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Abstract

Static�electricity�is�the�cause�of�many�problems�in�the�process�industries,�in�particular,�when�handling�powders�and�granules.�The�methods�
usually�used� to� reduce� static� electricity� involve� the�addition�of�antistatic� agents,� the� increase�of� relative�humidity�or� ionisation.�But� these�
solutions�can�give�rise� to�other�problems.�The�purpose�of� this�paper� is,� first,� to�study� the�kinetics�of�electrostatic�charging�of�polyethylene�
granules�and�powders�in�a�fluidised�bed�and,�second,�to�study�the�elimination�of�the�static�electricity�using�the�same�particles�with�a�special�
supersonic� injector�producing�a�neutral�cloud�of�positive�and�negative� ions.�The�experiments� involve� taking�samples�of�particles�at�various�
times�and�various�locations�in�the�bed�and�measuring�the�charge-to-mass�ratio�by�means�of�a�Faraday�pail�connected�to�an�electrometer.�It�is�
found� that� the�electrostatic�charge�increases�during�fluidisation�up� to�a� limiting�value.�Concerning� the�charges�elimination,� it� is�shown� that�
ions�ejected�from�the�eliminator�cannot�penetrate�into�the�bulk�of�particles.�Only�the�particles�on�the�upper�surface�of�the�bed�are�discharged.�
Thus,�the�efficiency�of�the�supersonic�injector�for�overall�charge�neutralisation�depends�on�the�movement�of�the�particles�in�the�bed�and,�in�
particular,� the� rate�of� renewal�of� the�upper�surface�of� the� fluidised�bed.
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1. Introduction

The first references to static electricity in fluidised beds
go back to the early 1950s [1] and since that time, many
studies have been made on the influence of static electricity
on the fluidisation of insulating particles. It is found that
electrostatic charges give rise to particle–wall and interpar-
ticle interactions of a magnitude such that they can affect the
hydrodynamics of the fluidised bed [2,3]. This, for example,
is a disadvantage for heat transfer between dielectric par-
ticles and an immersed heat exchange surface [4]. Experi-
mental work performed on static charge elimination has
shown that the addition of a small proportion of fines to a
fluidised bed leads to the splitting of agglomerates and to
the disappearance of a layer of particles clinging to the wall
[5]. Moreover, fluidising with a strongly humidified gas can
be an efficient way to eliminate electric charges [6,7]. For
example, a relative humidity of 70% suppresses hydrody-
namic problems and the agglomeration of polystyrene

particles [8]. However, these methods can give rise to other
problems. For example, it is not always possible to add fines
in a fluidised system if the particles have to remain clean or
monodispersed. Furthermore, if the relative humidity is too
high, liquid bridges can form and lead to the formation of
agglomerates. Air ionisation does not have these disadvan-
tages, but little work has been performed on the application
of this method to fluidised beds. The aim of this paper is
first to study the kinetics of electrostatic charging of
polyethylene granules and powders in a fluidised bed, and
second to study the elimination of the static electricity on
these products using a special supersonic injector producing
a neutral cloud of positive and negative ions.

2. Experimental apparatus and procedure

The experimental apparatus (Fig. 1) is a fluidised bed
made from a 10-cm diameter and 30-cm-high AltuglasR
column. A 50-cm diameter earth-connected metal cylindri-
cal section (disengagement zone) tops it. The humidity and
the temperature of the air are measured by two probes
located downstream from the metal fluidisation distributor
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and at the top of the fluidised bed. The experiments were
carried out at room temperature (between 21 and 27 jC),
with a relative humidity less than 5% inside the bed so as
not to promote electrostatic discharging. The pressure drop
through the bed was measured with a differential water
manometer.

The electrostatic charge eliminator is an industrial device
produced by ValitecR. It is designed to inject a balanced
current of positive and negative charges into large mass
flows of fluidised bulk material and can be operated in an
explosive atmosphere. The probe comprises a metal section
fed with slightly humid compressed air (dew point less than
! 20 jC) and terminated by a supersonic nozzle. Ions are
produced by an alternating current corona discharge located
in the supersonic expansion zone close to the throat of the
nozzle and are immediately taken up on tiny aerosols
formed by water condensation. This avoids the attraction
of charge carriers to the walls of the vessel by electric
forces. Aerosols carrying the charges are ejected from the
nozzle at high speed and evaporate at about 30 cm from the
nozzle and release their charges in the form of ions. The
electrostatic charge eliminator is fed with compressed air at
6 bar (flow rate of 12 N m3 h! 1) and uses a 7-kV rms high-
voltage power supplies. The patented device delivers 8 AA
of negative and positive current in equal amounts of positive
and negative ions. Unlike conventional active corona elim-
inators, the charges carried by the supersonic jet can
discharge targets up to a few meters from the nozzle [9].

