This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

s e STEVEN . CRANG Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471

Particulate Matter Removal from a Gas Stream using High-Voltage
b ot | Discharge Plasma
Cheng-Hsiung Huang Ph.D.% Chung-Liang Chang?
* Department of Environmental Engineering and Health, Yuanpei University, Hsinchu, Taiwan

To cite this Article Huang Ph.D., Cheng-Hsiung and Chang, Chung-Liang(2008) 'Particulate Matter Removal from a Gas
Stream using High-Voltage Discharge Plasma’, Separation Science and Technology, 43: 5, 1260 — 1271

To link to this Article: DOI: 10.1080/01496390801887534
URL: http://dx.doi.org/10.1080/01496390801887534

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.coniterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390801887534
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 18 25 January 2011

Downl oaded At:

Separation Science and Technology, 43: 1260—1271, 2008 e Taylor & Francis
Copyright © Taylor & Francis Group, LLC

ISSN 0149-6395 print/1520-5754 online

DOI: 10.1080/01496390801887534

Taylor & Francis Group

Particulate Matter Removal from a Gas
Stream using High-Voltage Discharge
Plasma

Cheng-Hsiung Huang and Chung-Liang Chang

Department of Environmental Engineering and Health, Yuanpei Uni-
versity, Hsinchu, Taiwan

Abstract: This investigation examines the use of a high-voltage discharge plasma technol-
ogy to remove particulate matter from an air stream. Concentrations of the particulate matter
were measured at the inlet and the outlet of the discharge plasma with the help of an optical
particle counter to determine the particle removal efficiency. The experimental results
indicate that the particle removal efficiency of the discharge plasma increased with the
discharge voltage. The particle removal efficiency rose as high as 93.1% for 0.3 pm
particles as the discharge voltage was increased to 20 kV at an operating frequency of
60 Hz. The influence of the operating frequency on the particle removal efficiency was
neglected at discharge voltages of 8 kV and 10 kV when the operating frequencies ranged
from 60 Hz to 180 Hz. Furthermore, the particle removal efficiency increased with the
reflected power when the discharge voltage was varied. A non-linear multivariable regression
model was fitted to the experimental data. The good fit of the regression model makes it
possible to estimate the particle removal efficiency of the high-voltage discharge plasma.

Keywords: Particulate matter, plasma, particle removal efficiency

INTRODUCTION

High-voltage discharge plasma technology has been considered for use in air
pollution control systems for removing mixed air pollutants (1, 2). The plasma

Received 23 June 2007, Accepted 25 November 2007

Address correspondence to Cheng-Hsiung Huang, Ph.D. Department of Environ-
mental Engineering and Health, Yuanpei University, Hsinchu, Taiwan. Tel.: + 886-
3-6108534; Fax: +886-3-6102337; E-mail: chhuang@ms6.url.com.tw

1260



09: 18 25 January 2011

Downl oaded At:

High-Voltage Discharge Plasma Technology 1261

technology generates free electrons to produce free radicals, ions, and
metastables in a reaction zone by using high-voltage discharge. These
products are all chemically active and promote the destruction of toxic
molecules. Accordingly, the high-voltage discharge plasma technology can
be applied to remove undesired species from an air stream in environmental
applications, such as sulfur oxides, nitrogen oxides and volatile organic
compounds (3-9). Plasma methods have also been investigated for their
ability to remove particulate matter from diesel exhaust (10—12). Dan et al.
(10) demonstrated that the removal of particulate matter from the diesel
exhaust using the non-thermal plasma technique ranged from 25 to 57%.
Chae (11) studied the application of a non-thermal plasma approach to treat
diesel exhaust. The results revealed that the non-thermal plasma affects the
oxidation of particulate matter in diesel exhaust at low temperature. Yao
et al. (12) pointed out that the particulate matter from diesel engines could
be removed using uneven dielectric barrier discharge reactors. The
maximum proportion of particulate matter removed was 67% using 300 W
energy injections and a dielectric barrier discharge reactor with a gap
distance of 0.4 mm. The particle removal efficiency was increased by decreas-
ing the gap distance of the dielectric barrier discharge reactor.

