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Abstract: A unipolar charger containing multiple discharging wires in a tube
(inner diameter: 50 mm) was developed and tested in order to increase the aerosol
flow rate and the charging efficiency of nanoparticles. Four gold wires of 25 um in
diameter and 15 mm in length were used as the discharging electrodes to generate
positive ions (N;) from 2.72 x 10* ions/cc to 3.87 x 10° ions/cc in concentration at
the discharging voltage of +4.0 ~+10KV. Monodisperse NaCl particles of
10~50 nm in diameter were used to test the charging efficiency and the particle
loss of charged particles with different aerosol flow rates, corona voltages and
sheath flow rates. The sheath air near the tube wall was found to increase the
extrinsic charging efficiency, and the highest efficiency was obtained at +6.0 KV
discharging voltage, 10 L/min aerosol flow rate and 9 L/min sheath flow rate.
The extrinsic charging efficiency increased from 10.6% to 74.2% when the particle
diameter was increased from 10 to 50 nm. The TDMA (tandem differential mobi-
lity analyzer) method was used to determine the charge distribution and the mean
charge per particle and it was found that the Fuchs charging theory corrected for
the extrinsic charging efficiency matched with the experimental data very well.
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INTRODUCTION

Particle charging is very important to particle measurement, such as
particle sizing by the differentially mobility analyzer (1) and to particle
control, such as the removal of particles by the electrostatic precipitator
(2). However, for nanosized particles, charging efficiency is low. As a
result, many researchers have devoted their efforts to develop efficient
aerosol chargers for nanoparticles.

Aerosol particles can be charged by either bipolar or unipolar char-
ging. In the case of bipolar charging, two competing processes, namely
charging and neutralizing, lead to low charging efficiency which is only
4% for 10 nm particles when they are positively charged, or 6% when they
are negatively charged (3). The unipolar charging technique is aimed at
achieving higher nanoparticle charging efficiency. Wiedensohler et al.
(4) used an alternative electric field in the charging region to reduce
particle loss to the walls. The bipolar ions were generated by a radioactive
source, Cm>*, placed in two opposite boxes. An alternative electric field
was applied between screen openings near each box to draw unipolar ions
into the charging zones at the center. The charged particles moved in a
zigzag manner under the influence of the alternative electric field. The
extrinsic changing efficiency was 4% for 10 nm particles.

To increase the charging efficiency, Chen and Pui (5) designed a
unipolar charger with parallel aerosol and ion flow configuration to
avoid particle loss. Desirable unipolar ions were separated by a weak
electric field from bipolar ions generated by four Po*'® radioactive
sources. The design further used sheath air surrounding the aerosol flow
to reduce particle loss. As a result, the extrinsic charging efficiency was
greatly enhanced and up to 22% for 3nm, 48% for 5Snm, and 65% for
10 nm positively charged particles was reported. So far, this design has
the highest extrinsic charging efficiency among all unipolar charger
designs. Later on, Kruis and Fissan (6) developed a Twin Hawitt type
which used two Au wires placed in different boxes to generate unipolar
ions. An alternative field was applied to draw unipolar ions from boxes
into the charging zone. No sheath air was added. The extrinsic charging
efficiency achieved was about 30% for 10 nm positive particles. Later on,
another diffusion charger was constructed and evaluated by Biskos et al.
(7). The charger has two concentric electrodes with a corona wire
placed along the axis. The ions move from the central toward the inner
perforated electrode due to high electric field. Afterward, an AC voltage
was applied on the outer electrode to increase ion penetration and reduce
particle loss on the walls. The extrinsic charging efficiency achieved
was 25% and 60% for 10nm and 20nm positively charged particles,
respectively.
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Laschober et al. (8) tested a corona based unipolar charging unit and
found the yield of singly charged particles to be two to four times higher
compared to bipolar charging. Alonso et al. (9) proposed a corona char-
ger with a simple configuration. The corona discharge takes place around
a sharp-point stainless steel electrode, and aerosols collide directly with
unipolar ions. The extrinsic charging efficiency of nanoparticles is similar
to that of other complex designs.