The water consumption of the eliminator is low and leads
to a relative humidity inferior than 5%. Consequently, this

Fig. 1. Experimental apparatus.

Fig. 2. Location of the eliminator.

Table 1

Characteristics of the particles

d(0.1) (Am) d(0.5) (Am) d(0.9) (Am) D (Am) [2,3]

Polyethylene powder 465 801 1381 869



water alone cannot eliminate static electricity. The elimina-
tor is located in the metallic part of the fluidised bed which
allows its angle (h) to be varied (Fig. 2) between 0j and 45j
to the horizontal. It is not possible to put it below the
distributor because aerosols and ions would be stopped
before going inside the column. Moreover, if the eliminator
is put at the column wall, most aerosols would not have
enough time to melt before their collision with the wall, and
the hydrodynamic of the bed would be strongly modified by
the air of the eliminator.

The fluidised particles are low-density polyethylene
granules and powder of 920 kg m! 3 density. The granules
are 3 mm in diameter. The particle size distribution of the

powder (expressed in terms of surface) is shown in Table 1
where D [2,3] represents the surface/volume diameter and
d(0.5) is the diameter which cut the total surface of particles
in two equal parts. All products belong to group D of the
Geldart classification [10]. In all experiments, the total mass
of granules used is 890 g in order to have a packed bed
height equal to twice the column diameter (20 cm). How-
ever, because of problems with elutriation, less material is
used in the experiments with the powder. The packed bed
height of powder is 19 cm corresponding to 410 g.

The degree of electrification reached by the bed during
fluidisation is defined by the measurement of the net charge-
to-mass ratio (Q/m) of the particles which is determined by
means of a Faraday pail connected to an electrometer and by
weighing the particles.

In order to measure it, four samples are taken at various
locations in the particle bed. To do this, fluidisation is
stopped and a total of approximately 10% of the total mass
of particles are removed from different heights near the
column wall (S in Figs. 1 and 2). For the granules (Fig. 3a),
two samples are taken successively at 11.5-cm height above
the distributor and two other samples at 3.5 cm above the
distributor. For the powder (Fig. 3b), the first sample is
taken at 11.5-cm height above the distributor. The second
sample was taken at 7-cm height above the distributor since
the powder level is too low for sampling at 11.5 cm. The
third and fourth samples are taken at 3.5 cm above the
distributor. Samples are removed by supplying the fluidised
bed with a little flow of air so as to eject the particles, which
then fall directly into the Faraday pail. After charge deter-
mination and weighing, the samples are put back in the
column and are fluidised again.

3. Results and discussion

3.1. Hydrodynamic

To maintain similar hydrodynamic conditions in all the
experiments, the eliminator is always supplied with air and
only the power supply is switched off and on to test
charging and discharging conditions. In the experiments
with granules, the eliminator is set at an angle of 45j to the
horizontal. With the powder, the angle is 10j to the
horizontal, so as to limit elutriation. The small diameter of
the column and the fluidising properties of the granules lead
to large bubbles called slugs, which completely fill the
column [11]. In the case of powder, bubbles do not
completely fill the column, but the upper surface of the
bed has a piston-like movement. The minimum fluidisation
velocity (umf) for initially discharged granules and powder
are 1 and 0.31 m s! 1, respectively.

In order to study the influence of static electricity on the
minimum fluidisation velocity (umf), this measurement has
been made with granules and powder, which were initially
charged. Results show that the difference between the umf
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measured with charged and discharged particles is not
significant. Consequently, in our case, this minimum fluid-
isation velocity is not influenced by the electrostatic charges
of the particles.

3.2. Electrostatic behaviour

The electrostatic behaviour of the two products was
studied in order to set the influence of the particles size
on their electrification.

3.2.1. Granules
The evolution of the charge-to-mass ratio of granules

with fluidisation time (t) for the four samples is shown in
Fig. 4. The charge-to-mass ratio was measured every
minute, and each point is an average of five experiments
made under the same conditions. In order to generate
electrification, the fluidisation velocity is chosen equal to
2.5 umf, which induces strong motion of granules in the
fluidised bed. Granules are ejected in the metallic disen-
gagement zone and rain back down into the column.

