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Abstract

Nonthermal plasma, as a potential nitric oxide (NO) removal technology, has been
researchedor more than one decade. The advantage of directhreymal plasma treatment

is that it is able tagenerate reactive specisem the existing components ihe flue gas
without additional catalyst, oxidant or reductantasy NO removal systerbased upon this
technologyis simple and easy to operate. However, the energy efficiency etheomal
plasma technology is lower than the most commonly used selecstalytic reduction
systemfor NO removal. In order tanderstandthe possible reasenit is important to
investigate the mechanism of NO removal by direct-th@emmal plasma treatment. Tvad

the most commonly used nethermal plasma soursedielectrc barrier discharge (DBD)

and corona dischargare investigated. The most important reactive species include oxygen
atom (O), ozone (€ and hydroxyl radical (OH)Different reactive species lead different
chemical reaction pathwayfor NO removal. Under different NO concentration and
discharge configuratian the dominant reactive species was found to change from one to

another.

For dielectric barrier discharge, when the initial NO concentration was higher than 420 ppm
under drycondition, it was found that O was the dominant reactive species for NO oxidation
and NO oxidation was independent onddncentration. When initial NO concentration was
lower than 100 ppm under dry condition, it was found thaiv@sthe dominant reactive
species and NO oxidation was dependent gnddcentration. When NO concentration was

in the range of 120 ppm to 19§pm, therewas a synergistic effect of O and Gn NO
oxidation. NO removatiepended m the initial NO concentration. However, no mattdraiv

the initial NO concentration was, thdO removal energy efficiencywas lower than
25g/kWh.

When water vapour (#@) was introduced to the gas mixture, reactive species OH was
generated and provided an alternative chemical reaction pathway for N@atemthen

initial NO concentration was 1000 ppm, N@movalwas in the range of 150 ppm to 200
ppm, but the energy efficiency was in the range of 7 to 12 g/kWhth an increase of
temperature in DBD reactorha effect of OH on NO removal wasomoted. D further
investigatehe OH effect,a novel pin to water corona discharge configuratias usedThe

effect of discharge modes from Trichel pulse, pulseless and arc discharge was investigated.

Under arc discharge mode, 2@@m NO was generated at 6W discge power. Under



Trichel and pulseless discharge modes, N@ovalincreased with increagy discharge
power. When initial NO concentration was 1000 ppm, the highesteR©valachievedvas

715 ppm with 5.5 g/kWh energy efficiency. In addition, it wasnid that the energy
efficiency did not reduce witimcreasinglischarge power.

In order to increase the possibility of chemical reaction between NO and reactive species,
higher initial NO concentration was uséltb obtainhigher NO concentratioa proces®f

NO absorption by activated carbon and thermal desorptaanusedThis increasd the NO
concentratiorfrom 1000 pprmup to 6%. It is found that at 6% level, NO could be partially
oxidized by oxygen molecule Dand higher @ concentration would obtaihigher NO

oxidation rate.

Direct nonthermal plasma treatment che used for NO remoVdut the energy efficiency
(less than 30g/kWhis too low to compie with the mature technologieisicluding selective
catalytic reduction (SCR) and low temperaturedakion (LoTOx)whose energy efficietes
arehigher than 60 g/kwh.

Although the energy efficiency is not improved in this research, the mechanism and
chemical reaction pathways of NO removal are quantitatively analys#et different initial

NO concentration leveby two different northermal plasma technologies (DBD and corona
discharge)The dominant reactive species for NO removal can shift froms@ OH.

In addition, a novel technology which i combination & nonthermal plasmaNO
absorptiorand desorption processesdeveloped in this researchofters a new mechanism
for NO removal, becausmcreasing theconcentration ofNO from ppm level to a few
percentagesreates a regimerhereNO removal can beffectively done by Q rather than
strong oxidants like O and;OAs the formation of O and £s more expensive than that of
O,, this is a promising regearch direction for NO removaHowever, based on the
investigation in this researchkpmechallenges aréound. One is th@oor selection between
NO and HO for activated carbon anithe other one ihigh energy consumption fdhe

desorption process.
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Chapter 1 INTRODUCTION

1.10verview

Nitric oxide (NO) and nitrogen dioxide (N§) commonly narad as the ®@mbined tem
nitrogen oxides (NOx)mnainly comefrom the combustion of fossil fuels, especially coal and
diesel. Because 95% of NOx is N{1], De-nitrification (DeNOXx) processes are focused on
NO removal and it is the reason why this research is focused on NO rerhiyal.

combustion temperature andygenrich conditions play importanblesin forming NOx[2].
There are three main sources fgdx formationduringburning fossil fue[1].

Thermal NOxi The ntrogencomponenbf thermal NOx comes frorthe air. During high
temperature combustion processes, oxygen molecules are dissociated into oxygen atoms
which can react with nitrogen molecules to form nitric oxide and nitraggem. The
resulting nitrogen atom is able to form nitric oxide by reacting wathoxygen molecule
according to the [Z4,lagdshown ikdudtionglrigand(la2ni s m

0O 0 900 O (1-1)

6 6000 0 (1-2)

Fuel NOxi The ritrogencomponentomes from fossil fuel rather thémom nitrogen inthe
air. It is easier to form fuel NOkecause ofhe presence gfre-ionisednitrogen species
such asCN, -HCN and-NH in fossil fuel. More than 80% of NO comes from fuel NOx in

coal combustiof5].

Prompt NOxi Nitrogen for prompt NOx comes frorhe air but relies onthe species
generated irfossil fuel reactions. Nitrogen oxidation occurs alongside the mesda Fuel
NOX reactiols, assone nitrogen reactwith hydrocarbon specidgsom the fuel(like -C, -CH

or -CHy) to firstly form nitrogen species-CN, -HCN and-NH) and thenfollowing the

reaction patbof the fuel NOx process to generate NOKX.

In general, the concentration of NOx time flue gasof a coad-fired power plantis in the
rangefrom 200 to 600 ppm depending on the source of daallignite, subbituminous or

bituminous. Tleflue gas components from cefiled power plant are shown Trablel1-1.

Table 1-1 Components of flue gas and correspogdiolume in flue ga§6]

N (6{0) @) H O SO NOy
2 2 2 2

2

80.85% 9.5% 4.5% 5% 1100ppm  200-600ppm

where: 1%=10,000ppm.
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Even though the main output from combustion is NO, MOmore stable than NO under
atmospheric or evelower temperatureTropospheric N@columns araised as an indicator
of where most NOx emissiagicome from in the world seeFigure 1-1. The locations with
high concentrationNO, are predominantly in three areas, North America, Europe and
Southeast Asia (mostly China and Jap&n)

SCIAMACHY tropospherlc NO, columns 2009

70 g VC NO,
60 g [molec cm?)
50 E=& >
40 4.010'8
, . >0 10's
S 208 1.010'5
§ 108 5.0 10'5
OB 2.010"
-10 1.010'5
-20 5.010"
-30 § 2510
40 <

-150 -120 -90 -60 -30 0O 30 60 90 120 150 180
Longitude

Figure 1-1 Satellite map of the global distribution of tropospheric,NC2009[7]

NOx could bring many problems fmeopleand the environmerj8-10]. For example, high
corcentration of NOx in the environment can weaken lung function and cause some
respiratory symptoms. Ithe United KingdomK), legislation limits the concentration of
NO, in theair tolesst h a n  £[a1] @hguharet al[12] showed that with an increase of

5 0 ¢ §(25ppb) NQ, there was a 2.6% increase in asthmogital admissions and 1.3%
increase in daily mortality. In addition, nitric acid generated from NOx can hinder plant
growth because ofhe change of pH in soil. Odiyi and Enif8] showed a change of plant
height by wateringvith different pH solution forfifteen weeks. The height ahe control

plants grew to 54.74cm by watering with distilled water of pH 7, but #ighh of other
plants grew to only 10.01cby wateringwith a solution of pH 2.