The purpose of this work is to design another simple charger: a wire-
in-tube unipolar charger with multiple discharging wires, and evaluate the
extrinsic charging efficiency at different operating conditions aiming at
increasing the aerosol flow rate and charging efficiency. Similar attempt
to increase the aerosol flow of the charger was published by Cheng et al.
(10) but the extrinsic charging efficiency was not reported. In this study,
the charge distribution and mean charge of nanoparticles were also mea-
sured and compared with that predicted using Fuchs charging theory (11).

PRESENT UNIPOLAR CHARGER DESIGN

Figure 1 shows the schematic diagram of the newly developed unipolar
charger. The charger has an inner Teflon core to hold four 25 pm gold
wires to which high voltage is applied. The outer stainless steel casing
is grounded. The initial length of the wires, 26 mm, was found to be
too long to result in too much particle loss. Therefore a short Teflon tube
underneath the Teflon core was added to cover part of the wires so
that the effective length of the wires is reduced to 15mm. The space
beneath the inner Teflon disc was filled by an aluminum cylinder to
minimize the dead space and possible diffusion loss of particles. Gold
wires were used since they lasted for more than six months (12). Only
high positive voltage was used in this study. The positive corona was
generated within the annulus between the gold wires and the stainless
steel casing where aerosol charging took place simultaneously. In order
to reduce charged particle loss in the charging zone, a clean sheath air
was introduced from the 0.5mm slit formed by the aluminum shroud
and the outer casing.

The corona current I versus corona voltage V was measured using
the setup shown in Fig. 2. An inner stainless steel ring installed near
the stainless steel casing was connected to a Keithley Model 6485 picoam-
meter (Keithley Instrument, Inc., Ohio, USA) to measure the corona
current. In the present work, the corona starting voltage, V., was
assumed to have the following form:

V.=1vEpriIn (rz/rl) (1)
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Figure 1. Schematic diagram of the present unipolar charger (unit: mm).

where Ej = 3000 + 127d;"/? is the breakdown voltage (KV/m) (13), d,
and r| are the diameter and radius of the discharging wires; r, is the dis-
tance between the outer casing and discharging wires (11.25mm). y is a
fitting parameter which was found to be 1.5 to fit the data best in this
study. The fitting parameter y is needed since the current design is differ-
ent from the single wire-in-tube configuration. The ion concentration N;
was assumed to be related to the corona current I as:

I (r2/r1)

= 2
" 2nV ZiLe )

where y is a fitting parameter which was later found to be 2.5 for the best
fitting with the data. The corona voltage V is
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Figure 2. Schematic diagram of measuring the corona current.

V=V.+Eyn [\/H——H—l—ln(%mﬂ (3)

and

2
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In the above equations, Z; is the electrical mobility of positive ions
(1.4 x 107*m?/V-sec), L is the length of the discharging wires; e is the
elementary charge (1.6 x 107" C), ¢ is the permittivity of a vacuum
(8.85 x 1072 C?/N-m?).
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Figure 3. Ton number concentration variation with the corona voltage.

The ion number concentration variation with the applied positive
voltage is shown in Fig. 3. When the positive corona voltage increases
from+4.0KV to+10KV, ion concentration will increase from
2.72 x 10% to 3.87 x 10” ions/cm?, as calculated by Eq. (2). The residence
time of the aerosol flow in the charging zone is 0.68 to 0.14 sec when the
aerosol flow rate is 2L /min to 10 L/min. These ion concentration values
are higher than the concentrations in previous researches. For example,
N; in Chen and Pui (5) is 2.56 x 10 ions/cm® and the maximum Nj
in Kruis and Fissan (6) is about 8 x 107 ions/cm’. As a result, diffusion
charging by unipolar ions will be more efficient under the same condi-
tions as long as the electrostatic loss of particles is kept small.

EXPERIMENTAL
Charging Performance Evaluation

Figure 4 shows the schematic diagram of the experimental setup used for
measuring charging efficiency and the particle loss of the charger in the
laboratory. Nano-sized NaCl particles generated by the evaporation-
condensation technique were neutralized by an electrostatic neutralizer
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Figure 4. Schematic diagram of the experimental setup.