The charge-to-mass ratio for the four-granule samples
increases (in absolute value) with fluidisation time and
reaches a saturation charge level. Triboelectrification can
be attributed to particle–wall interactions in the column and
in the bed freeboard. The charge-to-mass ratio of polyeth-
ylene particles is negative because the work function of
AltuglasR and stainless steel is lower than that of polyeth-
ylene. We assume that the bed walls become positively
charged. The saturation charge level could be a function of
both charge generation and charge dissipation processes. As
low-density polyethylene has an extremely high resistivity,
ohmic dissipation during contact time with the walls can be
neglected. Moreover, the relative humidity inside the flui-
dised bed is about 5% and therefore does not encourage
charges flowing to earth. An explanation of this loss of
electric charge could be due to local air ionisation by corona
discharges. These discharges can appear if the electrical
breakdown field of air Ed (3 MV/m under normal conditions
[12]) is locally exceeded. Gauss’s theorem gives an upper

bound of the limit charge (before discharge) in our system.
The maximum charge-to-mass ratio Q/m, which can be
tolerated before discharge, initiated in a cylinder of diameter
D and height H containing a mass M of polyethylene
granules, is given by:
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For a diameter of 0.1 m, height of 0.2 m and 0.89 kg of
granules, the maximum charge-to-mass ratio of granules is
1.8 AC/kg. This value is of the same order as the saturation
charge level obtained in Fig. 4.

Moreover, particles have negative charges and the bed
walls become positively charged. This means that some
particles can adhere to the bed walls, reducing the contact
surface between particles and bed, and so slowing down the
particles charge acquisition. Actually, during experiments,
we observed that some granules adhere strongly to the lower
part of the column wall when the fluidisation time is greater
than 5 min. The charge-to-mass ratio of the third sample is
higher than the others because some granules which were
removed are those which were sticking to the column wall
(Fig. 3). Another consequence is that attraction strengths
between the particles and the bed walls become stronger
with the fluidisation time, increasing the particles bulk
cohesion leading to less particles–wall interactions. In fact,
during experiments, the four sample values are close to each
other during the increase of the charge-to-mass with fluid-
isation time, which means that the homogenisation inside
the column is good. But the difference between these values
emphasises when the saturation charge level is reached (see
Fig. 5) which means that the axial mixing is not well assured
when granules are highly charged. This is surely a conse-
quence of the bulk electrostatic cohesion, and this could be
another explanation of the slowing down of the charge
acquisition.

Reproducibility of these experiments has been studied
and is shown in Fig. 5. Each data point represents the
average of the first sample of five experiments performed in

Fig. 4. Charge-to-mass ratio for granules with fluidisation time at 2.5 umf.



the same conditions. The scatter limits are shown. The
reproducibility decreases when the saturation charge level
is reached. Similar results are obtained with other samples.
This can be attributed to the nonreproducibility of the
statistics of the discharges occurring when the granules are
highly charged and the poor axial mixing in the electrified
bed of particles.

In order to evaluate the influence of fluidisation velocity
on electrification in the fluidised bed, two other fluidisation
velocities were used: 1.7 umf and 2.1 umf. The first was
chosen because under these conditions, the granules stay in
the column and are not ejected into the upper metal part of
the fluidised bed (disengagement zone). Nevertheless, slugs
are formed with all the three velocities. Fig. 6 shows the
evolution of the charge-to-mass ratio with fluidisation time
of the first sample for the three fluidisation velocities. The
charge-to-mass ratio of the granules for 1.7 umf and 2.1 umf

increases less rapidly than for 2.5 umf. This is because the
granule motion in the fluidised bed is less vigorous. Nev-
ertheless, the same saturation charge level is reached for the
three velocities and granules stick to the lower part of the
column. Similar results are obtained for the other samples.

In conclusion, the charge-to-mass ratio for the four
samples of granules increases (in absolute value) with
fluidisation time and reaches a saturation charge level,

which is function of both charge generation and charge
limitation processes. Charge generation is due to contacts
between polyethylene particles and the walls of the instal-
lation, while corona discharges or the reduction of the
contacts number and the increase of strengths between
particles and walls could explain the charge limitation.
Moreover, the saturation level is more rapidly reached when
the air fluidisation velocity is high.

3.2.2. Powder
Charge-to-mass ratio of powder with fluidisation time

was followed as for the granules. The fluidisation velocity is
1.6 umf and the eliminator angle is 10j to the horizontal.
This configuration allows the powder to stay in the column
and limits elutriation. Results are shown in Fig. 7.

The charge-to-mass ratio increases with fluidisation time
and a saturation charge level is reached. Powder particles
tend to adhere to the surface of the column very soon after
the start of fluidisation. When fluidisation is stopped,
particles can be observed to be sticking to the column wall
above the packed bed. The presence of a saturation charge
level can be explained by the fact that because of the particle
adhesion to the wall, there is less polyethylene–AltuglasR
interactions. Moreover, important differences can be seen
between the charge-to-mass ratio of the four samples. The

Fig. 6. Charge-to-mass ratio of the first sample of granules with fluidisation time for three fluidisation velocities.