As a result ofthe effect of NOx on human health and the environment, NOx emission
standards are enforced in mostaofuntries.The data forthe European UnionEU), the
United State US) and China are shown in
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Tablel-2.
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Table 1-2 NOx emission standards in EU, US and Ch{oaijt: ppm)

Economical entities Emission standard for new Emission standard for
boiler existing boiler
EU™ 250%/100" 250%/100"
ust 60 60780
Chind® 50 50%7100"

NOXx emission standard fooiler built

(a) before 2016, (b) after 2016.

(c) after 2005; (d) between 1997 and2005;
(e) after 2004; (f) before 2004.

At present,the most widely used technologié® DeNOx is selective catalytic reduction
(SCR)and low temperature oxidation (LoTOXCR ugsammonia as reductant to reduce
NO to N, in the presence @ catalyst.The o most expensive components of SCRthme
catalyst and reductant (ammonia), which are approximately 60% of the totall@hst
Moreover, the lifetime ofhe catalyst isapproximately 2rears andbecause 17g of ammonia
is needed to remove 30g of N@7], large volums of amnonia ae used continuously
LoTOx follows anoxidation mechanisnio remove NOx by ozone @Pand, therefore, an
ozone generator and oxygen gas source are needed for the techRotdayth technologies,
an additional gas source with or without catalyst is neededtsomprove the process
efficiency and reduce ongoingpsts,it is necessary to explore new technologies for NO
removal withait use of catalyst anddditionalgas sourceNonthermal plasméas been
investigatedas a potential solution for NO remoa} researcherdecause it can be used to
treat the flue gs directly without additional catalyst and gas soufdehough early work
indicates low efficienciedt is worthwhilefurtherinvestigating the potentiaf nonthermal
plasma technologfor NO removal.
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1.2 Research objectives
Theobjectives of this research alisted below

1 To understand the effect of discharge characteristics of DB corona
dischargeon NO removal through experiments.

1 To assess ways of improving N®moval energy efficiency by DBD and corona
discharge

1 To understandthe effect of concentration of nitric oxide, oxygen and water
vapour on reactive species formation for NO removal under BB® corona
discharge, when NO is in ppm level.

f To understand th mechanism oNO removal in high concentratiora (few
percentage in volume)

1 To quantitativelyidentify the dominant reactive species for NO removal under

different circumstances.

1.3 Thesis outline

This research is focusemh DBD and corona discharge for NO removal under different gas
compgaitions and chemical reaction pathwaybe thesids divided intosevenchapters and
the contents of the subsequent chapters are presenteltbws.

Chapter 2 givesa comprehensive irdduction to pesent commercial and laboratory
technologies for DeNQxTheir mechanismsadvantages and disadvantages discussed

and comparedl'wo of themost commonly used nehermal plasma technologig3BD and
corona dischargesare introduced The characteristics of DBD and corona, such as the
electron density in DBD discharge filament and different discharge modes under corona
dischargeare discussedn addition, he relevant chemical kinetieseinvestigated in dethi
including the dissociativ and ionization energies of different gas specids®e chemical
reaction pathwaykr NO removaby different reactive species (including N, O, OH anjl O

are explained.

Chapter 3 introducesxperimenthsetus and related methodolags A pneumatic conil
systemis used to control the flow rate of different gas species. fiypes of power supply

are utilised in this research, one is 50Hz AC power supply with maximum 7kV peak voltage
and the second is @C power supply with maximum 20kVThe dectrical sgnal

measurement system is introducedoider to measure the signal as accuratelgossible,
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nancseconddischargecurrent impulse signa are measued under matched impedance

condition In addition, in order to quantitatively investigate the dischatgg@acteristics of

DBD, studies othe discharge current amplitude distribution are conducted. The mechanisms

of NOx and ozone measurement are gieed @lculation of NO removalnd energy
efficiencyarepresented

Chapter 4 presents the investigation of NO removal under DBD. fhestiesign of the DBD

reactor and experimental procedures are discussed in detail, including the size of the reactor,

thickness of dielectric and gap and how to get different concentrattibi® and Q in the

gas mixture. fie discharge characteristics of DBD are analyseduding use of the

Lissajous figure, which provides the capacitances of dielectric, gas gap and total capacitors

and the discharge power, and the discharge currenttagwldistribution, which impliethe
change othegascomponentsUnder different gas mixtures, the discharge current amplitude
shows a significant differenceSecond the effectiveness oNO removal is investigated
under different initial NO and Qconceantration. In order to analyse the effect of @ NO
removal, a reference gas mixture only including ad Q is used to measure the; O
formation Comparing the ©formation inthereference gawith that of othersthe dominant
reactive speciesan bedentified quantitativelyAfter the investigation of NO removal under
dry gasconditiors, 2.31% HO vapour is added to the gas mixture to evaluate the effect of
OH reactive speciesStudy of the resultérom the coexistence of 40 and Q allows the
effect of OH and Ofor NO removal to bediscussed. In additiorthe effect ofhigher
temperatureon NO removalis investigatd. Finally, conclusions are given including NO
removal and energy efficiency, the contribution of this researcN@removal technology

and its limitatiors and challenges.

Chapter Spreserd the investigaton of the pin-water configuration corona discharge for NO
removal. First, the pin-water reactor configuration and experimental procedures are
introduced. Compaed to a conventional pin-metal plane configuration, the pin-water
configurationcanbring more HO vapour imo the gas mixturewith the increase of discharge
power, so more OH can be generated. Because of the charastefistarona discharge,
reactive specieare mainly formedat the tip of the pinThe contact between NO aride
reactive species in the gptasma isimportantin removng NO. In order to quantitatively
analysethis effect, two gas flow conditions are investigated. One asntrolled gas flow
condition, where a nylon tube is used to guidedimeulated fluegas through th&olume
aroundthg i n6s t i panopkrhgas flont chnelition, wigere no nylon tube covers the

tip andsimulated fluegas candave the entainmentvessela b ove t he pi nds

t
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corona dischargeheé effecs of discharge modes (including Trichel pulse, pulseless and arc
discharge), gap distance;© oncentration and the pinds radi
A comparison betweethe pin-water andhe pin-metalplaneconfiguratiors for NO removal

is made Finally, the NO removal and energy efficiency are given. The potential and
challenges of this NO treatment technology for industry are discussed.

Chapter 6introduces a novel technology which combinea NO absorption process by
activated carbon, a thermal desorption processraactions under aonthermal plasma.
The aim of this technology is timvestigate the NO removal undbeigher concentation
regime (up to 6% 60,000ppm rather tharlower level (less than 1000ppnas discusseth
chapter 4and5. NO absorptionthermal desorption and ndhermal plasma treatmesare
investigated respectively. Forthe NO absorption process, the effects of @and H,O
concentratiog, temgerature, and flow rate are investigatdehr the themal desorption
processa DC power supply is directly connected to conductive activated carbon to heat the
material and release the trapped species into thmaier gasThe effects of Ncarrier gas
flow rate and DC currenwhich controls the heating rate of activated carlana analysetb
increase the thermal desorption energy efficiedtye DBD treatment ofhe desorbed NO
by pure N andamixture of N and Q in 10.5% and 50% §xondtions areanalysed andre
shown toresultin different NO removal mechanisnFinally, the advantageand limitatiors
of this novel technologfor NO removal are discussed.

