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ABSTRACT

A simple unipolar needle-plate corona charger (NPC) was designed, fabricated and tested
on aerosol Al,O, particles in the size range 75-500 nm. The intrinsic charging efficiency, particle
electrostatic losses, and extrinsic charging efficiency were investigated depending on the corona
current (35-215 pA), corona polarity, and aerosol flow rate (12-250 I/min). It was found that the
intrinsic charging efficiency of the NPC is growing with increase in the corona current and the
particle size and decrease in the aerosol flow rate. However, the extrinsic charging efficiency is
lower than intrinsic one due to the particle electrostatic losses. Although the NPC has very simple
design, it provides the extrinsic charging efficiency comparable with that of unipolar corona
chargers of other types having more complicated design. The maximum value of the extrinsic
charging efficiency was more than 40% for particles in the size range from 98 to 210 nm.
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INTRODUCTION

Particle charging is one of the most
important processes in aerosol science and
technology. Nowadays particle charging is
successfully used for the particle size
measurements’, formation of functional structures?,
synthesis of nanoparticles®, electrostatic air
filtration*5, and many other processes. It is known

that high particle charging efficiency is achieved
by using unipolar corona chargers. A recent
extensive review of unipolar corona chargers is
available in the article by Intra et al.,® There are two
main types of unipolar corona chargers. In the first
type of unipolar corona chargers, the generation
and collision of ions with particles is performed in
various zones of the charger. In this regard, these
chargers have low values for particle losses.
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However, these chargers have also a low charging
efficiency due to ion losses during their transport to
the particle zone. In the second type of chargers
called direct unipolar corona chargers’, the
generation and collision of ions with particles takes
place in one discharge zone. As a result, because
of reduced ion losses high-efficiency charging of
aerosol particles is achieved. Moreover, the
manufacturing of these types of unipolar corona
chargers is much cheaper due to a simple design.
For this reason, in this study we developed and
investigated unipolar corona charger of the second
type as the most promising device for charging
particles.

Compared to other chargers®'", developed
and evaluated corona unipolar charger has a
simple design. As a result, this charger has a lower
cost of fabrication and maintenance. The concept
of simple design, mentioned in this paper means
that the design of the charger consists of a minimum
number of working parts, which are the standard
products (needle, tube, plate, etc.). In contrast, the
complicated design of the charger needs to use
special parts requiring high precision of
manufacturing (milling, drilling, turning treatment,
etc.). Intrinsic charging efficiency, particle
electrostatic losses and extrinsic charging efficiency
of particles in the size range from 75 to 500 nm
were investigated depending on the corona current
from 35 to 215 pA, corona polarity (negative/positive)
and aerosol flow rate through the charger from 12
to 250 I/minutes.

EXPERIMENTAL

The scheme of the experiment on the study
of a unipolar corona charger using a needle-plate
(NPC) is shown in Fig. 1. The experiment was
carried out as follows: the aerosol particles (i.e.
Al,O,) with the size from 75 to 500 nm were
generated by using a multi-spark discharge
generator (m-SDG), and then sent to the NPC. Next,
the charged aerosol was passed through the
electrostatic precipitator (ESP) and at the exit of
which the number concentration of particles was
measured with an aerosol spectrometer (AS). The
particle concentration was measured more than 5
times to reduce measurement uncertainty. The
intrinsic charging efficiency ¢_, particle electrostatic
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losses L and extrinsic charging efficiency ¢ can
be expressed as follows®

i = AL = (1)
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where n, — the particle number
concentration measured when the NPC and the
ESP were turned off;

n,— the particle number concentration
measured when the NPC was turned on, but the
ESP was turned off;

n, — the particle number concentration
measured when the NPC and the ESP were turned on.

Since these parameters (i.e. ¢, L and
¢..,) are often used in practice, they are chosen as
main characteristics for evaluating the performance
of the NPC. For example, intrinsic charging
efficiency ¢ . is the number fraction of originally
neutral particles which acquire a charge within the
charger regardless of whether the particles leave
the charger or not. Particle electrostatic losses L is
the number fraction of charged particles that are
lost in the charger due to electrical forces. Extrinsic
charging efficiency ¢, is the number fraction of
originally neutral particles which appear at the outlet
of the charger carrying at least a unit of charge.
Therefore, the last parameter is the most important

for practical applications.

