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Characteristics of NO reduction with non-thermal plasma
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Abstract; As a new type of NO removal system, NO reduction in N,-NO plasma was applied to solve the difficulties in the traditional
methods, such as higher energy-consumption, larger equipment size and high cost, and so on. Using the experimental NO reduction
system with single-pair electrode tip discharge structure, the NO reduction characteristics of N,-NO system were revealed to guide the
engineering practice; the results of NO reduction with single-pair electrode tip discharge plasma also have the same instructive meaning to
the NO reduction with multi-pair electrode tip discharge plasma. The amount of both active N atom and NO removal rate increased with the
distance {, increasing between the two electrode tips and then dropped when the distance exceeded a certain value. The NO removal rate
increased while the voltage between two electrode tips or the resident time of gas flow increased. The distance is a key geometrical
variable factor that can determine the intensity of electric field betwesn twe electrode tips and the resident time of gas. In this paper, the
effects of the dielectric features on NO reduction using dielectric-barrier discharge plasma system were also studied. The results of NO
removal rate with different dielectrics such as AL O, , Ca0, MgO and glass showed that the electric field intensity is different with different
dielectric, because it brings different energy to particles in discharge room and thus it causes different NO removal rate.
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engine . The characteristics of NO reduction in N,-NO plasma

Introduction . . . )
system must be studied before it is applied to practice and to
Removing NOx with non-thermal plasma, following the make an embedded and systemic research on the
conventional scrubber technologies such as dry way, wet way characteristics of the NO reduction in N,-NO plasma system.
and half-dry way, has hecome a novel high-tech of In this paper, single-pair electrode tip discharge
denitration ( Galkimberti, 1988; Vitello. 1994; Yamamoto, {SETD) structure was emplied to study the effects of the
2000 ). With many excellent characteristics of low physical feature of electric field and the electrode geometry on
investment, small operation spot, low operation expenses, NO reduction. The voltage V., between two electrode tips and
etc, this technology has become an internationally accepled the distance [, between two electrode tips were used

: ., ; :

and new flue gas denitration technics ( Shimizu, 1999;
Orlandini, 2000; Rajanikanth, 2001; Kawasaki, 2001).
Several successful demonstration in power plants have
been set up with the denitration technology of electron beam
(EB) with high energy. Although pulsed corona induced
plasma chemical process { PPCP ), a more advanced
technology than EB, is still under study in laboratory, many
great achievements have been achieved in related areas like

respeciively to describe the effects of the physical feaiure of
electric field and the geometric feature of electrodes. The
characteristics of NO reduction in N,-NO plasma system can
be a guide to engineering practice and the results obtained
here are also have the same instructive meaning to the NO
reduction with dielectric-barrier discharge plasma. The
effects of the dielectric features on NO reduction using
dielectrie-barrier discharge plasma system were also studied
in this paper and the results of NO reduction rate with
different dielectrics such as AlL0,, Ca(), MgO and glass

chemical reaction kinetics, gas phase electric discharge
physics, ns grade high vollage pulse power and pulse corona
reactor with the efforis of the scientists over the world. A new
technology derived from it, combining plasma with
adsorption, has also been studied extensively and made great 1 Experments and mothods
progress in application. Although there are these fruitful
achievements, many key theoretic and technological problems
must be resolved before applying PPCP to deniiration in
power plant. Many researchers are still seeking new low-cost

were obtained respectively,

1.1  Experiment to test the effects of V, and /,
1.1.1 Single-pair electrode tip discharge
The structure of single-pair electrode tip discharge

(SETD) is showed in Fig.1 and the structure of multi-pair

technology that can reduce reaction enérgy consumption and : )
electrode tip discharge( METD) is showed in Fig.2.

increase NO removal rate greatly.

NO reduction in N,-NO plasma system has been proved Glass tube
by Zhang and Yu in laboratery to be an effective technology u
which can solve the difficulties in the traditional methods, S
such as higher energy-consumption, larger equipment size
and more expensive cost, etc. ( Zhang, 2002 ). This Gas flow direction Spiculate electrode
technology does not need very high voltage to break the N-O -
bond and the product of the system is innoxious gas mixture . Fig.1 Schematic structure of SETD
Thus, this NO reduction technology also can be used to
reduce NO in the exhaust gas emitted from the mobile Obviously, there is only a pair of tip electric poles in
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Fig.2 Schematic stieucture of METD

SETD, the gas flow direction is parallel to the discharge
direction. ITn METD, many tip elecirodes are opposite to a
plate electrode and the gas flow direction is perpendicular to
the discharge direction. The structure of SETD is simple and
uniformity compared to that of METD and some variables
could be adjusted easily by moving the two spiculate
electrodes .

