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Abstract

Numbers of diesel engines in both stationary
and mobile applications are increasing
nowadays. Diesel engines emit lower
Hydrocarbon (HC) and Carbon monoxide (CO)
than gasoline engines. However, they can
produce more nitrogen oxides (NCand have
higher particulate matter (PM). On the other
hand, emissions standards are getting stringent
day by day due to considerable concerns about
unregulated pollutants and particularly ultrafine
particles deleterious effect on human health.
Non-thermal plasma (NTP) treatment of exhaust
gas is known as a promising technology for both
NOx and PM reduction by introducing plasma
inside the exhaust gas. Vehicle exhaust gases
undergo chemical changes when exposed to
plasma. In this study, the PM removal
mechanism using NTP by applying high voltage
pulses of up to 20 ky§ with a repetition rate of

10 kHz are investigated. It is found that, voltage
increase not necessarily has a positive effect on
PM removal in diesel engine emissions.

Keywords. Non-thermal plasma, Particulate
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1. Introduction

Diesel engines have been employed in variety of
industries and their applications are growing
rapidly. Despite the large number of diesel

engine applications, little has been done to
reduce the large amounts of pollutants caused
by diesel engines. According to the negative
effects of NO,and PM on health, governmental

legislations for permissible exhaust emission

standards are becoming more and more stringent
day by day.

Up to now, several technologies have been
applied for NQ and particulate treatment of
diesel engines. For example, the selective
catalyst reduction (SCR) method is one of the
common technologies for NOreduction of
automobile and stationary engines [1]. There are
some problems in using SCR catalysts such as
the possibility of ammonia leakage, catalyst
poisoning, catalyst discharge under the high
temperature condition or under influence of
Sulphur and need for construction of urea
solution stations. Diesel particulate filters (DPF)
have been used widely for particulate matter
removal in diesel engines [2]. However, there
are some drawbacks in using DPF such as
pressure drop inside the exhaust gasses due to
the PM deposition. This deposition can cause
filter choking so filter regeneration at high

temperature about 60CQ is required. These
effects cause more fuel consumption which is
not appropriate for emission production and fuel
economy.

Electrical discharge plasma technique appears to
be a very promising method for both N@nd

PM reduction [3]. It is composed of free
electrons, ions, radicals, atoms, and molecules
in various states of excitation. In Non-thermal
plasma, the majority of electrical energy goes
into the production of high-energy electrons
rather than into gas heating [4]. The discharge
achieves non-thermal conditions through the
production of short-lived micro discharges. The
short lifetime of the micro-discharges is
achieved by applying very-short high-voltage
pulses [5]. The intent of using non-thermal
plasma is to selectively transfer the input
electrical energy to the electrons which would
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generate free radicals through collisions and
promote the desired chemical changes in the
exhaust gas [6]. In other words, when plasma is
introduced in the exhaust gases, oxidation
processes will be started. NO unburned
hydrocarbons, carbon monoxide and particulate
matter (PM) will be oxidized. In spite of NO
reduction to N and Q, plasma treatment of
exhaust gases is more related to NO oxidation to
NO, [7]. The plasma is believed to show
potential to improve catalyst selectivity and
removal efficiency. Moreover plasma can
oxidize PM in diesel exhaust gases.

The majority of studies in this area are related to
the effect of plasma on NOremoval [8-10].
However, PM removal efficiency of plasma has
not been fully investigated. In 2000,Thomas
et.al [3], considered NTP for emission treatment
of exhaust gases. They used a packed bed
reactor and found that by increasing the
residence time selectively, when using a
packing material into the NTP reactor, the level
of oxidation of species may be decoupled from
the energy deposition into the exhaust gas. Their
packed plasma system removed 99.9% of PM of
average diameters around 60 nm. Yeo et.al [11]
used a plasma reactor with catalyst to treat
exhaust gas from a gasoline engine to reduce
PM emissions. In their experiments, they
considered PM diameter ranges of 0.3 tan®n

a discrete manner. Their result indicated that
PM removal efficiency ranged approximately
from 25 to 75%. Suzuki et.al [12]Jused carbon
black particles (CBP) to simulate the diesel
engine particles in their experiments. They
could remove about 80% of the CBP by
introducing plasma. Song et.al considered the
PM, hydrocarbons (HC) and NQabatements
characteristics in 2009 [13]. They studied the
effect of peak voltage, frequency and engine
load on contaminant removal by using a
dielectric barrier discharge (DBD) reactor
consisting of two concentric quartz tubes. They
showed that by increasing voltage at each
frequency level, discharge power increases. But
there is an optimum for frequency about 15.5
kHz regarding the discharge power. They found
PM, HC and NO, abatements obviously

increase with increasing the applied voltage.
Approximately for all voltage levels, the
maximum of discharge power and consequently
maximum of removal efficiency obtained on
about 15 KHz. In 2010 Okabo et.al[14] used
packed pellets of BaTi§Xor simulation of non-
thermal plasma for PM anNO, removal. They

confirmed that carbon soot is removed under
oxygen poor conditions and simultaneous
removal of PM and NOhappened.