Fig. 5. Charge-to-mass ratio of the first sample of granules with fluidisation time at 2.5 umf.



third sample is more charged than the others are. These
differences are emphasised with time, as the charge-to-mass
ratio increases. This is the result of a poor axial mixing due
to electrostatic bed cohesion.

3.2.3. Discussion
The use of the two products allowed studying the

electrostatic behaviour for different sizes of polyethylene
particles. The results showed that the evolution of the
charge-to-mass ratio with fluidisation time was similar for
granules and powder. Indeed, the charge-to-mass ratio of the

two products increased with fluidisation time and reached a
saturation charge level, which was function of both charge
generation and limitation processes.

Moreover, the total charge of granules particles (! 1.3
AC) is higher than that of powder (! 0.6 AC). This is the
same thing if we consider the charge-to-surface ratio,
showing that, in respect with their small size, powder
particles are less charged during fluidisation at 1.6 umf

(! 0.22 AC/m2) than granule ones at 1.7 umf (! 0.94 AC/
m2). Indeed, the contact surface area is smaller with powder
than with granules because more particles adhere to the

Fig. 7. Charge-to-mass ratio of powder with fluidisation time at 1.6 umf.

Fig. 8. Charge-to-mass ratio of granules of the first sample with fluidisation time for the three fluidisation velocities with initially charged granules (a) and

discharged granules (b).



column walls. Moreover, collisions between particles and
walls are more energetic in the case of granules.

3.3. Effect of the eliminator

It has been shown that the fluidised bed can generate
significant electrification. The influence of the static charge
eliminator has been studied by repeating the experiments with
the high voltage switched on in order to produce ions. The
electric field resulting from positives charges of the column
walls and negative charges of particles attracts ions of
opposite polarity. The earth-connected metal walls of the
equipment capture the excess of ions ejected from the
eliminator.

3.3.1. Granules
Using the same experimental protocol as above, the

charge-to-mass ratio has been sampled for the three fluid-
isation velocities (1.7 umf, 2.1 umf and 2.5 umf). The elimina-
tor angle is 45j and the supersonic jet is pointed toward the
centre of the column. Fig. 8 shows the variation of the charge-
to-mass ratio with fluidisation time of the first sample, for the
three fluidisation velocities, starting with both initially
charged granules (a) and initially discharged granules (b).
The effect of the eliminator angle has also been studied for 1.7
umf for initially charged granules. Three angles have been
used: 35j, 25j and 10j to the horizontal. The results obtained
for the four samples are shown in Fig. 9.

In the presence of ions, the absolute value of the charge-
to-mass ratio of polyethylene granules decreases with fluid-
isation time for all three fluidisation velocities. In less than 3
min, the charge-to-mass ratio reaches an absolute value less
than 0.5 AC/kg. Furthermore, in the presence of ions, there
are fewer oscillations of the charge-to-mass ratio values.
This may perhaps be due to the absence of discharges in the
fluidised bed and a better axial homogenisation of granules.
When the system is sufficiently discharged, the layer of
granules adhering to the column wall disappears.

Moreover, the higher the fluidisation speed is, the faster
the neutralisation of the static charge is (Fig. 8a). On the one
hand, this is due to the fact that for a fluidisation speed
higher than 1.7 m s! 1, granules are ejected in the disen-
gagement zone. They then have better accessibility to ions,
firstly because granules are more separated out, and sec-
ondly because they have a longer residence time in the ion
cloud. In addition, the greater the velocity of fluidisation,
the shorter is the turnover time of the fluidised beds [11].
For velocities of 1.7 umf, 2.1 umf and 2.5 umf, the turnover
times are 248, 148 and 115 s, respectively.

With initially discharged granules (Fig. 8b), their charge-
to-mass ratio remains near zero for all three fluidisation
velocities. The same results were obtained for the other
samples.

Concerning the effect of the eliminator angle, the results
obtained at 1.7 umf show that the lower the angle of the
eliminator to the horizontal is, the poorer is the neutralisa-

Fig. 9. Charge-to-mass ratio of the granules with fluidisation time at 1.7 umf for different eliminator angles for the first sample (a), second sample (b), third

sample (c) and fourth sample (d).



tion. For angles less than 45j, the charge-to-mass ratios of
the third and fourth samples (Fig. 9c and d), which corre-
spond to granules situated in the lower part of the bed, are
higher than the other samples (Fig. 9a and b). The higher
charge in the lower part of the bed can be explained by the
fact that the mixing conditions are poor and bulk turnover is
reduced. Indeed, for angles less than 45j, the particles
movement is slower due to a lower turbulence created by
the air introduced by the eliminator. This further suggests
that ions do not penetrate in the bed and that only the upper
particles of the bed are neutralised.