(model 3077, TSI Inc.), and classified in the Nano-DMA (Nano-differential
mobility analyzer, model 3085, TSI Inc.). The singly charged monodis-
perse particles were then passed through another TSI 3077 neutralizer
and an electrostatic precipitator to remove all charged particles. Only
uncharged particles were introduced into the unipolar charger. Before
entering the charger, an additional clean air was mixed with uncharged
particles to increase the aerosol flow rate. In the charging zone, sheath
air could be introduced from the 0.5 mm wide annular slit along the inner
wall of the charger. After charged aerosol flow exited the charger, it was
further introduced into a charge analyzer designed based on Tsai et al.
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(14) and Forsyth et al. (15) and a CPC (condensation particle counter,
model 3022, TSI Inc.) to measure particle electrostatic charges.

There are four parameters used for evaluating the charging perfor-
mance of a unipolar charger, including intrinsic charging efficiency (#;,,),
extrinsic charging efficiency (7.y), electrostatic loss (L.j), and diffusion
loss (Lg), which are calculated by the following expressions (16):

C it, _ Cgu
Mint :f 0”'012' : (5)
i
Cou ,ON — CO
T (©
LLI :f C()ut‘OFFCJn out,ON (7)
i
Cour,0FF
[0 — | — fouLOrr 8
reo )

where the dilution factor f is equal to the ratio of the outlet to the inlet
aerosol flow rates of the charger, C;, is the particle number concentration
before the charger, Coy¢ orr 1S the particle number concentration when no
voltage is applied on the charger and charge analyzer, Co,y on 1S the
particle number concentration after the charger while no voltage is
applied on the charge analyzer, CY, is the particle number concentration
after the charger when a sufficiently high voltage is applied on the charge
analyzer to remove all charged particles.

Charge Distribution and Average Charge Measurement

Similar to Alguacil and Alonso (17), a Tandem DMA system was used
for measuring the charge distribution and the average charge of charged
particles. The schematic diagram is shown in Fig. 5. When monodisperse
particles were charged in the unipolar charger, a DMA coupled with a
CPC were used to scan the size distribution of the charged particles at
the exit of the charger. The resulting distributions contain multiple

> Kr-85 »] DMA-1 > Kr-85 > ESP

CPC DMA-2 | Charger

Figure 5. Experimental setup for measuring the particle charge distribution and
average charge.
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modes with the peaks appearing at mobility values which are integral
multiples of the mobility of singly charged particles. Under each dischar-
ging voltage, there is a corresponding charge distribution of charged
particles. Each peak on the curve represents a specific number of elemen-
tary charges per particle. The relative fractions of multiply charged
particles are determined from the relative areas under their corresponding
peaks, termed as “‘extrinsic charge distributions”. Finally, the average
charge per particles is calculated by the product of the extrinsic charge
distribution and the corresponding number of elementary charges
per particle. The average charge values are then compared with the
theoretical predictions based on Fuchs limiting-sphere charging theory

o Ll

20nm NaCl particles
- No sheath -
= Q.=2 L/min
80 — [ | Q,=4 L/min -
;c‘ @) Q,=6 L/min
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= - p—
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S —_—
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—r__ -— e = - pasy — - e em/le o
‘; 40 [ = -/€;- — A
= 4 k - _‘;_
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=

4.8 5.2 5.6 6 6.4
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Figure 6. Extrinsic charging efficiency as a function of aerosol flow and corona

voltage. The discharging voltage and aerosol flow rate are +5.4 KV and 4 L /min,
respectively.
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in the transition regime (11). In the charger, the concentration of
uncharged particles (ng) and charged particles with p charges (n,) can
be obtained from the following governing equation:

dn

7[0 = —ﬁ§n0N+ )
dnp _ s + gty Nt
W = Bpilnp,IN — ﬁ]J }’le (10)

where N* is the ion concentration and t is time. ] and ﬁ; are the
combination coefficients between particles ions and particles with zero or
p charges, respectively, calculated using the Fuchs charging theory (11).

l ! | N ] 1 l 1
100 1
NacCl particles
HV=+5.4 KV,Q,=4 L/min
. e Dp=10nm B
| Dp=20nm

80 = @) Dp=30nm -
g 4 Dp=40nm l
< 1 ~  Dp=50nm — = — I
3 P
g —* .
S 60— - _ .- —
% / * - = - JAN
=4 - 0 -——--"1
g J{/’ -~ __Qe---="""77 o
bt 40 =¢ [ —  — — ™
'E — -_— - _. .
= &=
£ w -
=