Chapter 7 summasésthe findings of this research, including the discharge characterisdtics
DBD and corona dischargthe corresponding chemical reaction pathways for NO removal
by different reactive gzies, NO removal and energy efficiency for NO removal urideet
different methodsThe contributions of this researtt industrial NO remaoal technology
areintroduced Some unsolved challenges aiscussedsuch as low energy efficiency for
direct nonthermal plasma treatment and high thermal desorptioergy requirement to
desorb NO fromactivated carborProposeddture wok is listed inthe final part, including
the combination of nethermal plasma with catalygshe use of anesecondoulse power to
increase the energy efficiendheinvestigation d analternative absorbent which has higher
selectivityon NO alone and the dynamic pess analysis during the gas dischdrgdaser
induced fluorescence spectroscamiethod or building a chemical kinetics model by

simulation.

10
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Chapter 2 LITERATURE REVIEW

2.1 Introduction

In this chapter, some industrial technologies for NO removal are reviewed. There are two
NO removal pathways, one is NO reduction tobM selective catalytic reduction (SCR) and
selective norcatalytic reduction (SNCR) technologies. The other one is NiGat&n to

HNO; to NH4NO; by Electron beam (EB) and low temperature @Xidation (LoTOX)
technologies. The advantages and disadvantages of each industrial technology for NO
removal are discussed in this chapter. In terms of their disadvantages, what-thermal

plasma technology can possibly do to overcome them is introduced. The mechanism of how
nonthermal plasma can initiefgas molecuwd dissociation and ionization ixglained. The
chemical kineticoof NO removalare importantas this provides theaatical support tahe
identification ofthe dominant reactive species for NO remarmaChapters 4, 5 and 6. There

is more than one reactive specighich can remove NO, e.g. N, O, OH and, @d they

brings different reaction pathway for NO removaHowever, somereactive species can
introduceside reactiosa and some can catalytically react with others, whigtits theNO
removal performance. The details of how different reactive species interact with each other
for NO removal are discussed. In additisgme investigationdy other researchers
including work on DBD and corona dischargee reviewedas tesecan provide a good
referenceand justification othe experimerst conductedh this research.

11
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2.2 DeNOx technologies

2.2.1 Selective catalyticeduction (SCR)

SCR is the most widely used technoldgytreat NOx, which exists in the effluent gases
from the coalfired power plantand other stationary sources. The catadygtlied in SCRs
based on vanadium pentoxide and titanium dioxide. The& lmecess of SCRias been

explained by Topsoe NaYu [18, 19] and is shown ifrigure2-1.

N
H2 NH2
7/ \
ﬁ’ H H
0 O | |
2X —) 2X — )X O! 0
(V,0s) V205) (V,0s)

'|'| '|" Release

O 0OF 2x (N,+H,0)
g u -

(V,05)

H,0

Status d

Figure 2-1 Process of vanadiitania based catalyst for NOx remoyag]

On the surface offanadiumpentoxide(V,0s), there are some oxygen functional groups

which are acidic. They can selectively extract ammonias{Ntkually hundreds of ppm)

from thegas phase to the surface of the catalystaresut, NH; is chemically absorbed and

a new chemical bond is formed between the ca
atom as shown inthe transition from status a to status bHigure 2-1. A restrained

amidogen {NH,) radical is exposed on the surface of the catatisd radical speciewill

react withNO to renove the molecule from the gaseous atmospher The advantage ofCR

is in providing a stablelonger lived site for amidogen to surviven. This dramatically

increases the possibility of reaction between restrained afid NO. Finally, in order to

12
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make the catalytic cycle work, additional hydrogen atoms have to be edniovm the
surface oxygen functional group, @ used to remove hydrogen at®to form water and
convert the catalyst back to its original status as shoviigure 2-1. The general reaction

formula isgiven by equation-2:

WO b go 0 ¢b oOb (2-1)

According to(2-1), the molar ratio between Nidnd NO is one.

In terms of SCR technology for NO removal, another advantage of the catalyst is in reducing
the activation energy for NHormation. As shown imable2-1, the energy requirement is
reduced by more than five times the original amount because of the presence of the catalys

Table 2-1 Activation energy of NKformation with or without catalyst

With catalyst Without catalyst

Activation energy of NH, 11120 5 742
formation (eV) ) '

In conclusion, the advantage of using a catalyst is not only in reducing the activation energy
to obtain NH radical species but also in prolonging the lifetime of NHThis is why SCR

can provide higher than 80% NO removal and is widely used in industry.

13
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2.2.2 Selective noftatalytic reduction (SNCR)

Compared to SCR technology, SNCR is a cheaper mdg@ba4] for NO removal. The

most important advantage of SNCR is that it works in the absence of catalyst, so it leads to
approximately 40% reduction on DeNOx cost. Howeasthe NO reduction rate is only 30

60% of the SCR procesi$ cannot provide sufficient NO reduction to satisfy the more and
more restrictive NOx emission standsiteking applied in industnAlthoughSNCRdoes not

use a catalyst, ammonia is used in bd3CR andSNCR technologies. Because of the
absence of a catalyst in SNCR, threlalility of NH, formation is mucHower than that in

SCR. Although the general chemical reaction is the same for SCR and SNCR, as shown in
(2-1), the formation of NHlis limited by the shortage of OH and O.

As shown in

Figure 2-2, the mainreaction poducing NH, is the oxidation of Nklby O or OH radicals
based on equations-@ and (23), but there is a selfmiting processwvhich prevens a self
sustaining chain extion. There are two reaction pathways betweesultingNH, and NO.
The pathway in (2) forms NH and OH, which are both able to provide additional O and
OH to sustain the process. The pathway iB)(forms the final products Nand HO vapour,

but it leads to no further O or OH production: the reduction process cannot be sustained.

NH,

£ > OHO l
NH,
NO / \NO
NzH+OH N,+H,0
o, |

G N,+OH+O
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Figure 2-2 Main reaction pathway for NO removal by SNCR technoll@fy

6 §'0° G0 §'0 (2-2)
60 50000 00 (2-3)
60 60000 §0 (2-4)
66 60005 06 (2-5)

As shown in reaction@-6) and(2-7), a hydrogen atom plays an important role in generating
O and OH.

060 090 0 © (2-6)
O 0o%0 0O (2-7)
where: M can be any gas molecule in the system.
However, NH will react with H according tq2-8) and, once an H atom is used in the

reaction with NH rather than @ it produces species which are less reactive and NH

formation drops significantly. The sedfistaining chain reactionsro#ot be realisef1].

"0 500 30 O (2-8)

Another possible reason limiting SNCR for DeNOXx is tvhereaghe NH, formedis in the
free statein SCRthe NH, is attached on the surface of the catalyst where restraingtid$H
a longer lifetime and higher opportunities to react with NO.