Recently, human exposure to indoor particulate matter has attracted con-
siderable attention (13, 14). Electrostatic precipitation is one of the commer-
cial devices for removing particulate matter from indoor air. Except the
particulate matter removal mechanism, an advanced indoor air cleaning
system requires bacterial, odor and VOC control instrument. In some cases,
the discharge plasma can act as a combined electrostatic precipitation, UV
source, and chemical decomposition reactor for the treatment of mixed air pol-
lutants (15). Particulate matter can be effectively removed using the discharge
plasma in indoor environments is worthwhile to know.

This work attempts to experimentally investigate the removal efficiency
of particulate matter from gas streams by discharge plasma at various
discharge voltages. The influence of the operating frequency on the removal
efficiency of the particulate matters was also studied for various particle
diameters and discharge voltages. Additionally, the relationship between the
reflected power and the particle removal efficiency of the discharge plasma
was investigated at various discharge voltages and operating frequencies.
Finally, a linear multivariable regression was performed by fitting the exper-
imental data using the least square estimate technique.

EXPERIMENTAL METHODS

This study experimentally determines the particle removal efficiency of
discharge plasma at various discharge voltages and operating frequencies. A
schematic diagram of the experimental system is illustrated in Fig. 1. The
discharge plasma was composed of a Pyrex-glass tube with the diameter of
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Figure 1. Schematic diagram of high-voltage discharge plasma.

2.0 cm and a stainless steel wire of 0.5 cm diameter that was suspended along
the axis of the tube and served as an inner electrode. The grounded electrode
was made of stainless steel wire mesh and was wrapped around the outside of
the glass tube. The effective discharging length was 6.5 cm. High-pulsed
voltages with adjustable frequencies ranged from 60 to 180 Hz and adjustable
amplitudes ranged from 8 to 20 kV were applied to the inner electrodes to
generate plasma to test the removal efficiency of particulate matter from an
air stream.

An optical particle counter (LASAIR II, Particle Measuring Systems Inc.,
Boulder, Colorado, USA) was adopted to measure the particle number concen-
trations at the inlet and the outlet of the high-voltage discharge plasma to
determine the removal efficiency of the particulate matter. LASAIR II is
a portable, durable, and lightweight aerosol counter, which measures
particle sizes in the range of 0.3 to 25.0 wm with six channels (0.3, 0.5, 1.0,
5.0, 10.0, and 25.0 wm). A laser beam was projected through the sample
chamber of the LASAIR II and it was scattered from the particulate matter
in the air stream of the chamber. The scattered light was picked up by a col-
lecting photo detector and converted to a voltage pulse corresponding to the
size of the particles. The inlet particle concentration was measured by the
LASAIR 1II from the air stream, while the outlet particle concentration was
measured after they passed through the discharge plasma. The sample flow
in the discharge plasma was fixed at 28.3 L/min. The duration of each
sampling was maintained at 30 s, and a wait of 10 s was required before the
downstream concentration was measured. After the outlet concentration
had been measured, the inlet concentration was measured again to check
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the constancy of particle concentration. The steadiness of the particle
concentration was found to be fewer than 4.8%. One data point at a particular
test condition for a particle size was the average of three measurements. The
particle removal efficiency, E(%), of the high-voltage discharge plasma can be
calculated as:

E,%:lOOx(l—%) (1)

1
where C; and C, is the number concentration of particulate matter before and
after passing through the high-voltage discharge plasma, respectively.