Besides the above advantages of SETD, the structure of
SETD can eliminate the interference of the adjacent spiculate
electrodes in the structure of METD. Thus, the structure of
SETD is adopted in this experiment to study the effects of V,
and [, on NO reduction and it can help us to investigate and
master the essential characteristics of NO reduction more
carefully.

1.1.2 Experimental setup

Fig.3 is the schematic experimental setup. The voltage
output of voltage adjustor( model TDGC-2) is ranging between
0 and 240 V and its frequency output is 50 Hz. The
maximum power output of the transformer( model HB708) is
50 W. Its highest voltage output and frequency output are
about 15 kV and 30 kHz respectively. The gas analyzer
( model SAE19,

concentration of NOx, S0,, and so on.

Germany ) is used to measure the
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Fig.3 Schematic system for NO reduction experiment

1.1.3 Experimental methods

Gas mixture passing the plasma reactor is blended in a
mixer by adjusting the flux of NO and N, respectively to have
the needed initial NO concentration. The voltage between the
two electrodes can be adjusted using the voltage adjustor. The
distance between two electrodes can be adjusted by moving
electrodes. When NO initial concentration, voltage and
distance have been adjusted, the NO reduction rate can be
measured using the gas analyzer at the outlet of plasma
reactor.
1.2 Experiment to test the effect of dielectric
1.2.1 Dielectric-barrier discharge

The structure of dielectric-barrier discharge (DBD) is
showed in Fig.4.
1.2.2 Experimental methods
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Fig.4 Schematic structure of dielectric-barrier discharge

One copperplate with tips and another copperplate
without tips are placed in plasma reactor as electrodes. The
copperplate without tips is covered with a dielectric and the
dielectric can be changed among AL 0;,, Ca0, MgO and
glass, The distance between the dielectric and the tips is 2
mim.

In the experiment, the voltage output of the voltage
adjustor is fixed at 60 V. The highest output voltage of the
transformer is about 10 kV and its frequency is about 30
kHz. The flux of NO and N, is fixed at 170 ml/min and 100
L/h respectively. Al,0,, Ca®, MgO and glass are placed as
the dielectric in experiment alternatively. The time of each
set of experiment is 15 min.

2  Results and discussion

2.1 The NO reduction rate versus the distance /,

Fig.3 shows the relation between NO reduction rate and
the distance I, between two electrode tips. It is quite clear
that the NO reduction rtate rises firstly and then falls with the
increase of distance I,. This is related with the discharge
effect of single pair electrodes and reflects the contradiction
between the diameter ¢ of discharge outline and the intensity
E, of the electric field.
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Fig.5 NO reduction rate versus the distance between two electrode tips

In the experiment, the discharge outline can be found
to be very slim and its diameter is very small when the
distance I, between the two electrode tips is only 2 mm.
When the distance [, increases, the diameter ¢ of the
discharge outline, the intensity of the discharge and NO
reduction rate will all rise. According to the possible reaction
of e + N,~>¢ + N+ N (Zhang, 2001}, when the electron
which get energy in the electric field passes the energy to N, ,
there is redundant energy lefi. Consequently, only a
proportion of N, can be collided by electrons and partial NO
molecules can be reduced by the activated N atom because
the diameter of the discharge outline is quite small. When
the distance [_ increases, the enlarged diffusion extension of

electrons will cause the increase of the diameter of micro-
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discharge tunnel, therefore, the diameter of the discharge
outline will go up and mare N, and NO will join the reaction.
So, the iniensity of the discharge will be strengthened and the
NO reduction rate will increase at the same time.

When the distance I, is smaller than a certain value
e (in this experiment, the value is 10 mm)}, the
strengthening effect of the increasing diameter of the
discharge outline will be obviously stronger than the
weakening effect of the intensity of the electric field which is
caused by the increasing distance I,. When the distance [,

exceeds this value | the discharge will begin to bhe

gmax
weaken slowly wiih rising tip distance, and the NO reduction
rate will decrease simultaneously. This indicates thal the
weakening effect of the electric field has surpassed the
strengthening effect of the diameter of the discharge outline.