These twapossible reasons lead to low NO removal efficiency in a range from 30% to 60%
in SNCR. In additionbecause there is no catalyst to reduce the activation energy for the
reaction between NHand NQ SNCR&és wor king temperafQur e
compared to 35 to 450C working temperature in SCR.
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2.2.3 Electron beam (EB) for DeNOx

EB technology for DeNOx was developed in the 1990s. Highly energetic electrons play the
most important role in EB technology. The energy level of elesisoin the range from 700
to 800 keV. This technology has been applied in three power plants liStatle®-2.

Table 2-2 Main parameters of industrial EB installation for NO remd2&|

Chendu TPP Hangzhou TPP Pomorzany EPS,
China (1998) China (2003) Poland (2002)

Parameters (Unit)

Flue gas flow rate (Nni/h) 300,000 305,400 270,000
Flue gas temperature {C) 150 145 140
NOXx concentration (ppm) 410 205 300
NOx removal (%) 18 55 70
Energy efficiency (g/kwh) 45.1 69.8 71.1
800keV 800keV 700keV
EB sources
320 kWx2 320kWx2 260kWx4

As shown in Table 2-2, the working temperature of electron beam technology is
approximately 15, whichis lower than those required for SCR (380°C) and SNCR>
800°C). However, in EB systems thidO removalefficiency ranges from 18% to 70%,
which implies thatthe efficiency of this technology for NOx removal is related to the
condition of the flue gas. The concentration of particles, water vapour and arytherflue
gascan limit the distanc¢hat energetic electrancan travelso the effective treatment area
can be reduced.

In terms of the mechanism for EB technology for DeNOx, the most important process is gas
molecule dissociation by energetic eleas However, the electronare more likely to
collide with high concentration background gas molecuesh N, O, and HO vapour
thanlow concentration NO. Reactive spegiesg. N, O, Q;, HO, and OH are generated

from collisions and thesethen reactwith NO as shown irFigure 2-3 [26]. Since most
reactive species are reactive oxygen species (R@SP, Oz, HO, and OH,the DeNOx
process follow oxidation pathway instead of reduction pathwayHowever, ammonia is

still needed to absorb gas phase nitric acid. faetionproduct ammonium nitrateis a

usefuleconomic byproduct ast acts as @hemical értiliser for agriculturg27].
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e (700k eV — 800k eV

v

Figure 2-3 Electron beam technologgactiondor NOx removal

According to the datirom Chengdu TPP power plant Trable2-2, the electron density is in
the range of 1 to 10" /cn?. In dielectric barrier discharge (DBDheelectron density is in
the range of 10 to 10%cn?®, aswill be discussedater and shown inTable 2-12. The
electron density in EB technology is“ttines lower than that in DBD, so EB is a relatively
weak ionization process cqared to DBD. The main problems of EB technology are
incorsistent efficiency ofNO removal, which depends on the conditiorttefflue gas, and
the high installation cost dhe electron beam sourcbecause of radiation concerns. This is
why the developme of electron beam technology for DeNOx has stagnated in the 21
Century.
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2.2.4 Ozone oxidation

Ozone oxidation technology was registered by Linde as low temperature oxidation (LoTOX)
technology. It was commercialized for DeNOx in petroleum refiserighere the
temperature of the flue gas is usually lower tharP@5The SCR technology cannot be used

in such low temperature conditions, because the catalyst is inactive. Meanwhile, under
higher temperatusz LoTOx technology cannot be usbdcause of fast {dissociation, as
shown inTable2-3. For instance, the halife of O; at 250C is only 1.5 seconds, but it can
extend to 1.5 hourat 126C, the extended halffe gives greater chance of useful DeNOx

reactions

Table 2-3 Half-life of ozone at different temperaturs]

Temperature (°C) Half-life
-50 3 months
-35 18 days
-25 8 days
20 3 days
120 1.5 hours
250 1.5 seconds

Ozone is a strong oxidant which can be used for NO oxidation and the final prody@tis N
by the series of reactionshown in equation$2-9) to (2-11).

60 6 °006 O (2-9)
60 60060 O (2-10)
60 66 0060 (2-11)

The overall reaction is shown (2-12). The molar ratio of NO:@is 1:1.5 to oxidize two NO

molecules to one dhewater soluble gas JDs.

W6 of 060 ab (2-12)
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N,Os can react with wet scrubber molecules such as NaOH to generate; Nal@ction
(2-13). In addtion to N,Os, NO, can react with NaOHas showrin (2-14), which leads ta
reduction of Qusage.

66 cOOoGOE 00 (2-13)

0 O OIDWOwWOULV 0 WOU OF (2-14)

Zhang Jia et al[.29] published the resultd @an investigation int@®; injection witha NaOH
solutionwet scrubber for DeNO» which more than 90% of NOx removalas obtainedt
a NO to Q molar ratio of 1:1. In general, for DeNOx by @jection with wet scrubber, the
molar ratio of NO to @is from 1:1 to 1:1.5, depéing onthe tempeature, residence time
and typeof wet scrubbef29-32].

LoTOx technology for NO removal is used in indiegtwhere the flue gas temperature is
lower than 158C. Nowadays, the energy efficiency of commercial oxyfgeh ozone
generatcs is approximately 150 g/kWh33-35]. For a petroleum refinery with a flue gas
containing 400 ppm of NO atftow rate of 120,000 rih, the NO outputis 64.3 kg/hGiven
that 1.5 Q molecules is needed to react with, and rem@0© molecule, the O; usageis
154.3 kg/h. Tis requires the power rating of @generator tde 1030 kW.
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2.2.5 Laboratory scale technologies
2.2.5.1 Northermal plasma with additional hydrocarbon

A challenge for direct nethermal plasma treatmergconditionsof low NO concentration

i.e.in ppmrange One of the main reasons is the short lifetime of reactive species generated
by a nonthermal plasmawhich leads to a low chance of chemical reaction between reactive
species and NOThus it is important to prodce a long lifetime reactive species by non
thermal plasmarhisis analogous to ozone oxidation technology, because when the flue gas
temperature is lower than 1% O; hasa long enough lifetine to react with the low
concentration NO in the flue. Howayehe difference between ozone oxidation and this
technology is where the oxidant is generated. For ozone oxidatiois, g@nerated iran
externally locatedzone generator. For this technolothe oxidant is directly generated in

the flue ga. The generation process needs the help of propene, a member of the alkene class
of hydrocarbong$36-40]. The function of propene is to react with the short lifetime reactive
species such as O andH@o generat intermediatespecies, such as s, C;HsOH, whose
organic group are called Rhese themeact with Q to form oxidant R@as shown irFigure

2-4. RO, can selectively react with NO to generate RO and[IS6).

Propene/OH reactions

ﬁ CH,0
OH O e
(
C,H,0H RO, 4—» CH,OH + CH,CHO
NO
o, NO,
OH
H,0+CH, — RO, RO

NO

Figure 2-4 Schematic diagram of the chemical reaction mechanism of NO oxidation by
propene under netmermal plasma treatmejg9|
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However, there are two major problems for this technologye 3 the high usef costly
propene, in order to obtafll NO oxidation the molar ratiofdNO to GHg is 1:1[37]. The
other problem is the formation of organic radicalsch as CKHOH and CHCHO, which are
toxic and need to be fully oxidized to ¢ avoid secondary atamination. Therefore, this
technology is not commercialized.

