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Abstract—A short duration of 100-ns pulsed power has been charges, and pulsed corona discharges (references listed in [3])
used to remove nitric oxide (NO) in a mixture of nitrogen, oxygen, at various energy effectiveness.
water vapor, and NO, simulating flue gases from a power station. | tha present work, a short-duration pulsed corona discharge

The effects of the gas flow rate, the reactor length, and the pulse . . .
repetition rate on the percentage of NO removal and its energy ef- has been used to obtain a high NO removal efficiency. The effect

ficiency are reported. The percentage of NO removal at a fixed gas Of the gas flow rate, the reactor length, and the pulse repetition
flow rate increased with increasing pulse repetition rate due to the rate on the percentage removal of NO and its energy efficiency
increased energy into the discharge. At a fixed pulse rate, the re- gre reported.

moval of NO increased with decreasing gas flow rate due to the in-

creased residence time of the gas in the discharge reactor, thus facil-

itating the creation of increased radicals of O and N which then de-

creased NO. The energy removal efficiency of NO (in mol/kwh) de- [l. EXPERIMENTAL SET-UP AND PROCEDURE

creased with increasing gas flow rate and increasing removal ratio . . . .
of NO. The removal of NO increased with increasing energy den-  Details of the experimental setup including the method used

sity (J/1) input into the discharge at different reactor length. for measuring the gas flow rate, the NO and Néncentra-
tions, and a description of the three-stage Blumlein line gener-
ator have recently been given [3] and, therefore, they are omitted
here for brevity. Only details relevant to the present experiments
are briefly described here for completeness. In this work, the
|. INTRODUCTION Blumlein line generator had an impedance of 8béind a pulse

duration of 100 ns using six 10 m cables. The cable used had

IR POLLUTION caused by emission of a pollutant pro- _ . 7
A duced by a variety of sources must be substantially rg._l nF/m and 0.2pH/m, which give a characteristic impedance

. N . f 50 Q2. The pulse duration was defined as the full-width at
duced as mandated by recent national legislations and inter &t o osimum (FWHM) of the voltage waveform.

tional agreements. In recent years, several techniques have begn . X
e ) mixture of gases was used to simulate the flue gases from
used to remove pollutants from air, with various degrees of suc-

cess. Nonthermal plasmas, in which the mean energy of el8 thermal power station. Gas cylinders of,10.09% NO with
" ) ) ' . e balan n wer in the required mix-
trons is substantially higher than that of the ions and the neutr € balance bl and G were used to obtain the required

& or advant in reducing th : iy e. Water vapor was mixed with the gas mixture by passing
ofter a major advantage In reducing the energy requirementsy ﬂwrough water at a constant temperature. In the present work,

remove the pollutants [1], [2]. The application of a short-durgne a5 composition of the simulated exhaust gases were NO
tion pulsed power to a gaseous gap at an atmospheric presgjirggg ppm (part of NO per million parts of molecules of the
results in the production of nonthermal plasma. The Short'dHﬁxture), 5% of Q, 2.7% of H,O and the balance Nat an at-
ration pulsed power produces high-energy electrons while tﬁﬁ)spheric pressure (1.04 10° Pa) and 30Gt 4 K. The per-
temperature of the ions and the neutrals remains relatively Wemtage of the pressure of water vapor in the gas mixture was
changed, thus, the energy consumed is reduced. Applicationg@htrolled by maintaining a constant temperature of water [4].
nonthermal plasmas for the removal of N@= NO + NOz)  The gas flow rate was varied from 2 to 12 I/min, and is reported
have been reported using electron beams, dielectric barrier digre at an atmospheric pressure and corrected to 273 K. The gas
flow rate was controlled by a mass flow controller (SEC-E440J,
STEC Inc., Japan).
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(a) function of time for different gas flow rates. Other conditions as in Fig. 1.
250 —
- 2 l/min
200 | « —4 I/min voltage had almost the same peak of 6%.8.4 kV and hom-

- ==& I/min inal pulse width of 100 ns for all gas flow rates in the range 2
< 150 — :::%/m}n to 12 I/min [Fig. 1(a)]. The negative voltage swing following
'g' 100 | == 12 I/min the positive peak was due to impedances mismatch between the
E Blumlein line generator and the reactor. The peak of the current
o 850 was constant at 2218 3.4 A for all gas flow rates used here