The aim of this paper is to study the effect of
NTP on the PM removal mechanism from the
exhaust gases of a real diesel engine. In this
regard, the hypothesis of gas to particle change
by using NTP technology was evaluated.
Regarding the PM after treatment systems, PM
mass reduction and PM size distribution was
considered simultaneously. The experiments are
conducted using a DBD reactor which has been
designed and fabricated for this purpose.
Employing a pulsed power supply developed
based on the power electronics technology [15-
17], provided the ability to sustained NTP with
in the DBD reactor and possibility of applying
different voltage levels [18].

2. Experimental setup

A dielectric barrier discharge reactor is designed
for the experiments. It consists of two
concentric quartz tubes. Both tubes are 400 mm
long and have the wall thickness of 1.5 mm.
The outside diameter of inner and outer quartz
tubes are 20mm and 25mm respectively.
Exhaust gas passes through the gap between
these two quartz tubes. Based on pre-designed
geometry the discharge gap will be 1 mm. The
internal electrode is a copper cylinder and the
external electrode is made by a copper mesh that
wraps the exterior part of the DBD. The
discharge length for primary experiments was
100 mm. Fig .1 shows the designed reactor and
employed pulsed power supply [18]. By
applying high voltage pulses (see Fig. 2),
plasma discharge will happen between these two
electrodes. The dielectric has two functions of
limiting the charge transferred by an individual
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Fig. 1. Plasma reactor and electrical setup.
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Fig. 2. Typical measured waveforms of pulsed vatag
and current of the DBD reactor.

micro-discharge and spreading the micro-
discharge over the electrode surface tube [19].
Both tubes are fixed by two Teflon caps at each
ends and exhaust enter the reactor by the angle
of 45 degree and flow throughout the gap and
leave the reactor with same angle.

A schematic diagram of experimental setup is
shown in Fig. 3. Experiments were conducted
on a modern turbo-charged 6-cylinder Cummins
diesel engine (ISBe220 31). A pulsed power
supply is used to induce high voltage between
the two dielectric layers. The applied voltages
are in 15-20 kY, range at frequency of 10 kHz.
When the breakdown voltage is reached a
discharge will be started and ionization occurs
and an electrical current starts flowing into the
gas.

Particle number distributions are measured with
a Scanning Mobility Particle Sizer (SMPS)
consisting of a TSI 3080 classifier, which pre-
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Fig. 3. Schematic diagram of experimental setup: (A
without filter-(B) with filter.

selects particles within a narrow mobility.
Gaseous emissions are measured with CAl 600
series gas analyzer and particulate mass
emissions are measured with a TSI 8530 Dust-
Track Il.

3. Resultsand discussion
3.1. Plasma effect on particle size distribution

For studying the effect of plasma on emission
treatment of exhaust gases, some initial
experiments have been carried out considering
the emissions of Cummins diesel engine. In all
experiments engine speed and load kept
constant at 40 kW (25% load) and 2000 rpm,
respectively. A portion of raw exhaust gas
directly from an iso-kinetic sampling port of the
tailpipe has been diluted with air and passed
through the reactor. The dilution ratio was
constant at about 10 in all experiments. The
plasma removal effect was considered at three
different voltage levels at 15, 17 and 20p,kV
which are correspond to different discharge
powers. First, the maximum voltage level has
been applied to make sure that the breakdown
voltage has been met and plasma happened.
Emission concentrations were measured in
reactor inlet (reactor inlet no pulse) and reactor
outlet (reactor outlet no pulse) without applying
any pulse voltage to see the rate of deposition
on the reactor surface. Then, pulse voltage was
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Fig. 4. Particle size distribution (2000rpm, 25%atp
20kVpp and 10 kHz)
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Fig. 5. Particle size distribution (2000rpm, 25%ato
17kVyp and 10 kHz)
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Fig. 6. Particle size distribution (2000rpm, 25%ato
15kV,p and 10 kHz)

applied to produce plasma and particle size
distribution was measured in reactor outlet
(reactor outlet with pulse). This procedure was
repeated for the rest of measurements. The

effect of plasma on particle size distribution has
been shown in Figs. 4, 5, and 6.