V_g
From £, RPNELA b S

- 2ld€g F igEd and I, =0, the expression of E, =

— can be obtained. Here, /, represents the thickness of the

ls
dielectric in dielectric-barrier discharge (DBD). ¢, and ¢,
represent the dielectric constant of the dielectric and gas gap

respectively. V. represents the voltage between the two

2 2

. ! . n.e E,

electrode tips. Se, according to the expression P_ = T
m,

X % , the total power P, of the electron will go down
(w + v,

with the distance [ . increase, and as a result, the NO

reductive rate will decrease. Here, n, is the concentration of

electrons. m, is the mass of the electron. v, is the collision

frequency of elecirons. @ is the oscillation frequency of

plasma .

All the above can be explained as the following. When
I, <l g + the energy which the electron gains will surpass the
energy which is required to produce the active N atom in the
reaction: e + N,~>¢ + N + N, and the redundant energy will
be mainly used to ionize more N, which will come into the
enlarged discharge outline when the tip distance increases,
and as a result, the NO reduction rate is high. When [, =
lgnes - the energy which is offered by the eleciric field is equal
to the energy which is needed to ionize N, in the discharge
outline. When I, > [_,,, ,the energy which the electron gains
will be not enough to ionize the N, effectively, and this will
cause the decrease of the NO reduction rate.

Therefore, for one certain structure of single-pair
electrode tip discharge, there must be a best value [,
between two electrode tips and this value is the turn-point
which distinguishes the main effect of either the diameter ¢ or
the intensity E_. This value can be delermined by
experiment. In the present structure of discharge, 1

U

detemined to be 10 mm and the corresponding intensity £, of
the electric field is 10° V/m.

Because a couple of electrodes consume all the input
power of the electrical source in the siructure of single-pair
electrode tip discharge and plural electrodes consume all the
input power of the electrical source in the structure of the
rulti-pair electrode tip discharge, I, of the structure of the

single electrode tip discharge will not be the same with that of

the structure of the multi-electrode tip discharge
quantitatively .
2.2 NO reduction rate versus the voltage V

Fig.6 shows the relation between NO reduction rate and
the voltage V,, between two electrode tips.
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Fig.6 NO reduction rate versus the voltage between two electrode tips

It can bee seen that the NO reduction rate rises with the
increase of ¥V, between two electrode tips. According to the

. V.E
expression Of Eﬁ = m‘
4% g=d

» the intensity E, of the
electric field between two electrode tips goes up with the
voltage increase, and the nise of intensity E_ of electric field
causes the increase of the intensity of the single-pair electrode
n,e £ i R
2m, (o’ +V))

by the electron. As a result, in the reaction of e + N,—>e +

tip discharge and the power P, = obtained

N+ N, more energy will be transferred io molecules of N, by
electrons and more gas between two electrode tips will be
ionized . More active radicals will be produced in this reaction
and the NO reduction rate will be increased.
2.3 NO reduction rate versus resident time

Fig.7 shows the relation between NO reduetion rate and
the resident time of gas in the plasma reactor.
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Fig-7 NO reduction rale versus the resident time

The NO reduction rate falls with the decrease of
resident time of gas in the plasma reactor. Because the
magnitude of the resident time is 10™* s, it can be seen from
the Fig.7 that NO reduction rate is very sensilive to the
resident time of gas in the plasma reactor. For example, in a
decrease of 1.06 x 10™ s, the change of NO reduction rate is
about 15.97% .

In plasma reactor, all active radicals will move io the
outlet of the reactor along with the gas flow. There are part of
radicals will not collide with the molecules of NO and N, if
the resident time is small. As a result, the NO reduction rate
will be decreased .

2.4 Distance I,

It can be seen from the above, the distance [ is a
geometrical variable, [_is one of the factors which determine
the intensity E, of the electric field between two electrode
tips and the resident time of gas in the plasma reactor and
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determines the NO reduction rate.

Firstly, the distance {, is related to the intensity E, of
the electric field between two electrode tips and the diameter
¢ of discharge outline. Secondly, it is also related to the
resident time of gas in the plasma reactor. Therefore, in
practical operation, the best distance [,,,, must be obtained
firstly through experiments under a fixed flux of gas and [,
will be fixed to the best distance [, before using appropriate
flux .

in the single-pair electrode tip discharge, because the
airflow direction is parallel to the placed direction of two
electrode tips, the above method can be used. But in the
structure of multi-pair electrode tip discharge such as
dielectric-barrier discharge, because the gas flow direction is
perpendicular to the placed direction of electrode tips, more
electrode tips can be added to increase the length of discharge
field so that the resident time of gas can be increased.