0 [Fig. 1(b)].
2) Energy Input to the Discharge Per Puls&ig. 2 shows
50 the input energy to the discharge per pulse for different gas flow
0 100 200 300 400 500 rates and for durations of up to 500 ns. It should be noted that the
Time, ns current has decreased to 0 at about 400 ns [Fig. 1(b)]. The input
(b) energy ([ V x Idt) per pulse was calculated from the voltage

Fig. 1. Typical waveforms of (a) applied voltage and (b) discharge current 1 (in V) and current/ (in A) waveforms and (in s). The input

the reactor for different gas flow rates. Conditions: Reactor length, 250 mm; gasergy to the reactor was constant at 480.03 J/pulse for all

pressure, 1.0k 10° Pa; gas temperature, 3804 K; initial concentration, NO ; - P

= 200 ppm, Q = 5%, H,0 = 2.7% and balance \ series resistance with gas flow rates in the range 2 to 12 I/min. Thls is because both the

reactor, 0. voltage and the current wave shapes (Fig. 1) were not affected
by the large variation of the gas flow rate.

_ _ 3) NO and NQ Reductions:Fig. 3 shows the final concen-
Electronics, USA), which was located on the return currefttions of NO (a) and N@(b), respectively, for different gas

to the ground. A digital oscilloscope (HP54542A, Hewleaowrattes and as a function of the .
. . \ pulse repetition rate after they
Packard, USA) with a maximum bandwidth of 500 MHz an a}ve reached saturations. This took typically about 5 min after

a maximum sample rate of 2 G ngples/s recorded the signa. plying the pulsed power. It is observed from Fig. 3(a) that the
The oscilloscope was located inside a shielded room (70 d ncentration of NO decreased with increasing pulse repetition
as this was necessary to reduce transients interference. T gp P

e .
charged dc voltage to the generator was fixed at 25 kV whéER© from 2 to 12 pps at a constant gas flow rate. Typically, the

s é:rqncentration of NO decreased from an initial value of 200 ppm
rate from 2 to 12 pulses per second (pps) was used. to 146 ppm at 2 Pps and to 38 ppm at12 pps when the gas flow

For the study of the effects of the gas flow rate on the remoVAt€ Was 2 l/min [Fig. 3(a)]. This is because the energy input
of NO, a fixed reactor length of 250 mm was employed. For ifato the dlsc_harge mcre_ased Wlth increasing the_ pulse repetition
study of the effects of varying the reactor length on the removte; and this resulted in an increased production of the O and
of NO, the gas flow rate was set at 2.0 I/min, and four reactd} radicals, which then reduced NO via the following reactions
lengths of 200, 400, 600, and 800 mm were employed. In tHi&:
case, the applied peak pulse voltage was maintained at 53.9 kV.
The charging voltage had to be increased because the use of 0+NO+M—NO,+M @)
longer reactors resulted in progressively larger currents, tyfere M is a third body, which can be said.N'he reaction rate
necessitating increased charging voltage to maintain the s & — —32

e 1 =6.9 x 10732 cm®/s [8] and

peak pulse voltage. All other conditions were kept the same.

N+NO — Ny 40 )

[ll. RESULTS AND DISCUSSIONS
with a reaction rate of K= 5.9 x 10~ cm?/s [9].
A. Effects of Gas Flow Rate At a constant pulse repetition rate, the concentration of NO
1) Voltage and Current Wave ShapeBig. 1 shows typical decreased with decreasing gas flow rate. The larger reduction
waveforms of applied voltage (a) to and the discharge curreaftNO with decreasing gas flow rate (Fig. 3) is attributed to the
(b) in the coaxial reactor for varying gas flow rates. The appliddcreasing residence time of the gas in the reactor. With longer
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(b) Fig. 4. Dependence of the energy efficiency of the removal of (a) NO and (b)

NOx on the removal ratios of NO and NQrespectively, for different gas flow

Fig. 3. Final concentrations of (a) NO and (b) N@s a function of pulse fates. Conditions and symbols as in Fig, 3.

repetition rate for different gas flow rates. Nominal pulse width, 100 n
peak voltage, 67.6 kV; peak current, 221.9 A; reactor length, 250 mm; other

(>:<01nzd||t/|r(r)1ri]r?. as in Fig. 12 I/min; M4 I/min; A6 I/min; ¥8 I/min; 410 I/min; (NOXRy m%) is defined in a similar way to that of eq. (6) In

the present work, the concentration/®f); was 200 ppm. The

durations of the gas in the reactor, a larger number of collisiofif€"9Y efficiency of the removal of NOMOE, in mol/kWhy is

between electrons and the neutrals take place and produce nfOYEN oY
of the radicals O and N, according to [11] G