20 == —

i:z r p
T £ =
’ — 1 ' T ' T T 1
0 2 4 6 8
Q,,(L/min)

Figure 7. Extrinsic charging efficiency as a function of sheath flow rate. The
discharging voltage and aerosol flow rate are +5.4 KV and 4 L /min, respectively.
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RESULTS AND DISCUSSION
Charging Efficiency and Particle Loss
Effect of Aerosol Flow Rate, no Sheath Air Flow

The particle charging efficiency will vary with the aerosol flow rate and
the corona voltage. Figure 6 shows the extrinsic charging efficiency for
20nm NacCl particles as an example. For aerosol flow below 4 L/min,
the extrinsic charging efficiency decreases from 26% with increasing cor-
ona voltage from 4.6 to 6.4 KV. At higher aerosol flow than 4 L /min, the
corona voltage does not affect the extrinsic charging efficiency very much
and the efficiency maintains between 30 to 40%. The highest extrinsic
charging efficiency is obtained at the highest aerosol flow rate of
10L/min corresponding to the shortest aerosol residence time of

NaCl particles
HV=+5.4 KV,Q,=4 L/min

Dp=10nm
Dp=20nm
Dp=30nm
Dp=40nm
A Dp=50nm

100 1

80 =

¢ ONl &

Electrostatic loss(%)

0 2 4 6 8
Q,,(L/min)

Figure 8. Electrostatic loss as a function of sheath flow rate. The discharging
voltage and aerosol flow rate are +5.4 KV and 4 L/min, respectively.
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0.14 sec. Experimental data of particle electrostatic loss show that as the
corona voltage increases, the loss also increases which offsets the increase
of the intrinsic charging efficiency. As a result, the corona voltage does
not affect the extrinsic charging efficiency very much when the aerosol
flow rate is greater than 4 L /min.

Effect of Sheath Air Flow Rate

To reduce the electrostatic loss, sheath air was added. The results of
extrinsic charging efficiency are shown in Fig. 7 for 10-50nm NaCl
particles at 4L /min aerosol flow rate,+5.4V corona voltage, and
different sheath flow rates from 0 to 9L/min. Depending on the particle
diameter, the extrinsic charging efficiency of particles larger than 20 nm
ranges from 30 to 70%, which is enhanced by about 10-30% by using
the sheath air flow. This increase is due to the prevention of charged

100 1 | 1 ] 1 ] 1 | 1
NacCl particles
J HV=+5.4 KV,Q,=4 L/min N
b Dp=10nm
80 — | Dp=20nm |
©) Dp=30nm
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w <
g
= - = -
S
&
E 40— —
= %
i —
20 = - .- = =
— B ==-== o= -1
/ —_:I_——‘ N =
- g -=-=""0 . .-
= W " == e e = - - 4 S
| ! | ' | ! | ' | '
0 2 4 8
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Figure 9. Diffusion loss as a function of sheath flow rate. The discharging voltage
and aerosol flow rate are +5.4KV and 4 L/min, respectively.
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particle deposition on the wall and the reduction of electrostatic
loss, as shown in Fig. 8. Without using the sheath air, the loss is severe
which ranges from 45 to 50% for particles from 10 to 50nm. The loss
decreases almost linearly to 5 to 20% as the sheath flow is increased to
9L /min.

For 10nm particles, the extrinsic efficiency does not seem to be
affected by the sheath flow rate as shown in Fig. 7. The reason is due
to the increasing diffusion loss of 10 nm particles with increasing sheath
air flow rate as shown in Fig. 9. However, for other particle sizes, the dif-
fusion loss remains below 20% and does not change very much with the
sheath air flow rate. Such differences are suspected to be due to the lack
of strength or non-uniformity of the sheath air flow velocity as it exists
from the 0.5 mm slit. This sheath air problem will be investigated further
to better explain the data shown in Fig. 9 and reduce the particle loss in
the charger.