2.2.5.2 Activated Carbon NO absorption

Activated carbon is a porous material with an enormous surface area. The surface area of one
gram of activated carbon can be larger than one thouspradlesnetres. There are many
oxygen containing groupsuch ag COOH and-C-OH, on the surface of activated carbon.

They have the ability to chemically absorb polar molecdash as KO vapour and NOXx.
However, norpolar molecules such asomonucleardiatomic N, O, and symmetric

structured C@are not absorbed by activated carbon.

In terms of categories of oxygen functional group on the surface of activatexhcénere
are four main groupshe carboxylic group-COOH), lactone group-COGO-), hydroxylic
group €C-OH) and carbonyl group-€=0). The most popular method to quantitatively
identify the surface oxygen functional groups is Boehm titrafélj. According to the
acidic strength of each funotial group, different basic chemical sohs&cdnbe usedas in
Table2-4, to determinethe quantity of each oxygen functional group.

Table 2-4 Oxygen functional groups and their corresponding basic sol{4ht42]

O-functional
-COOH -CO0- -C-OH -C=0
group
NaHCQO, NaHCGQ, NaOH NaOGHs
Solvent
(0.1M) (0.1M) (0.1M) (0.1M)

In terms of NOabsorption by activated carbon, one challenge is its low selectivity between
H,O vapour and NO. As shown rable 1-1, concentration of D vapourin flue gasess
much higher than that of NOK. some ofthe surface oxygen functional graipteract with

H,O vapour rather than NO#jis reduces the NOx absption by activated carbon.

In addition,asthe amount ofabsorbed Nn the surface of activated carbioereasesthe
absorption ability is reduced. Once the NO concentraiiorihe flue gas leaving the

absorbenis higher than the emission standdi activated carbon needs to be replaced.
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The used activated carboreed to be regenerated for continuous use. Tégeneration
methal for activated carbois called thermal desorption, asugeshigh temperature to heat
the activated carbon. Witincreagd temperature, stronger vibration of the absorbed NO
molecules can cause it release from the surface of activated carbon. Whehesdlbsirbed

NO molecules are released, the regenerated activated carbon can be usddoagaiar,

the weight ofactivated carbon is much heavier than that of the absorbed, gagesf
activated carborsineeded tabsorb about 3.5 mL N@vhose equivalent weight is 4.68 mg
Heating the activated carboris the main energy consumption during the NO desorption
processas, br thermal desorption, the temperature of activated carbon has to reach
approximately 15 to desorb all othe absorbed NO from thcarbon surface]43, 44).
Theoretically,usng the heat capacityaluesin Table 2-5, the energy to heat 5g activated
carbon to 15fC from room temperature (20) is about 604.5 J. That means the theoretical
energy efficiency for thermal desorption of NO is 27.87 g/kWh. ¢f lieat loss into the

surroundingss alsoconsidered, the actual value should be even lower than that.

Table 2-5 Heat capacities of gas phasgCHvapour, NO45] and NQ[46] and solid state
activated carbofd7].

Species Specific heat [kJ/(kg*K)] at STP
H,O 1.93
NO 0.995
NO, 0.8066
Activated carbon 0.93

Therefore, there are two challenges limiting NO absorption technology. One is how to
selectively absorb NO and the other one is how to effectively remove NO from the activated

carbon.
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2.2.6 Discussion

When comparing the four industrial DeNOXx technologie$able 2-6, even though EB and
SNCR technologies are cheaper, they cannot provide an aceeltaklremovakfficiency

to meet the current NOx emission standards. Neither of these technologies is currently
widely used nowadaysAs a result of high NOx removal efficiencieSCR and LoTOx
technologies areommony used despite the high cost.

Table 2-6 Comparison of EB48], SCR, SNCR and LoTOM9] technologies for DeNOx

Volume NO
X
Capabili Advantages Disadvantages | Cost
remova
ty
Low or *Economic byproduct *Low reduction rate
EB ) *Works at low ) ) 1870% Medium

Medium *High ammonia us

temperature

*High removal )
_ *High temperature _
SCR High *Less secondary 80-95% High
*Catalyst usage

pollution
*High temperature
) *No catalysneeded *High ammonia us and
SNCR High ) 30-60% Low
*Low cost slip problem

*Low reduction rate

*Stable and high

) removal *High cost of ozone )
LoTOx Medium 80-95% High
*Easy to operate generator

*Works at low

temperature

As shown inTable 2-6, although SCR and LoTOx are the two most commonly used
technologies for NOx removal in different industry sectors. If the flow rate of flue gas is
between 500,000 and 1,000,000 Hm(Nm3 iscubic metes in normal conditionusually,

SCR is the first choice, especially, for large scale-ticadl power plants in the range from

23



Chapter 2 LITERATURE REVIEW

300 to 600MW. LoTOx technoloyg is usually used in relatively smaller scale industry
sectors such as petrochemicalmefies and combined heat and power plants (natural gas or
bio fuel burning) where thiue gasflow rate is normally less than 100,000 f&im

Because the main cost of SCR technology comes from the catalyst and reductant used, it is
not possible to compargs deNOx energy efficiency with that of LoTox technology.
Operational costs of SCR and LoTOx are comparé&dbie2-7.

Table 2-7 SCR and LoTOx DeNOx technologies for 1 ton of NOx removal

Technologies Cost for 1 ton of NOx
SCR $21032704[17)
LoTOX $17001950[50]

The operational cost of SCR ifable 2-7 is for a boiler with 75MW capacity. In this
circumstance, the cost of LoTOXx is cheaper than that of SCR, but when the boiler capacity
increases to 300MW or higher, the cost of SCR dramatically recasstown irfFigure2-5

which shows the relationship between boiler capacity and the DeNOXx cost for the generation
of 1kWh electricity.

b 8 .

Cost of DeNOx (penny/kWh)
>®

A > N

0'9 A A " I 1 A A
0 200 400 600 80O 1000 1200

Installed capacity of boiler (MW)

Figure 2-5 Relationship between cost of DeNOX and installed capacity of §éilgr

From this, it can be seen thatvhen the boiler capacity increases from 300MW to 600MW,
the cost of DeNOx redusérom 1.8 penny/kWh to 1.3 penny/kWh, which is approximately
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28% reduction in the cost of DeNOx. The cost reduces further if the boiler capacity increases
to 1000MW. Therefore, according to different circumstancesthe flue gastemperature,

flue gasflow rate andboiler capaciy, the best decision can be made between LoTox and
SCR for NO removal.
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2.3 Nonthermal plasma technologies foNO removal

2.3.1 Introduction

Plasmathe fourth state of matter, is ionized gas which consists of various species including
electrons, atoms, molecules and ions. The density of poditieand negative electrons is
approximately equal, so plasma is an electroneutral state. There are two kinds of plasma
which are identified by the tempéuge of heavy particles (includirgtoms, molecules and
ions) and light electrons. One is thermal plasma where the temperature of agmggpand

light electrons igshe same. A ac discharge is thermal plasmandthetemperature of both
heavy particles and light electrons can reapproximately 11,600 K (1 eV). However, for
nonthermal plasmahetemperature of electrons is much higher than that of heavy particles.
The temperature of heavy particles is closahtambient temperature, btie electron
temperature is in the rangé 10,000 to 200,000 K, corresponditgan energy rangef 1 to

20 eV. These highly energetic electrons play an important irolgas ionization and
dissociation process There arevariousmethods to generatenonthermal plasma, such as
corona dischamy dielectric barrier discharge, glow discharge, radio frequency and
microwave dischargé52]. Someof the most commonly usedtmospheric pressure non

thermal plasma technologies for DeNOXx are discussed isdhien [53-57].