The particle size distributions were measured using multi-stage micro-
orifice uniform deposit impactors (MOUDI, Model 100, MSP Corp.). The
MOUDI has ten different stages with varying nominal 50% cutoff points:
after-filter, 0.1 pm, 0.18 pm, 0.32 wm, 0.56 pm, 1.0 pm, 1.8 pm, 3.2 wm,
5.6 pm, 10 pm, and inlet (18 wm). The MOUDI used Teflon filters as sub-
strates and the flow rate was around 30 L/min. A Chemcomb Cartridge
(Model 3500, Rupprecht & Patashnick Co., Inc. NY, USA) sampler was
adopted to determine the mass concentration of PM;, which is particulate
matter with an aerodynamic diameter of under 10 wm). The components of
the Chemcomb Cartridge sampler included an impactor with a cutoff aerody-
namic diameter of 10 wm, a glass-transition section, two honeycomb
denuders, a spacer and a filter pack. In this work, a Teflon filter was placed
downstream of the denuders to collect the particulate matter. The flow rate
in the Chemcomb Cartridge was 10L/min. The MOUDI and the
Chemcomb Cartridge samplers were adopted over 24 hours. The samples of
the MOUDI and the Chemcomb Cartridge sampler were pre- and post-
weighed using a microbalance (Mettler Toledo Inc, Greifensee, Switzerland)
after 24 hours of equilibration at 23 + 3°C and a relative humidity of
40 + 5%. During the tests, the ambient temperatures ranged from 25.2°C to
30.4°C, and the ambient RH ranged from 60.8% to 71.6%.

RESULTS AND DISCUSSION

Figure 2 plots the particle removal efficiency of the high-voltage discharge
plasma against particle diameter for various discharge voltages at an
operating frequency of 60 Hz. In this investigation, the distribution of
particle sizes was bimodal and the PM |y mass concentration ranged from 79
to 86 Mg/m3. The mass median diameter and the geometric standard
deviation of the fine particles were measured to be 0.35 ~ 0.42 pm and
1.21 ~ 1.29, while those of the coarse particles were 3.7 ~ 4.2 pm and
1.49 ~ 1.53, respectively. The results show that the particle removal efficiency
increased with the discharge voltage for various particle diameters. For
example, the particle removal efficiency increased from 19.1% to 77.8%
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Figure 2. Removal efficiency of discharge plasma as a function of particle diameter
at different discharge voltages.

when the discharge voltage increased from 8 kV to 16 kV for a particle
diameter of 0.3 wm, while it increased from 51.6% to 98.6% for 1.0 pm
particles. As the discharge voltage was increased to 20 kV, the particle
removal efficiency increased as high as 93.1% and 99.9% for 0.3 pum and
1.0 wm particles, respectively. It is because an increase in the discharge
voltage of the discharge plasma caused a higher ionic wind, and promoted
the attraction of particles by the glass tube. Consequently, a higher discharge
voltage more easily removes the particles than those by a lower discharge
voltage. The results also reveal that the particle removal efficiency increased
with the particle diameter, because the particle electrical mobility was pro-
portional to the square root of the particle diameter (16). The particle
removal efficiency of the high-voltage discharge plasma can be further
expressed as the following equation by assuming well-mixed flow (17):

E, % = 100 x [1 — exp(—hZ)] (2)

where h is a constant depending on the flow characteristics, and the electrical
mobility, Z, is:

n(Dp)
Dp

Z ~ C(Dp) A3)
where Dp presents the particle diameter; C(Dp) is the Cunningham correction
factor, which can be approximated as 3.69(A/ Dp)l/ 2 (A is the mean free path of
air molecules) (18), and n(Dp) is the average number of elementary charges of a
particle. For the particles larger than about 0.2 wm in diameter, the field
charging was the dominant mechanism and n(Dp) was proportional to Dp?
(19). Therefore, for the particle larger than 0.2 pm in diameter, Z was
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proportional to Dpl/ % and the particle removal efficiency of the high-voltage
discharge plasma increased with the particle diameter. In addition, the higher
particle removal efficiencies can be found for the higher discharge voltages
because of the higher particle charging in the high-voltage discharge plasma.