A developed charger consisted of a needle
and a plate that were located in a dielectric polyvinyl
chloride tube with an internal diameter of 45 mm. In
comparison with other chargers®', this simple
design means more reliable operation, since it
contains a smaller number of moving and/or wearing
parts. A steel needle with a radius of curvature of
about 40 um was used as the corona electrode.
The needle was located at a distance of 10 mm
from the steel plate with a size of 100 x 30 x 2 mm.
The distance between the needle and plate was
chosen experimentally for achieving of the
maximum current of a corona discharge from 35 to
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215 pA. A region of high electric field strength was
created between the needle and the plate when a
high voltage of 5 to 16 kV was applied to the needle.
As a result, there is an ionization of the gas
molecules and ignition of a corona discharge.
Positive and negative corona discharge was
created when the positive and negative potentials

NPC
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were applied to the needle, respectively. Aerosol
nanoparticles adsorbed unipolar charge due to
collisions with ions or electrons, depending on the
polarity of the corona electrode'. The source of
high voltage was the source of VIDN-30 (up to 30
kV and 250 nA), and the corona discharge current
was measured with an Agilent U1253B multimeter.
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Fig. 1. The scheme of the experiment on the study of a unipolar corona charger using
a needle-plate (m-SDG — multi-spark discharge generator, NPC — needle-plate corona
charger, ESP - electrostatic precipitator and AS — aerosol spectrometer).

The current-voltage characteristic of the
charger is shown in Fig. 2. The electric breakdown
of the gap occurred at a voltage between the needle
and the plate equal to 16 and 9 kV at negative and
positive polarity, respectively (Fig. 2). The lower
value of the breakdown voltage with the use of
positive polarity is explained by the formation of a
positive space charge at the point, which is
described in detail by other authors® ™. An
electrostatic precipitator is a cylindrical capacitor
having a length, inner and outer diameter equal
to 1000, 10 and 50 mm, respectively. In the
electrostatic precipitator the deposition of all
charged particles was carried out to determine the
fraction of charged patrticles in the aerosol (see Eq.
1-3). The voltage between the electrodes of the
electrostatic precipitator was 10 kV. Commercial
aerosol spectrometer TSI SMPS 3936 was used to
determine the size and concentration of aerosol
particles. The parameters of the charger were
investigated by varying the corona discharge
current /| from 35 to 215 1A, charging polarity
(negative and positive), and aerosol flow rate Q,
through the charger from 12 to 250 I/min. for a
particle size range of 75 to 500 nm. The particle
size range from 75 to 500 nm is typical for

agglomerates obtained with a multi-spark discharge
generator'>'®. Aerosol particles were obtained by
the erosion of the electrodes made of Al in air at
energy stored in the capacitor and the repetition
rate of discharges equal to 6 J and 1 Hz,
respectively.
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Fig. 2. Voltage-current characteristics of the NPC at
needle-plate spacing is about 10 mm

RESULT AND DISCUSSION

The influence of the discharge current
Figure. 3 shows a graph of the effect of
corona discharge current /. on intrinsic charging
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efficiency ¢, ., particle electrostatic losses L. and
extrinsic charging efficiency ¢, of particles with
sizes from 75 to 500 nm in the charger with a
negative polarity corona and the aerosol flow rate
Q, is 33 I/min. It should be noted that a similar
dependence was obtained at positive polarity
corona discharge and the aerosol flow rate Q, is
equal to 12 and 250 I/min. respectively.