Table 2-8 N,, G,, H,O vapour[58] and NO[59] ionization energy by energetic electron.

Reactions lonization energy (eV)
4 g° 4 - 15.6
F m® E - 12.06
7 F m°9 F = 13.0
4k g0 dE - 9.26

In addition to gas ionizationgas dissociations alsocaused by energetic electrorithe
dissociation energpf a moleculds uswaly less than its ionization energys showrTable
2-9. Althoughthe dissociation energy of NGat 6.536 eV is dose to that of @and HO,
direct NO dissociationis rare because ofits low concentration (a few hundred ppm).
Energetic electrongnainly collide with the high concentratiormolecules, i.e.O,, H,O
vapourand N. The dissociation energy of,# much higher than that of,@nd HO, so Q
and HO dissociations more commorthan N dissociation. Kogelschatz et 60] found

that the concentration of O is approximat&B0 times higher than that of N in a mixture of
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20% QG and 80% N using DBD dischargeAs the main gasewhich dissociateare Q and
H,O and tlese poduce O and OHwhich are effectivaeactive species for NOx remoyal
this procedure shows promise for DeNOx

Table 2-9 Dissociation energy for NO, H,O [58] and NO[6]] dissociation.

Reactions Dissociation energy (eV)
N+ e Y Rej+N(D)+e 12.181
O,+ e Y éP)+O(CP)+e 5.166
O+ e Y &)+0O(°P)+e 7.132
H,O+e YO+ OH+e 5.173
N O+ e Y'SNOQCP)+e 6.536

where: P/S/D represent the different excited or metastable state of atanO.
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2.3.2 Chemical kinetics oNO removal by non-thermal plasma

For each chemical reactiothe reaction rate is an important parameter to indicate the change

of reactants and product concentrations. There are two paranveiehsaffect thereaction
rate. One is reaction rate constant and the other is concentration of re@ctgtfits reaction
rate of thesecond order reactioh + B Y C <dD be expresse(2-15).

i QOOd @b EO 6 (2-15)
where,
k is reaction rate constant, um'm3/(mol*s);

[A] is concentration of reactant A, unit: moleculelcm
[B] is concentration of reactant B, unit: moleculelcm

The reaction rate constantskdefined by the Arrhenius equati@s shown ir(2-16).

- Y

Q 0 - Q 2-16
S ol (2-16)

where,

T is the absolute temperature, umit:

A'is the preexponential factor, determined by frequency of collisions
E. is the activation energy for the reactjemit: J* mol™;

n is thetemperature factor

Ris the universal gas constant 8.314472%k0/(mole*K).

For nonthermal plasma NOsemoval, chemical reactions between NOx aattive species
are important.Because ofdifferent reactive species, the produgsnerated vary with
different chemical reaction pathways.

In terms ofan NO, N, and Q system, oxygen reactive species O anda@ te most
importar for NOx removal as shown ifFigure2-6. However, the effect of O ands©on NO

oxidation needs to be discussed.
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NO/N,/0, system without H,0

(a)

N 0/0; 0, NO,
N, <—— |[NO|/———= N0, —> NO, —> N,0;
0
(b) (c)
0 0
0,— >0 NO ———— NO,
C°
02

Figure 2-6 Chemical reaction pathway of NOx removal (a), chemical reaction pathway of O
formation (b) and chemical reaction pathway for O destruction by NO and(¢&yGn
NO/N,/O, system.

Table 2-10 Chemical reactions for NO oxidation in NG/, system

Reaction kaosk (cnmol™s™) Ref
EF Tof 1 1.48x10™ [62] (2-17)
E Jpodt 3.01x0" [62] (2-18)
E dEod | 9.74x10"? [62] (2-19)
E JpodE L 1.81x10* [62] (2-20)
E o dkod | L 3.52x10" [62] (2-21)
JE 4 lod kU 6.92x10™; [63] (222

where:j : the reaction rate constant has changed fr8rar@er to 2° order by multiplying
the concentration of M which is 2.462Xf@m?,

In (2-17) and(2-22) M is athird reactantwhose function is to absorb extra energy from the
reaction. M can be any molecule the gas systepe.g for Os; formation in air, M can be ©
or N,. As shown inTable2-10, the reaction rate constant fog @@rmation by the reaction
between @and O is 1.4810%* cm®mol’s? Thisis 2034 and 658 times lower than that for
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the reaction between NO anda@d thereaction between NCand Q respectivelyThus in a

gas mixture with the same concentrations of NO,, M@d Q, the O generatecby non
thermal plasma predominantigacts with NO or N@ O, is difficult to react with O. For the
reactions between NOx and O is consumed by the reactid@s23) and(2-24). Firstly, NO

is oxidized to NQby O, but then N@is reduced to NO by O again. During this process as
shown inFigure2-6 (c), NO is unchanged, but two O are destroyed and ca&uterone Q

as shown in reactiof2-25).

FARdE (223
FdFedE F (2-24)

The overall reaction:
E RS (229

Therefore, NOcannot be completely oxidized by O, because of the side reaction between
NO, and O. However, as mentionedrlier, the reaction rate is dependenttbareaction rate
constane nd r eact ant Kthe concemtaton of Osamuchdigher than #t of

NOx which can compensate for the lower reaction rate constant, it is possible to make the
reaction between £and O more impoant than that between NOx and @, is generated as
oxidant rather than @ndresults in oxidation oNO to NG,, NO; and NOs without the side
reaction as shown in(2-20)-(2-22). The product of NO oxidation by;® dependent on the

ratio of NO:Q. If the molar ratio of NO:Qis 1:1, NO is fully oxidized to N© If the molar

ratio of NO:Q can reach 1:1.5, NO can be fully oxidized tgOy\

In addition, if HO is introduced ito the gasmixture of NO, N and Q, it produces another
DeNOxreactive specie©H, for a totally different chemical reaction pathway compared to
O and Q. OH oxidizes NO and NQ to HNG, and HNQ by (2-26) and(2-27) in Table2-11

without any side reaction as showrFigure2-7 (a).

Table 2-11 Chemical reactions for NO oxidation by OH reactive species

Reactions Kagsk (crPmol™s™) Ref
Fq 3 F ToqdF 1 1.7240™ [64] (2-26)
Lo d b Joodf U 6401 [62] (2-27)

where: the meaning of M is the same as mentiondalite2-10.
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The presence of OH not only changes the chemical reaction pathway for NO removal, but

also limits the formation of O and;@s shown irFigure2-7 (b) and (c).

NO/N,/0, system with H,0

@ N 0/0;

0, NO,

OH OH OH
v
HNO, HNO,
02
(b) 0] (©) 0,
OH ————— HO, OH &——— HoO,

c‘ 0 C 04
o)
2 20,
Figure 2-7 Chemical reaction pathway féa) NOx removalfor O and Q destruction by OH

and HQ in (b) and (c) respectivelijn NO/N,/O,/H,O system

In terms of Qit canreact with OH to produce HOand then H@reacts with Oagainto
produce OH The overall process leads to two dmsgenerang one Q molecule as
shown in(2-28) to (2-30).

F Fa°q F (2-28)
F a2 F° Fa F (2-29)

The overall reaction:
F FOF (2-30)

Similarly, for Os, reactonswith OH shown in(2-31) and(2-32) result in tvo strondy
oxidantOz; moleculesconvering to three @molecules in (2-33).

