impact angles of particles
at the heights below 300 mm. Under an excess gas velocity of
0.15 m/s, the mean impact angle decreased from 88 to 58 due
to electrostatic charges elimination. Increasing the gas velocity

Figure 9. Axial distribution of impact energy ratio Dc and friction energy ratio Df in fluidized bed.

(a) U – Umf 5 0.15 m/s, 0 ppm. (b) U – Umf 5 0.35 m/s, 0 ppm. (c) U – Umf 5 0.15 m/s, 62.5 ppm. (d) U – Umf 5 0.35 m/s, 62.5 ppm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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weakened the electrostatic effect. In addition, the impact

angles at two different superficial gas velocities were both

close to 58 after charge elimination. When charges were elimi-

nated, particle motions were mainly influenced by fluid drag,

under which particle–wall friction dominated. In addition, the

fluid drag in the emulsion is mainly influenced by the rise

velocity of emulsion gas, which is determined by the mini-

mum gas velocity. Therefore, the mean impact angles near the

wall did not change much at two superficial gas velocities

when particles were uncharged.

Comparison of electrostatic force and drag force

As aforementioned, electrostatic charges had significant

effects on particle motions under a relatively small gas veloc-

ity and electrostatic influence strongly weakened at a larger

gas velocity. When particles were charged, particle motions

were simultaneously influenced by gravity, fluid drag, and

electrostatic force. The relative magnitude of drag and electro-

static force determined the electrostatic influence on particle

motions. A comparison of electrostatic force and drag force

was developed based on theoretical estimation.
Hendrickson13 concluded three estimation methods of maxi-

mum charge density of fluidized particles and indicated the

calculation method developed by Revel et al.44 gave a more

reasonable result and can be expressed as
��� Q

M

���
max

5
e0EdpDH

M
(7)

where Ed is breakdown electric field strength (Ed 5 3 3 106 V/

m for air), D and H stands for column diameter and height, M
is the total weight of particles. The electrostatic force on par-

ticles with a maximum charge density is13

jFje;max 5E � jqjmax 5166:82
d3

p

ð12eÞD (8)

Conversely, the fluid drag can be describe as

Fd5
1

2
CDqf vf2vp

� �2 pd2
p

4
(9)

where CD is the drag coefficient and related to particles’ Rep
45

CD5

24

Rep

110:15 Rep

� �0:687
� �

; Rep < 1000

0:44; Rep � 1000

8><
>:

(10)

Figure 10. Axial distribution of impact angles under various LAA contents.

(a) U – Umf 5 0.15m/s. (b) U – Umf 5 0.35 m/s. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 11. Electrostatic influence on mean particle–
wall impact angles.

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

is available at wileyonlinelibrary.com.]
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where Rep is defined as

Rep5
eqf vf2vp

� �
dp

lf

(11)

The drag coefficient defined in Eq. 10 was applied to single
particle motion in the fluid. Since particle motions were influ-
enced by other adjacent particles in the fluidized bed, Wen
and Yu46 developed the following correction to show the
effect due to the presence of other particles

CDa5CDe24:7 (12)

The maximum charge density calculated from Eq. 7 was
6.25 lC/kg. However, the maximum charge to mass ratio
acquired from experiments was only 3.25 lC/kg, less than 50%
of theoretical estimation. Hendrickson13 indicated that the
deviation of theoretical and measured particle electrostatic
charges can be attributed to the wide variation in experimental
conditions. It is still uncertain whether the saturation charge
depends only on particles or also depends on fluidized bed
parameters. The estimation method (Eq. 7) obviously over-
predicted the saturation charge in this work. The existence of
gas humidity was also accounted for the deviation. The influ-
ence of relative humidity of fluidizing gas on particle charges
was investigated and shown in Figure 12, which indicated a
significant increase of charges (absolute value) with the
decrease of relative humidity, even under a relative small rela-
tive humidity. All the previous experiments were carried out
with 5–10% humidity. In addition, contact de-electrification47

of electrostatically charged polymers should also be accounted.
Figure 13 showed a comparison of electrostatic force and

drag force under various gas velocities for PP particles with a
diameter of 1.85 mm, gravity was also listed as a reference of
magnitude. As shown in Figure 13, the maximum electrostatic
force and fluid drag was of the similar order of magnitude and
the drag increased significantly with increasing superficial gas
velocity. When particles were charged with 50% (q/m)max,
which was more reasonable comparing to experimental value,
electrostatic force was of the same order of magnitude as fluid
drag under a low gas velocity (U0 5 0.7 m/s, U0 – Umf 5

0.15 m/s). On the one hand, electrostatic force existed in both
axial and radial directions, and the radial electric force was
even larger.48 On the other hand, the fluid drag mainly acted

on the particles in the gas flow direction. Therefore, when the
magnitude of electric force and drag was close, the existence
of electric force would certainly enhance the radial motions of
charged particles. Thus, the impact angel between particles
and wall increased due to electrostatics existence, which was
in accordance with previous results from AE detection (Figure
10). When charge levels were reduced, for example, decreas-
ing from 50% (q/m)max to 25% (q/m)max, the electric force
decreased correspondingly and meanwhile, fluid drag domi-
nated and thus impact angles reduced. When superficial gas
velocity increased from 0.7 to 0.9 m/s, the fluid drag obviously
increased and became dominant force since the charge density
of particles never exceed 50% (q/m)max in all experiments
studied. Therefore, electrostatic effects on particle impact
angle at higher gas velocities were not as significant as those
at lower gas velocities. The results from theoretical estima-
tions were consistent with experimental findings in Figure 11.