100 (] I [ I [ I [
80 — —
g e —$ ===z
g o THT T s T
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Figure 10. Extrinsic charging efficiency as a function of particle diameter. The
aerosol flow rate and sheath flow rate are 10 L/min and 9 L/min, respectively.
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According to the previous results, higher extrinsic charging efficiency
can be obtained with a sufficiently high discharging voltage at high aero-
sol flow and sheath air flow rates. Experiment was therefore conducted at
10 L/min aerosol flow and 9 L /min sheath flow at four different dischar-
ging voltages from 5.4 to 6.8 KV and results are shown in. Fig. 10. The
best extrinsic charging efficiency of 10.6 to 74.2% for particles ranging
from 10-50nm is seen to occur at+ 6.0 KV. The charging efficiency at
other corona voltages is similar but slightly lower. Comparing with the
maximum extrinsic charging efficiency attainable in previous designs,
the present charger is about 20-30% lower. The differences are due to
large particle loss that still exists in the present charger. There is 15%
electrostatic loss and 10% diffusion loss for particles above 20 nm, and
severe diffusion loss of 50% for 10 nm particles. Therefore, the loss needs
to be further reduced. One possible solution is to increase the sheath air

1 1 | 1 | 1 ] 1 | 1 ] 1
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4 ® o R
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2o V43
i / \ * "
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Figure 11. Charge distribution as a function of particle diameter. The discharging
voltage is +5.4KV.
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velocity and uniformity by reducing the gap between the aluminum
shroud and the tube wall.

Charge Distribution and Mean Number of Charges per Particle

The charge distributions as a function of particle size at+5.4KV
discharging voltage are shown in Fig. 11. It can be seen that nearly
all 10nm particles are singly charged. For larger particles, the
fraction of multiply charged particles becomes higher. Some fraction
of particles carrying five charges is measured for 50nm particles.
For other operating conditions, there will be corresponding charge
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Figure 12. Mean number of elementary charges per particles as a function of
particles diameter. Comparison between experimental data and theoretical results
calculated using Fuchs charging theory (uncorrected—without considering extrin-
sic charging efficiency; corrected—considering extrinsic charging efficiency).
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distributions. The mean average charge per particle is calculated by
summing the product of the number fraction of a certain multiple
charged particle with the corresponding number of elementary
charges and the results are shown in Fig. 12. It shows the mean
average charge of particles increases from 0.46 to 2.2 with increasing
particle diameter from 10 to 50nm. The comparison with the
values obtained using Fuchs charging theory but uncorrected for
the extrinsic charging efficiency indicates the agreement is not good.
Since the experimental results were acquired at the exit of the
charger, the average charge predicted by using Fuchs theory was
corrected by multiplying it with the extrinsic charging efficiency.
After correction, the experimental data show a very good agreement
with Fuchs theory.

CONCLUSION

A unipolar charger with multiple discharging wires was developed and
tested for the purpose of increasing the aerosol flow rate and enhancing
the charging efficiency of nanoparticles. The charging performance
measurement was carried out under different operation conditions of dif-
ferent aerosol flow rates, corona voltages, and sheath flow rates. The
operating voltage of the charger ranged from +4.0~+10 KV which cor-
responded to 2.72 x 10% ions/cc to 3.87 x 10° ions/cc positive ion concen-
tration. When there was no sheath air flow, increasing the corona voltage
resulted in a higher ion number concentration. However, the higher elec-
trostatic loss occurred due to a stronger electrical field strength. By short-
ening the residence time in the charging region by increasing the aerosol
flow from 2~10 L /min (residence time from 0.68 to 0.14 sec), the extrinsic
charging efficiency was found to increase with the maximum efficiency
obtained at 10 L/min. The sheath air flow near the tube wall increased
the extrinsic charging efficiency by reducing the particle electrostatic loss.
The optimal operation condition for particles from 10~50nm in dia-
meter with the highest extrinsic charging efficiency from 14% ~ 77%
was obtained at+6.0 KV discharging voltage, 10 L/min aerosol flow,
and 9L/min sheath flow. The extrinsic charging efficiency can be
improved further by reducing the gap of the slit and increasing the sheath
air velocity and uniformity. The TDMA method was further used to
analyze the charge distribution and the mean average charge of particles.
The experimental data show good agreement with the theoretical results
based on Fuchs charging theory taking into account the extrinsic
charging efficiency.



Downloaded by [National Chiao Tung University | at 19:53 25 April 2014

3492 C. J. Tsai et al.

In the future, it is worthwhile to improve the extrinsic charging

efficiency further by increasing the sheath air velocity. Also it is useful
to investigate the possibility of using this unipolar charging device as a
substitute for the widely used diffusion charging device which uses a
radioactive source.
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