Figure. 3a shows that when increasing the
current /. from 35 to 215 pA, the intrinsic charging
efficiency ¢, also increases for all particle sizes in
the range from 75 to 500 nm. For example, the
intrinsic charging efficiency ¢, of particles with size
of 75 nm is increased from 57.8% to 96.1% with
increasing discharge current /. from 35 to 215 pA,
respectively. This result is explained by an increase
in the probability of collisions of particles with ions/
electrons due to an increase in their concentration
with the discharge current'. Fig. 3a also shows that
the most efficiently charged particles of the
submicron range of sizes, namely with particle sizes
of more than 225 nm, the intrinsic charging efficiency
¢, of their charging increases with the size and
reaches almost 100%. In accordance with the theory
of charging'®, increasing the charging efficiency of
particles is caused by the increase in the probability
of collision of the particles with ions/electrons, due
to an increase in their size. For example, in an
electric field with a strength of 5 kV/cm and an ion/
electron concentration of 107 cm™ during 1 s, a
particle with a size of 40 and 400 nm adsorbs about
0.26 and 25.9 elementary charges, respectively,
according to Hinds'. However, it is seen that a
significant proportion of charged particles more than
75% larger than 225 nm is deposited in the charger
as a result of electrostatic losses (Fig. 3b). Typically,
these losses are due to the high electrical mobility
of the particles because the high electrical mobility
of the particles is the result of a large number of
charges on the particles'”. As a result, it can be
concluded that due to high electrostatic losses L,
the extrinsic charging efficiency ¢, of particles
larger than 225 nm becomes substantially lower
than their intrinsic charging efficiency ¢, (Fig. 3ab).

Since the extrinsic charging efficiency ¢_ is

extr

determined by the difference between the intrinsic
charging efficiency ¢ __ and particle electrostatic

intr
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losses L., see Eq. 3. Experimental measurements
showed that the extrinsic charging efficiency ¢,
reaches a maximum value at the low value of the
discharge current I about 35 mA, and the value of
the extrinsic charging efficiency ¢, of particles
increases with decreasing particle size (Fig. 3b).
As a result, the developed charger is recommended
to be used for charging particles smaller than 225
nm at low current values of about 35 1A, and this
result agrees with the conclusions from other

experimental works®?.

The influence of the polarity of the corona
discharge

Figure. 4 shows the effect of polarity of the
corona discharge on intrinsic charging efficiency
¢.» particle electrostatic losses L_ and extrinsic
charging efficiency ¢, of particles with sizes from
75 to 500 nm in the charger, when the corona current
I, and the aerosol flow rate Q, are 35 A and 33 I/
min, respectively. Similar dependences were
obtained at a corona current /|, and aerosol flow
rate Q, equal to 100-215 pA and 12-250 I/min,
respectively.

Figure. 4a shows that the intrinsic charging
efficiency ¢ is a few percent higher for negative
corona in comparison with positive corona for all
particles in the size range from 75 to 500 nm. This
result agrees with the data obtained by other
researchers'? and is probably associated with a
higher electrical mobility of negative ions/electrons,
leading to an increase in the charging efficiency. It
should be noted that the particle electrostatic losses
L. by using a negative corona is also higher than in
the case of positive corona (Fig. 4b). So, for
example, electrostatic losses of particles of size 100
nm is 36.6% and 15.5% at the positive and negative
corona, respectively. In addition, the results of the
measurements testify that the extrinsic charging
efficiency ¢_ . has higher values for particles in the
size range from 75 to 98 nm at a negative corona
polarity. However, higher values of extrinsic
charging efficiency ¢__for particles in the size range
from 98 to 500 nm are achieved at a positive corona
polarity. For example, the extrinsic charging
efficiency ¢ more than 40% was achieved for
particles in the size range from 98 to 210 nm, see
Fig. 4c. Thus, it is possible to choose an effective
charging mode by changing the polarity of the
corona.
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Fig. 3. Effect of corona current /_ on intrinsic charging efficiency ¢, (a), particle electrostatic losses L_
(b) and extrinsic charging efficiency ¢, (c) as a function of particle size from 75 to 500 nm. Negative
corona, Q=33 I/minutes
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Fig. 4. Effect of corona polarity on intrinsic charging efficiency ¢, (a), particle electrostatic losses L (b)

and extrinsic charging efficiency ¢_, (c) as a function of particle size from 75 to 500 nm at /=35 pA and
Q,=33 l/minutes
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The influence of the aerosol flow rate through the
charger

Figure. 5 shows the effect of aerosol flow
rate Q, on intrinsic charging efficiency ¢, ., particle
electrostatic losses L. and extrinsic charging
efficiency ¢ . of particles with sizes from 75 to 500
nm in the charger with a negative polarity corona
and the corona current /=215 pA. Similar
dependences were obtained at a positive corona
and corona current /_ equal to 35-100 pA.