Figure 3 plots the influence of the operating frequency on the particle
removal efficiency of the discharge plasma with a discharge voltage of
12 kV. The figure indicates that the particle removal efficiency increased
with the operating frequency for various particle diameters. The particle
removal efficiency enhanced from 49.5% to 73.9% for 0.3 pm particles and
from 88.4% to 95.5% for 1.0 wm particles as the operating frequency
increased from 60 Hz to 120 Hz. The results indicate that increasing the
operating frequency effectively improved the particle removal efficiency at
a discharge voltage of 12kV. It is due to the probability of collision
between the particles and the glass tube increased in the discharge plasma,
increasing the deposition rate of the particulate matter (12). However, the
particle removal efficiencies at operating frequencies of 120 Hz, 150 Hz,
and 180 Hz were close to each other. This may be attributed to that
operating frequencies of 150 Hz and 180 Hz were ineffective for eliminating
particulate matter from air streams at a discharge voltage of 12 kV. Figures 4
and 5 present similar results, and reveal that the particle removal efficiencies at
operating frequencies of 60 Hz, 120 Hz, 150 Hz, and 180 Hz were close to
each other at discharge voltages of 8 kV and 10kV, respectively. This
result follows from that fact that discharge voltages of 8 kV and 10 kV
were ineffective for removing particulate matter from the air stream at
various operating frequencies. On the contrary, the particle removal efficiency
of the discharge plasma was improved using 12 kV discharge voltage at

100
80—
X 60—
[ | —&— 060 Hz
—<— 120 Hz
40 — —o— |50 Hz
| —4— 180 Hz
20—
0 Lol Lol L
0.1 1 10
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Figure 3. Particle removal efficiency for various operating frequencies at discharge
voltage of 12 kV.
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Figure 4. Particle removal efficiency for various operating frequencies at discharge
voltage of 10 kV.

operating frequency of 120 Hz. The results demonstrate that the discharge
voltage of the discharge plasma dominated the removal efficiency of the par-
ticulate matter.

The reflected power of the discharge plasma for removing particulate
matter at various operating frequencies (60 Hz, 120 Hz, 150 Hz, and
180 Hz) and various discharge voltages (8 kV, 10kV, and 12kV) was
shown in Fig. 6 (particle diameter = 0.3 wm) and Fig. 7 (particle
diameter = 1.0 wm). Figure 6 reveals that the reflected power of the
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Figure 5. Particle removal efficiency for various operating frequencies at discharge
voltage of 8 kV.
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Figure 6. Reflected power of discharge plasma for various discharge voltages and
operating frequencies at particle diameter of 0.3 pwm.

discharge plasma increased as the particle removal efficiency was improved at
a 12 kV discharge voltage. This result indicates that the particle removal effi-
ciency increased with the operating frequency and an increasing reflected
power was observed at a discharge voltage of 12 kV. The increase in the
reflected power was posited to be one of the reasons of the effectiveness of
the removal of particles by the discharge plasma. The results are similar to
those of Dan et al. and Yao et al., who reported that the efficiency of
removal of particulate matter increased with the energy input (10, 12). The
particle removal efficiency was unapparently raised with the operating
frequency at discharge voltages of 8 kV and 10 kV, but it did at a discharge

100
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Figure 7. Reflected power of discharge plasma for various discharge voltages and
operating frequencies at particle diameter of 1.0 pm.
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voltage of 12 kV. For example, the particle removal efficiency increased only
from 19.1% to 25.4% and from 32.8% to 40.5%, whereas the reflected power
was increased from 4.4 W to 5.7 W and from 5.5 W to 7.6 W at discharge
voltages of 8 kV and 10 kV, respectively. A similar conclusion can be
found in Fig. 7 for particles with a diameter of 1.0 wm. The results reveal
that the particle removal efficiency increased from 88.4% to 97.7% as the
reflected power was increased from 9.8 W to 18.1 W at a discharge voltage
of 12 kV.