3.3.2. Powder
Fluidisation velocity is 1.6 umf and the angle of the

eliminator probe is maintained to 10j to the horizontal
because the use of a greater angle would lead to too much
elutriation. As reported in the precedent section, this con-
figuration leads to a poor axial mixing.

Results of the experiments using the eliminator with
powder are shown in Fig. 10 both for an initially charged
powder (a) and an initially discharged powder (b). The
charge-to-mass ratio of initially charged material decreases
slightly (in absolute value) with fluidisation time, and the
particle layer still remains attached to the column wall.
When the powder is initially discharged, the ions produced
by the eliminator do not limit the charge-to-mass ratio and
the eliminator does not prevent sticking. Only the first

sample is neutralised, which demonstrates that axial mixing
is poor and that ions do not penetrate in the bulk.

3.3.3. Discussion
It seems that ions do not penetrate the bed of particles

and therefore only reach particles at the upper surface of the
fluidised bed. Indeed, with the hypothesis that granules and
powder are ideally fluidised in the column with a bed height
of 30 cm, the free path of the ions in the fluidised bed can be
roughly calculated (without taking gravity and electrostatic
force effects into account) [13]. In the case treated here, the
free path of the ions in the bed of granules and powder B
would be 4.8 and 2.9 mm, respectively. Consequently, the
renewal of the upper surface of the fluidised bed seems to be
the only way for contacting ions and particles. Particles have
to be present at the upper surface of the bed, that is to say, in
contact with the ion cloud in order to be neutralised. This
depends on the quality of the fluidisation.

For the granules, this can explain the difference in
discharge as a function of fluidisation velocity and elimina-
tor angle. The greater is the fluidisation velocity, the faster
the bed surface is renewed (lower turnover time), which
partly explains why discharging is faster. When the angle of
the eliminator is 45j and 35j, the airflow causes the
granules to move a lot and the discharge is efficient. In this
case, the granules surface is often renewed due to the air
from the eliminator creating turbulence. When the angles

Fig. 10. Charge-to-mass ratio of powder B with fluidisation time for the four samples with initially charged powder (a) and discharged powder (b).



are 25j and 10j, the discharge is inefficient because the
granule movement is less and the bed surface is not well
renewed. Furthermore, for higher fluidisation speeds and
eliminator angles, particles are ejected in the disengagement
zone and the ion free path is more important.

Experiments with powder were conducted at 1.6 umf and
10j and can be compared to that with granules at 1.7 umf

and 10j. This shows that particles neutralisation seems to
not depend on particle size but roughly on bed dynamics.
Finally, it should be interesting to work under different
fluidisation conditions in order to emphasise the importance
of bed dynamics on particle neutralisation.

4. Conclusion

The fluidisation of polyethylene particles generates a lot
of static electricity because of the great number of particle–
wall and particle–particle contacts both in the column and
in the disengagement zone. It has been found that the
evolution of the net charge-to-mass ratio, which is always
negative, is similar for the granules and the powder studied.
The charge-to-mass ratio increases (in absolute value)
during fluidisation to reach a saturation level, which is more
rapidly reached for the granules when the air fluidisation
velocity is high. The charge saturation level is a function of
both charge generation and charge limitation processes. In
the case treated here, static electricity is found not to
influence the minimum fluidisation velocity.

The efficiency of static charge eliminator delivering a
neutral cloud of ions above the fluidised bed has been studied
for polyethylene granules and powder. The results show that
efficiency of charge elimination depends on the accessibility
of particles. Indeed, ions do not penetrate in the fluidised
particle bed, and only the particles on the upper surface of the
bed are discharged, thus indicating the importance of the
renewal of the upper surface of the fluidised bed for applica-
tion of this technique in charge neutralisation. Working with
bubbling fluidisation, and so with a better axial mixing of
particles, should improve the neutralisation process. This will
be the subject of a next work.

List of symbols
D column diameter (m)
Ed electric breakdown field of air (V/m)
H height of the granules (m)
M mass of granules (kg)
Q/m charge-to-mass ratio (AC/kg)
t time (min)
u fluidisation velocity (m s! 1)
umf minimum fluidisation velocity (m/s)
e0 permittivity of the free space (8.854# 10! 12 F/m)
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