77— X(NO;—NOy)x60[min /h]x 103
22.4[1/min]x( f)X [min /h] x

e+Ny —e+N+N 3) NOg= /7
et Oy —etO+0 (@) Uk @
as well as other reactions [1], which then remove NO accordir\)\g1
to (1) and (2). gre ow rate flmin
The production of N@ after the application of the pulsed ¢ gals ow rat_;e_ [ mn:], ]
power [Fig. 3(b)] closely follows the removal of NO [Fig. 3(a)]. B ?nupz(: éﬁzfg;/l?gtLaeere[thsg,r per pulse [J/pulse]
NO is produced from conversion of NO and from [11] The energy efficiency of the removal of NO(NOx . in
HO, + NO — NO, + OH. (5) mol/kwh) is also given by an equation similar to (7) except

that NOx; and NOx; are used instead aVO; and NOy,

4) Energy Efficiency of NO RemovaFig. 4 shows the de- respectively. The data in Fig. 4 can readily be converted to
pendence of the energy efficiencies (in mol/kWN)) of NO  g/kWh since 0.03 kg of NO and 0.046 kg of N@re equivalent
[Fig. 4(a)] andN Ox g of NOx [Fig. 4(b)], respectively, on the to 1 mol and 0.0224 that atmospheric pressure and 273 K.
removal ratios of NO and NQ@= NO + NO,). The removal  Fig. 4 shows the dependence MOr on NOp (a) and

ratio of NO (NOg, in%) is given by NOxg on NOxg (b) for different gas flow rates. The energy
NO. — NO efficiency for NO and NQ removals decreased with increasing
NOp = }VO- 7 100 (6) NO and NG removal ratios at a constant gas flow rate. At a

fixed removal ratio of either NO [Fig. 4(a)] or NQ[Fig. 4(b)],
where NO; (in ppm) andNO; (in ppm) are the initial (be- the energy efficiency for the removal of NO and N@ecreased
fore treatment) and the final (after treatment) concentrationswith increasing gas flow rate. This is because a higher input
NO in the gas mixture, respectively. The removal ratio ofyfNOenergy is required to attain the same value of the NO removal
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Fig. 5. Dependence of the final concentrations of (a) NO and (b} N®the (b)
energy density J/I. Conditions and symbols as in Fig. 3. Fig. 6. Typical waveforms of (a) applied voltage and (b) discharge current for
different reactor lengths. Gas flow rate 2 I/min. Other conditions as in Fig. 1.

ratio at a higher flow rate. This can be readily seen from

Fig. 3(a) that, in order to attain a given final concentration of 08 — :‘218 gm
NO, larger pulse repetition rate and, therefore, a higher energy r ==60cm
is required with increasing gas flow rate. The successive data D 08 —mmg0om e
in Fig. 4 (from left to right) with increasingV Or andNOx g @ " e

X A . = 04 [ P ke
are plotted for increasing pulse repetition rate from 2 to 12 pps. a I e ————

5) Energy Efficiencies of Removals of NO and 202 :/
NOx(J/1): Fig. 5 shows the dependence of the final concen- 5 f
trations of NO (a) and N (b) on the input energy density to g 0l
the gas mixture for different gas flow rates. The input energy r I | | | |
density to the gas mixturey, in J/I) is calculated using 02 0 100 200 300 400 500
Time, ns
f x E x 60[s/ min]
Eq = G (8) Fig. 7. Dependence of input energy/pulse into the discharge for different

) ) ) lengths of the coaxial reactor. Gas flow rate 2 I/min, other conditions as in
wheref, E andG have been defined in (7). Fig. 5 shows that thEig. 1.

final values of NO and N decreased with increasing energy

density J/I for_all gas flow rates from 2 to 12_ I/min. The depeﬂength, respectively, from 200 to 800 mm [Fig. 6(b)]. The
dence of the final values of NO and NGt a fixed J/l does not characteristics of these waveforms suggest that the impedance
depend on the gas flow rate. of the discharge decreased with increasing reactor length. This
is because, progressively, a larger number of streamers were
B. Effect of Reactor Length produced and, therefore, a larger current flow with increasing
1) Voltage and Current Waveformdszig. 6 shows typical anode wire length in the longer reactors.
waveforms of the applied voltage (a) and the discharge curren®) Energy Input/Pulse to the Dischargéig. 7 shows the
(b) in the reactor for varying lengths at a fixed gas flovinputenergy to the reactor per pulse for different reactor lengths.
rate of 2 I/min. The dc charging voltage had to be increasédthe input energy to the reactor increased from 0.206 to 0.632
with increasing the reactor length to maintain the peak puldéulse with increasing reactor length, respectively, from 200 to
voltage at 53.% 0.3 kV [Fig. 6(a)]. The peak of the pulse800 mm. The coupling of a high-input energy into the discharge
current increased from 70.4 to 208.9 A with increasing reactfor longer reactor is useful as it leads to a larger reduction in
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NO and NQ;. The reason for the increase in the energy that can
be fed into the discharge is due to the larger current, which is
formed by a larger number of streamer channels with increasing
reactor length (Fig. 6).