2.5 Effect of dielectric
Table 1 shows the effect of dielectrics on NO reduction .

Table 1 NO reduction rates with 4 different dielectrics

Concentration of Concentration of

Dielectrie Dielectri sducti
e u‘, ric: ielectric NO before NO after reaction, N reduction
material constant, £4 i rate, %
Teaction, ppm ppm

Glass 5—10 371 202 45.55
Cal) 1.8 373 195 47,72
MO 8.2 373 233 37.53

Aly O 12.6 376 194 48 .40

It can be seen that when Al,O; is used io be the
dielectric, NO reduction rate is the highest.
The intensity E_ of electric field in DBD can be
Ve,
expressed as E = W
represents the thickness of the dielectric and I, represents the

In this expression, I,

breadth of the gas gap. e, and e, represent the dielectric
constant of the dielectric and gas gap respectively. V,
represents the voltage between the plate electrode and
electrode tip.

From the above expression, it can be seen that the
increase of €, can cause the increase of the intensity £, of
electric field. Because the &, of Al,0, is the biggest among

the 4 dielectrics, NO reduction rate will be the biggest when
Al, O, is used to be the dielectric. High dieleetric constant e,

will cause high intensity £, of electric field.

3 Conclusions

Using the experimental NO reduction system with single-
pair electrode tip discharge structure, the NO reduction

characteristics of N,-NO system were revealed to provide a
basic reference to the engineering practice, and the results
obtained from the NO reduction with single-pair electrode tip
discharge plasma alse have the same instructive meaning to
the NO reduction with dielectric-barrier discharge plasma.

The experimental results of NO reduction with SETD
indicate that the amount of both active N atom and NO
removal rate increase with the increase of the distance [,
between two electrode tips and then drop when the distance
exceeds a certain value, the NO removal rate increases while
the voltage V, between two electrode tips or the resident time
of gas flow increases. The distance [, is a key geometrical
variable factor which can determine the intensity £, of
electric field between two electrode tips and the resident time
of gas.

The effects of the dielectric features on NO reduction
using dielectric-barrier discharge (DBD) plasma system were
also studied.

The experimental results of NO reduction rate with
different dielectrics such as Al Q,, CaO, MgO and glass
indicate that the intensity E, of electric field with ditferent
dielectric is different, because it brings different energy to
particles in discharge room and thus it causes different NO
removal rate. Because the ¢, of Al,O, is the biggest among
the 4 dielectrics, NO reduction rate will be the biggest when
Al (), is used. High dielectric constant £, will cause high
intensity E, of electric field.

References:

Galkimberti 1. 1988 . Impulse corona simulation for flue gas treatment [ J]. Pure
Appl Chem, 60{6): 663—674.

Kawasaki T, Kanazawa T, Ohkubo T et af., 2001. Dependence of sintering
temperature of BaTiO; pellets on N, O generation characteristics in a packed-
bed plasma reactor[ J]. Thin Solid Films, 386{2): 177—182.

Orlandini [, Riedel U, 2000. Chemical kinetics of NO removal by pulsed corona
discharges[J]. J Phys D: Appl Phys, 33: 2467—2474.

Rajanikanth B §, Hout S, 2001 . Studies on nilric oxide removal in simulated gas
compositions under plasma-dielectric/vatalytic discharges[J1. Fuel Processing
Technol, 74(3): 177—195.

Shimizu K, Oda T, 1999. DeNOx process in flue gas combined with nonthermal
plasma and catalyst[ J] . TEEE Trans on IAS, 35(6); 1311—1317.

Vitello P A, 1994, Simulation of negative streamer dynamics in nitrogen[1]. Phys
Review, 49(6) :5574—5578.

Yamamoto T, Yang € L, Beltran M R e af., 2000. Plasma-assisted chemical
process for NOx control[J]. IEEE Trans on [AS, 36(3): 923—927.

Zhang Q. Gu F, Yu G et al., 2002. Decompesition and conversion of nitrogen
oxides using non-equilibbum plasma in {lue gas[.l}. J] Combustion Sei and
Technol, 8(6): 512—514.

( Received for review August 30, 2004. Accepted September 17, 2004}