PM diameters, whose removal is being targeted,
are in the range of 10nm to 500nm. As it is
shown, particle size distributions are different
under varied voltage levels. Fig. 6 shows that
particle size distribution changes slightly by
applying 15 k\,p. As depicted in Fig 5 the PM
removal is improved by increasing the applied
voltage up to 17 ky. When the voltage level
goes up to 20 ky, larger particles have been
removed more; however, many smaller particles
have been produced. Therefore, regarding the
particle size distribution, increasing the voltage
level above 17 k), has adversely affect the
system performance.

As it can be seen at 20 k)/the number of tiny
particles was increased dramatically. Two
possibilities can be considered for this
phenomenon:

* Plasma changes some part of exhaust gas to
particles.

» Larger particles break to smaller particles or
probably some condensation happens.

For studying the first theory, a PM filter was
added in reactor inlet and exhaust gases passed
through this filter before entering the reactor.
The schematic diagram of this setup has been
illustrated in Fig. 3B and the results have been
summarized on three following figures.

As shown in Figs. 7, 8 and 9, by adding this
filter, almost all particles have been removed
from the exhausts gas before entering the DBD
reactor. Just a small portion of particles have not
been trapped by the filter. After introducing
plasma, most of the un-trapped particles are
removed when the voltage levels are 15kV
and 17 k\,p. However, as Fig. 9 depicted, the
effect of plasma at 20 ky on particle size
distribution is different. Without applying any
pulse, the number of particles is very small. But,
by applying 20 kY, and introducing plasma
inside the reactor number of small particles was
massively increased. This result indicates the
occurrence of gas to particle reactions at this
voltage level.
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Fig. 7. Particle Size Distribution with filterin@@00rpm,
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Table 1. The concentration of PM before and after t
treatment at different voltages

Operating 20 kVpp 17 kVpp 15 kVpp
condition @10 kHz @10 kHz @10 kHz

o No Yes No Yes No Yes
Filtering

Reactor Inlet
PM
Concentration
(ﬁ
m3
Reactor Outlet
No Pulse PM
Concentration
(ﬁ
m3
Reactor Outlet
By-Pulse PM
Concentration
(E
m3
Plasma PM
Removal 439 - 38.6 - 27.1
Efficiency (%)

4.56 - 4.26 - 514

2.84 0.012 3.68 0.01 4.37 0.013

2.56 0.084 2.62 0.01 3.74 0.013

Therefore, some part of increase on PM
numbers obtained on Fig. 4 could be due to the
gas to particle changes.

3.2 Particle mass effect by introducing
plasma

In this section, the effect of plasma on particle
mass reduction is presented. Three different
voltage levels have been considered same as
previous section. All results have been
summarized in Table 1. The PM mass reduction
without using any filter for 20 kp, 17 kV,, and

15 kVp, are 43.9 %, 38.6% and 27.1%,
respectively. The maximum PM mass reduction
has been obtained when the voltage level is 20
kVp Also, a reasonable mass reduction can be
obtained around 40 % by applying 17 KV
without any increase in ultra-fine particle
numbers.

When a filter is added at reactor inlet, the PM
concentration is very low due to the filter

trapping compare to the PM concentration
without using any filter. Particle mass before
and after applying a pulse were measured to
clarify the amount of gas to particle changes.
Without applying high voltage pulses, the

particle mass concentration in the reactor outlet

is 0.01%, 0.0l%f and 0.0lgé for three
different measurements. However, by applying
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20 kVpp PM mass increases to 0.68% This [4]

shows that some part of the gaseous pollutants
change to patrticles due to the plasma effect. At

17 kVpp and 15 Kk, there is no increase in
particle mass by introducing plasma. Further
studies are required to completely understand
this effect. [5]

4. Conclusion

In this paper, the effect of non-thermal plasma

on PM removal mechanism and PM size [g]
distribution at different voltage levels has been
studied. NTP was generated and controlled at
different operating point by using a pulsed
power supply. A DBD reactor with two [7]
dielectrics was employed in order to generate
plasma. The results showed the ability of
proposed system in decreasing PM
concentrations. Furthermore, it is found that
voltage increase not necessarily has a positive
effect on PM removal in diesel engine [§]
emissions. This has been validated based on the
hypothesis of gas to particle change by using
NTP technology.
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