Figure. 5a shows that extrinsic charging
efficiency ¢, decreases with increasing aerosol
flow rate Q, from 12 to 250 I/min. for particles in the
size range from 75 to 500 nm. This happens as a
result of decreasing of residence time of the
particles in the charger and hence the probability of
particle collisions with ions/electrons is reduced.
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Similarly, particle electrostatic losses L_ also
decreases while increasing aerosol flow rate Q,
because the particles will have less time to reach
the grounded plate (Fig. 5b).

The effect of the aerosol flow rate Q, on
particle electrostatic losses L_ has more impact than
on the intrinsic charging efficiency ¢, (Fig. 5a and
5b, respectively). For example, the intrinsic charging
efficiency ¢, for 300 nm particles decreases from
99.9% to 97.4%, while the particle electrostatic
losses L, is reduced from 99.2% to 84.2% when
increasing the aerosol flow rate Q, from 12 to 250 I/
min. respectively. As a result, the extrinsic charging
efficiency ¢ increases with increasing aerosol flow
rate Q,, mainly due to reduced losses (Fig. 5c). Thus,
a more efficient mode of operation of the charger is
achieved.
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corona, /=215 pA.
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Comparison of chargers

Comparison of the extrinsic charging
efficiency ¢ of present charger with other previous
results®'" is shown in Fig. 6. The developed
unipolar charger demonstrates a higher extrinsic
charging efficiency ¢_than a bipolar charger with
positive and negative ions' (Fig. 6). This result
confirms that the developed charger operates in
unipolar charging mode. The developed unipolar
charger demonstrates almost the same extrinsic
charging efficiency ¢, in comparison with other
unipolar chargers®®'! for particle size range from

100 -

80 4
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75 to 500 nm (Fig. 6). It is known that the value of
the extrinsic charging efficiency ¢_, depends on
the operating parameters of the chargers. In this
regard, the main parameters of the chargers, such
as the current [ or voltage, corona polarity and the
aerosol flow rate Q, are also indicated in Fig. 6.
Thus, the developed unipolar charger with a simple
design consisting of standard products (polyvinyl
chloride tube, steel needle, plate, etc.) is a good
alternative to other chargers that have a more
complex design and high cost.

—DO—Han et al. (2008), /.=n.a. (4 kV), positive corona, Q_=1.5 I/min
4 —O—Biskos et al. (2005), i.=n.a. (6 kV), positive corona, Q,=5 I/min
—&— This work, /=35 pA (8.8 kV), positive corona, Q =33 I/min
—7— Hoppel & Frick (1986), bipolar charging theory

i —O—Cao et al. (2017), /=1 pA (n.a.), negative corona, Q,=0.3 I/min

-1
100 150 200 250 300 350 400 450 500
Dp(nm)

Fig. 6. Comparison of the extrinsic charging efficiency ¢, of present charger at /=35 pA (8.8 kV), positive
corona and Q=33 I/min with other previous results as a function of particle size

CONCLUSION

A simple unipolar charger of aerosol
particle consisting of a needle and a plate in the
tube was designed, fabricated and evaluated. Three
parameters, including intrinsic charging efficiency,
particle electrostatic losses, and extrinsic charging
efficiency were evaluated depending on the
operating mode of the charger. It was found that
the intrinsic charging efficiency increases up to
100% with increasing corona current from 35 to
215 pA, reducing the aerosol flow rate from 250 to
12 I/min. and increasing the particle size from 75 to
500 nm. It was also found that the intrinsic charging
efficiency with the use of a negative corona is higher
than in the case of a positive corona. It is established
that extrinsic charging efficiency is lower than the

intrinsic charging efficiency due to high values of
particle electrostatic losses. The maximum value
of the extrinsic charging efficiency was about 40%
for particle size range from 75 to 500 nm. The
developed charger demonstrated almost the same
extrinsic charging efficiency in comparison with
other unipolar chargers. In addition, the developed
unipolar charger has a simple design, which
enables its use in a wide range of aerosol charging
and neutralizing applications. It is important for a
wide range of applications of charged particles.
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