3) NO and N@ Removals:Fig. 8 shows the final concen-
trations of NO (a) and N®(b) as a function of pulse repeti-
tion rate for different reactor lengths. It will be observed from
Fig. 8(a) that the concentration of NO decreased with increasing
pulse repetition rate at a constant reactor length. This is because,
and | as mentioned in Section I1I-A3, the energy input into the
discharge increased with increasing pulse repetition rate. At a
fixed pulse repetition rate the final concentrations of NO and
NOx decreased with increasing reactor length (Fig. 8). This is
due to the increased residence time of the gas in the reactor with
increasing reactor length.

4) Energy Efficiency of NO RemovaFig. 9 shows the
dependence of the energy removal efficiency as a function of
the NO removal ratio [Fig. 9(a)] and the NOremoval ratio
[Fig. 9(b)] for different reactor lengths. It will be observed that
the energy efficiencies of both NO and NGare not strongly
dependent on the reactor length. Fig. 9 shows that the removal
energy efficiencies, over a restricted range of the removal
ratios of NO and N@, when 800 mm long reactor is used, are
slightly higher than for shorter reactors.

5) Dependence on Energy Density JHig. 10 shows the de-
pendence of the final concentrations of NO (a) andq\N®) on
the input energy density to the gas mixture for different reactglr
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NOx decreased with increasing the energy density input to the2]
discharge. At a fixed input energy density to the gas mixture,
the final concentrations of NO and NGslightly decreased with
increasing reactor length in the range 200 to 800 mm. Fig. 10
shows that, in order to obtain a constant value of reduced NO
and NG, the amount of J/l required is not strongly dependent 4]
on the reactor length. This can be explained by a reference to
Fig. 8, where it can be seen that a lower pulse repetition ratd®]
can be used to attain fixed values of the reduced NO ang.NO
However, at the same peak pulse voltage of 53.9 kV, much large(s]
discharge currents were present [Fig. 6(b)] for longer reactors.

(3]

IV. CONCLUSION (7

Pulsed power has been used to removexN@® a mixture
of N2, O, and H,0. The following conclusions have been de-
duced.

1) For a fixed length of the reactor, the peak of the pulse [g;
voltage and the peak of the pulse discharge current were
independent of the gas flow rate in the range 2—-12 I/mirhO]
when a constant charging voltage was used.

The energy input/pulse into the discharge was indepen-

dent of the gas flow rate at a fixed reactor length. [11]

The final concentrations of NO and N@lecreased with

increasing pulse rate at a fixed reactor length and a fixed

gas flow rate.

The final concentrations of NO and N@lecreased with

decreasing gas flow rate at a fixed reactor length and a

fixed pulse repetition rate.

The energy efficiency removal (mol/kWh) of NO anc

NOx decreased with increasing their removal ratios

a constant gas flow rate.

The energy efficiency removal (mol/kWh) of NO anc

NOx decreased with increasing gas flow rate at consta

removal ratios of NO and N, respectively.

The final concentrations of NO and NQ@lecreased with

increasing energy density (J/1) input to the discharge and

were independent of the gas flow rate at a constant J/I.

At a fixed gas flow rate, the peak of the pulsed voltage

was maintained constant by increasing the chargii

voltage, and the peak of the pulsed current increase
with increasing reactor length.

The energy input/pulse into the discharge increased w

increasing reactor length.

10) At afixed gas flow rate and a fixed pulse repetition rat
the final concentrations of NO and NQlecreased with
increasing reactor length.

11) The NO and NQ energy efficiency removal at a fixed
removal ratio was not strongly dependent on the length
of the reactor.

12) At a fixed energy density input (J/1) the final concentra
tions of NO and N@ were independent of the reactot
length.

(8]

2)

3)

4)

5)

6)

7

8)

9)
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