Figure 8 plots the particle removal efficiency of the discharge plasma
versus the reflected power at various discharge voltages at an operating
frequency of 60 Hz. The results reveal that the removal efficiency increased
with the reflected power, as the discharge voltage was varied. As the
reflected power was increased from 4.4 W to 28.4 W, the particle removal effi-
ciency increased from 19.1% to 93.1% and from 51.6% to 99.9% for particle
diameters of 0.3 wm and 1.0 pm, respectively. For 0.3 wm particles, the
reflected power to yield particle removal efficiency of 79.6% by adjusting
the operating frequency was 18.1 W (Fig. 6). It demonstrates that the
discharge plasma that involves changing the discharge voltage more effec-
tively removes particulate matters than that involves changing the operating
frequency.

A non-linear multivariable regression was performed to assist in the
interpretation of the obtained experimental data for the various discharge
voltages and operating frequencies. The particle removal efficiency, E(%),
was assumed to vary in exponential relationships with the reflected power
(20) and it can be expressed as

Pw\°
E, % = 100 — exp [ — kDp* (Q) ] “)

100 —

80—

60 -

E, %
T

—H=—Dp=03 um
—<—Dp=10pm

Voltage =
8. 10, 12, 14, 16. 18, 20 kV
—

0 L | L 1 1 1 1 |
0 10 20 30 40
P, W

Figure 8. Removal efficiency of discharge plasma as a function of required power for
various discharge voltages at operating frequency of 60 Hz.
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Figure 9. Comparison of experimental removal efficiency with statistical removal
efficiency of discharge plasma.

where Pw is the reflected power (W); Q is the flow rate (L /min); and k, a, and
b is the constant.

The regression analysis was conducted by fitting the equation to the
experimental data using the least square estimate technique. The results
from the non-linear multivariable regression are given by equation (5).

E, % = 100 — exp [2.05Dp°-2 (%W> 0-3] 5)

In Fig. 9 we show that the particle removal efficiency obtained from
the statistical regression plotted against those measured by the experiment
using the high-voltage discharge plasma. The results reveal that the particle
removal efficiency determined by the statistical regression are highly corre-
lated with those obtained experimentally (R? = 0.991) for the discharge
voltage = 8 ~ 20 kV, the operating frequency = 60 ~ 180 Hz, the particle
diameter = 0.3 ~ 5 pm, the reflected power = 4.4 ~ 28.4 W and the flow
rate = 28.3 L/min. The mean ratios of statistical and experimental removal
efficiency are close to 1, indicating the values are in agreement. Thus, the
particle removal efficiency of the high-voltage discharge plasma can be
possible predicted using the developed statistical regressions. The parameters
proposed herein can be easily used in operating the high-voltage discharge
plasma.

CONCLUSIONS

In this work, the particle removal efficiency of a high-voltage discharge
plasma technology was determined at various discharge voltages and
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operating frequencies. The results demonstrate that the particle removal
efficiency of the discharge plasma increased with the discharge voltage. The
particulate matter in the air stream can be removed efficiently at a discharge
voltage of 20kV. However, the discharge plasma was ineffective for
removing particles at the discharge voltages of 8§ kV and 10 kV when the
operating frequencies ranged from 60 Hz to 180 Hz. Under this condition,
the particle removal efficiency did not increase with the operating
frequency. The influence of the reflected power on the particle removal effi-
ciency was also studied at various operating frequencies and discharge
voltages. An increase in reflected power leads to an increase in the particle
removal efficiency by the discharge plasma. Additionally, a non-linear multi-
variable regression model was proposed by a good fit to the experimental data.
The approach presented in this paper will be useful for removing the particu-
late matter from the air stream and estimating the particle removal efficiency
of the high-voltage discharge plasma.
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