F o FacaF F (2-31)
F s ko ke F (2-32)

The overall reaction:
R (233
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In general, NO can be converted tg NO, and HNQ by reactive species N, O orz;@nd

OH, respectivelyas shownn Figure2-8. The issue of reactive spesi® is that it can cause

the regeneration of NO by reacting with N®lowever, viien Oreacst with O, to form G;,

O does not have the side reaction to generate Nf@refore, in a gas mixture system, it is
important to identify the oxidant for NO removal. As mentioned before, the reaction rate is
dependent on the reactant concentration and the reaction rate constant. Although the reaction
rate constantfor the reation between O and NO &bout 16times higher than that for the
reaction between O and,@he concentration of {s much higher than that of N@ the gas
mixture. Whether O or G is the dominant reactive species iggkndent on the specific
circumstances. In additiofN is able to reduce NO to,Nbutit is more difficultto form N

than itis to generate other reactive spegcissch as O, ©and OH, due to the high
dissociation energyghown in Table 2-9. Once water vapour is introducedtdrthe gas
mixture, OH can bring another reaction pathway to remove NO. The reaction rate constant
between OH and NO isf the same order as that between O and N@&se reactions are

useful inbrmation to support the analysis of NO removahia following chapters.

>

N2 < NO |« 0 NO,

OH

A 4
HNO,

Figure 2-8 NO removal by different reactive species
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2.3.3Atmospheric pressure nonthermal plasma for DeNOXx
2.3.3.1Dielectric barrier discharge (DBD)

Dielectric barrier dischargeas one of the most commonly used +tlbarmal plasma
technologieshas been researchéat over one hundred years. The first configuration was
designed by Siemens in 1857 for ozone generation experif@sitsGiven DBD reactor
properties, it is easy to scale up the size of a DBD reactor for treatfrarge quanties of
gas[66]. The most successful industrial application using DBD is 0zone gene@iiots]

but it has alsobeeninvestigated for NO removal by many research@®s73]. The most ideal
solution for NO removaik to dissociate NO directly to formy,Mdnd Q by energetic electrons
which are generated byBD, but the challenge is that theitial concentration of NO is
usually a few hundred ppm in the flue gas,tss difficult for energetic electrons to collide
with  NO directly. In most cases, energetic electrons collide with background high
concentration gases such ag B,0 vapourand N. When gas dissociation happens, various
reactive species are produced intthg atomic O, @ OH and atoric N which can react with
NO by different chemical reaction pathways as outlined earlier.

In order to initiate the process of gas discharge, the applied voltage has to be higher than the
breakdown voltage under certain gaessure and distancas shown in the Paschen curve in
Figure 29. Sohst[74] and Schroder[75 provided an empirical formulg2-34) for
calculating breakdown voltage under unifogtactric field for air at 2tC condition .

O eECNQcBEMQ (2-39)

where:

Vy is breakdown voltage in kV
r is the gas pressure in bar
Qis the gap size in cm
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Figure 2-9 Paschen curve for air at ZDconditioj 76].

In air undemormal temperature and pressaomditiors, thedensity ofions is approximately
10%-10° cm®[77, 78]. However, when discharge is initiatechiair, the density of electrons
andions dramatically increases the discharge channelsthe electron density can reach
10*-10" cm?® [79], the charge density is increasky more than 1% times. In order to
initiate a gas discharge seed electron is required atftt applied voltage has to be
sufficient Seed electrons come from gas ionization by cosmic rays or local radiation from
the earth. Whenthe applied voltage is higher than tenimum breakdown voltageseed
electrons can obtaienoughenergyfrom the electric fieldo ionize gas molecules and then a
conductive discharge channel can be formeding (2-34), for a one cm gap under
atmospheric pressure at °@) the applied voltage has to reach 31.08kV to make the
discharge happen.

Two delectric barrier discharge configurations are showririgure 2-10. Both of them are
widely used for nofthermal plasma generatiomhere is no sharp point for the reactor, so
they are working on uniform electric field condition ahé breakdwn voltage follows the
Paschen curve iRigure2-9. Underatmospheric pressure, dielectric barrier discrargerk

in thefilamentary mode in air anithe characteristics of filamentary discharge are introduced
in Table2-12.
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N \\| Dielectric barrier

Figure 2-10 DBD configurations (a) plate fglate andb) cylindrical form

Table 2-12General characterissof atmospheric pressure dielectric barrier dischaf¢€
[80]

Random

filamentary mode

Conditions 1 atm in air/oxygen
Gap size 1mm
Peak current density 100-1000A/cnt

Current pulse duration 1-10 ns/filament

Filament radius 0.1mm

Total charge transfer 0.1-1 nC/filament
Peak electron density 10*-10*°cm®
Electron energy 1-10 eV

Under the gas mixture of NO,, NO with or without HO for DeNOX, dielectric barrier
discharge works i filamentary modeThe advantage d cylindrical configuration is that
the electrical field is uniform for the whole gas discharge areafdouhe plate to plate
configuration, if isolation work isot donevery well, coronadischargecan initiateat the
edge of the platel'he advantage of the plate to plate configuratidhas it iseasy to change
the dructure of the electrode from plate to mesh or multipdiitese configurations produce

a nonuniform field which can make it easier to create electrical discharges.
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Song et a[81] useda cylindrical dielectric barrier discharge react@sshown inFigure
2-11, for NOx removalfrom a diesel engine.e. the gascontainedparticulate matter and
hydrocarbons. A 15.5 kHz AC power supply was useprtouce tle plasma. At 50% engine
load condition, theénitial NOx concentration wa476 ppmunder different applied voltages
the amount ofNOx removedwas from238 ppmto 310 ppmand its energy efficiency was
from 1.8 to 14.4 g/kWh.

s inlet Gas outlet
HV

l Ga
Ground electrode Quartz tube electrode
—l Ij ] \
|

\_ﬁ

Insulator Quartz tube  Valid discharge gap Insulator

Figure 2-11 The configuration o& cylindrical dielectric barrier discharge reac8i]

As discussed above, an advantage ofplage to plate configurativis that the shape of
electrode can be easily changed from one to anoth&aki et al[82] investigated the effect
of DBD electrodeshape a NOx removalusing the arrangement in Figurel2 (a) The high
voltage electrode was a plane coveredanyalumina dielectric barrier, but the ground
electrode used three different configurations as showkigare 2-12 (b). The gas mixture
contained N, G, and NO, the volume ratio of)No O, was 9 to 1 and NO concentration was
200 ppm.A radio frequencyAC power supply(10 kH2 was used to energize plasnide
multipoint configuration provided the best NO removal resior 70 ppmNO removal, its
energy efficiency was 12 g/kWihowever, br 200 ppmNO removal, the corresponding

energy efficiency was dramatically reduced to 2 g/kwh.
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Figure 2-12 Experimental setup and electrode configurafit®)

According to the research discussed above, the energy efficiency of dielectric barrier
discharge for NOx removal is less than 15 g/kWihhough te electron density of DBD is

10" to 10"/cm?®, which is 10 times higher than that adn electron beamthe discharge
energy is too concentrated in narrow discharge chamiet0.1 mm radius. In addition,
because ofhe short lifetime of reactive speciaad aghey cannot diffuse quickly into the
surroundingsthey can only initiate local m&ctions. The low NOx removal energy efficiency

leads to the difficultyn commercialuseof direct DBDtreatmenfor NOx removal at present.
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2.3.3.2Packed bed dielectric barrier discharge