Electrostatic effects on particle flow patterns in the
fluidized bed

Electrostatic effects on particle motions have been previ-
ously investigated and it can be concluded that electrostatic
charges mainly influenced the impact angles and velocities at
the bottom of fluidized bed. Since particle flow patterns in the
fluidized bed were determined by particle motions at multiple
positions and can be characterized by axial distributions of AE
energy,35,36 the electrostatic effects on flow patterns were then
studied.

Figure 14 showed the axial distributions of AE energy under
various conditions. When particles were fully charged, accord-
ing to Figures 13a, b, axial distributions of AE energy could
be divided into three zones, (1) particles ejection zone at the
top, (2) bubble growing zone at the middle part, and (3) jet
impacting zone at the bottom. Gas bubbles split at the bed
level and particles in wake region were ejected into the free-
board. In the freeboard, both particle concentration and parti-
cle velocity decreased with increasing height. Therefore, the
AE energy in particles ejection zone decreased in the axial
direction. Bubble coalescence acted in the bubble growing
zone and particle velocities increased since bubble sizes
enlarged in the axial direction. Thus, the AE energy raised

Figure 12. Influence of relative humidity of fluidizing
gas on particle charges.

(H 5 80 mm, U – Umf 5 0.35 m/s).

Figure 13. A comparison of electrostatic force and
drag under various gas velocities.

(polypropylene, dp 5 1.85 mm, Umf 5 0.55 m/s, e 5 0.6).

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

is available at wileyonlinelibrary.com.]
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rapidly in the bubble growing zone. In the jet impacting zone
near the distributor, particle motions were mainly influenced
by gas jet. Particles were first accelerated by gas jet in the flow
direction and then decelerated due to gravity after leaving jet
impact. Therefore, the AE energy increased at first then
decreased with increasing height in jet impacting zone.

From to Figures 14a, b, increasing gas velocity did not
change the particle flow pattern but only led to increase of AE
energy, which was due to an increase of particle velocity.
Besides, the bubble growing zone enlarged from 150 to
200 mm when the excess gas velocity was increased from 0.15
to 0.3 m/s. When electrostatic charges were eliminated, through
injection of 62.5 ppm LAA, the axial AE energy generally
increased for both gas velocities. Particle motions were driven
by rising bubbles and bubble sizes increased due to charge
elimination.19,38 Therefore, particle velocities increased after
charge elimination, which further led to increase of AE energy.
In addition, the boundary between bubble growing zone and jet
impacting zone became indistinct and AE energy fluctuations
increased due to charge elimination. When electrostatic charges
were eliminated, mean impact angles near the distributor signif-
icantly decreased and friction dominated the particle–wall inter-
action. Since the particle–wall frictions in axial direction were
mainly influenced by rising gas bubbles, particle motions
became fluctuate due to various small bubbles generated close
to the distributor.

Conclusions

Electrification degree of insulated particles in fluidized bed
were controlled by injecting a trace of LAA, thus electrostatic
influences on particle motions can be investigated. The AE
technique was applied in this work to characterize particle
motions in the fluidized bed. Particles impact energy and fric-

tion energy have been acquired by developing 5 scales wavelet
decomposition of AE signals. The particle–wall impact angles,
calculated from the impact energy ratio, were influenced by
both charge levels and gas velocities. A relative small impact
angle was required at the whole bed, which indicated that the
particle–wall interaction was dominated by friction for Geldart
D particles studied in this work. Electrostatic charges have been
found to have significant effects on particle impact angles under
a relatively small gas velocity, but the electrostatic force influ-
ence strongly weakened under a larger gas velocity due to dom-
inance of the fluid drag force in comparison to the electric
force. However, the impact velocity significantly increased after
charge elimination for both gas velocities studied.

The flow pattern of Geldart D particles in the fluidized bed
can be divided into three zones, namely particle ejection zone,
bubble rising zone, and jet impacting zone. Since particle
motions were driven by rising bubbles, particle impact veloc-
ity was reduced due to electrostatic charges, as well as the
bubble sizes. The boundary of bubble rising zone and jet
impacting zone became indistinct after charge elimination.

Therefore, electrostatic influences on hydrodynamics should
be taken into more consideration rather than those on wall
sheeting and agglomeration. Electrostatics accumulation in the
fluidized beds not only resulted in gas bubble reduction, but
also led to decrease of particle impact velocity and bubble ris-
ing zone, which may further cause wall sheeting or particle
agglomeration, especially in industrial polymerization reactors.
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