Some researchehave ratherthan usingadielectric to cover theurface of electrodgfilled
the discharge volume wittielectric ball§83-86]. The size of dielectric balls is the range
from 1 to5 mm. This systemis called packed bed dielectric barrier dischasge Figure
2-13, discharges occur bause the dielectriballs distortthe electic field. Commonly used
dielectric ball materials are-alumina,barium titanateBaTiO;) andtitanium dioxide TiO,),
because they hawery high relative permittivitye.g BaTiO06s r el ati ve per mi tt
1,200 to 10,000. Whedieledric balls fill the discharge spacbecause of high equivalent
capacitance of dielectric ballsost of voltage is applied to the gas gdfhe spherical shape
of adielectric bal causes distortion daheelectric fieldanddischarge iasilyinitiatedat the
contact points otthe surface of dielectric balls. In addition, some dielectric matesaish
can be considered to be photocatalytic materials, such ashE@ the potential to promote
the discharge proceswhen UV light witha wavelength shorter tina387nm irradiatethe
surface of TiQ, an electron hole pair can be generated. The presencthigfelectron and
hole promote the formation of reactive species such as O and&H88], so the presence
of photocatalytic Ti@canprobablypromote NO removal process.

Dielectric balls

Figure 2-13 Configuration of packed bed dielectric barrier dischd8

Mok et al.[57] used glass beads Hw dielectric ball ina DBD reactorandwith aninitial
NO concentratiorof 300ppm. After packed bed DBD treatmetiie NO concentratiowas
reduced to 40 pprandthe NO removaknergy efficiencyreachedl6.7 g/kWh. Kim et al.
[83] used twocombinations of types of dielectric ballSnewasa combination of -alumina
andBaTiO; (5:1 in volume) and the othene wasa combination of -aluminaandTiO, (1:1

in volume) A pulsed high voltage source with rise time of 25ns and duration of 2.5ms was
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applied to energize plasmiarom aninitial NO concentratiorof 550ppm the most effective

NO removal energy efficiency was 16.5 g/kWh for 82% of NO removal.

Packed bed dielectric barrier discharge provides slightly higher energy efficiency for NOx
removal, compared to DBD. One characteristic of packed bed DBD is that thardisc
usually happens at the surface of the contact poititedflielectric balls. If the dielectric is
oneform of catalyst which can be activated and promote the formation of reactive species
during the discharge process, the NOx removal energy efficiesuc be further promoted.
However, thepacked bed structurerings some problem®.g when the fluegas contains
particlesit is possiblehat these coultlockthe gas flonand a high pressure drapay occur

as a result othe existence of dielectric la. As a resultjt is better to choosa cylindrical

dielectric materiathan a filled packed bed toreure theeis nobackpressurén the system
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2.3.3.3Corona discharge

@) '\’*“V (b)

lonization area

|

7/
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Drifting area U \

1

HV

T

Figure 2-14 Schematic structures ¢d) pin-plane and(b) wire-cylinder corona discharge

Because othe asymmetric configuration of two electrod@s the arrangements shown in
Figure 214 (a) and (b)theelectric field is intensively distorted and concentrated at the pin
tip or the wire. When the electric field is high enough to initiate gas breakdown, gas
ionization firstly happens around the pin and the wire, respectikslynentioned inrable

2-9, the energetic electron plays an important role to generate reactive species for DeNOXx
and its generation process occurs atbthe pin tip or the wire at the voltage in negative
polarity, hence the description of negative corona dischalgth the increase of distance
from pin or wire,the strength ofthe electric field drops significanthand, as a result, the
electron attachment effect becomes strongas shown irFigure 2-15. In order to bea self-
sustainabledischarge the ionization coefficientU has to be higher thathe electron
attachment coefficieng which means the electric field has to be higher tharvVsk,
otherwise glectrons argoing to beattached to electronegative gas molecslesh a<), and

H,0, and form negative ions which cannot makéurther contribution to theionization
processThe effective ionization area is determined byrdwtius ofcurvature otthe pin and
theapplied voltage.
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As indicated in Figure-26, with increaing applied voltage, negative corona discharge has
three discharge modes which are Trichel pulse discharge, pulseless discharge and arc
discharge, respectivelp@Q]. At the kvel when the applied voltage jast high enough to
initiate a gas discharge around the pin, pulsed dischagmir Because mogif thevoltage
potential drop is around the pithe corresponding discharge area is called the ionization
area. Theelectronsgenerated in the ionization arenove towards the plate, because of their
repulsion by the pin of the same polarity atilaction to tle plate which isgrounded. The
electronavalancheand the ionic cloudheneratd causea reduction in ttke electric field
between them and the pi'when the total electric field is lower than the breakdown
requirementthe discharge extinguishes. Whiiie electronsnovesaway from the ionization
area and then the electric fieldcrease to the level required for breakdowthe next
discharge can start again, so the discharges are in pulsewiode is called Trichel pulse
[91]. With increagng applied voltage, the individual discharge current immilsecome
smalle but the time duration between two pulsgeshorter.After a given vdtage levéthe

discharge current sigreabverlap each other and the discharge current reachtady state

41



Chapter 2 LITERATURE REVIEW

[92] and becom&constant. This discharge mode is called pulseless discharge. If the applied
voltage is further increased, the pulseless discharge cannasthaed and it converts to arc
discharge where the discharge current increases significantly and the energy idghsity

arc discharge filamens high At this pont the temperature is high enough to produce NO
by the Zel dov[3lchds mechani sm

Negative Corona

M /4&\\ :%
— T 0

Trichel Pulseless Arc
Pulse Corona
Corona

Figure 2-16 The development of negative corona dischavigle increasing voltaggoQ]

In terms of NOx removal by corona discharge, many researchers were focused on reactive
species injection from a nozzlas shown inFigure 2-17. High voltages werdalirectly
connected to the nozzle and the reaction chamber was grounded. Gas discharge occurred
around the nozzle to generate reactive species, such as O, OH, N ariahktawa et al.

[93] investigated the effect of metha(€H,) shower for NOx removal, because methane
could react with O, N and H reactive species to form NH og Which reduces NO to N

The nozzle whose dimensions are 1.5mm outer diameter, 1.2 mm inner diameter and 5mm
long, was energized by DC power supply. A gas mixture 9{10.23%), Ar (3.73%) and
CH4(0.12%) in N flowed fromthe nozzle to reaction chamb&t an NOconcentration of

200ppmthe energy efficiency for NO removal was from 1 to 7 g/kWh. Yan ef%].
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investigated NOx removal by a similar reactor configuration. The NO raimewergy
efficiency increasedrom 5g/kWh when NO concentratiomas 140ppmto 24g9/kWh when
NO concentrationcreased to 421ppm.

—{<— Air

0,(19.23%),
arey  NOMN2 N2 N2/CO2/O2

CH,(0.12%) in N,

Figure 2-17 Experimental setup for corona discharge DeN@B; 94

For corona dischargehe reactive species injection method is not an efficient way for
DeNOXx, due to the short lifetime of reactive species. Because the reactive species is injected
to a large reactor, it is not possible to spray the reactive species into a large volume. In order
to increase the NOx removal eggrefficiency, the discharge shoultbver as largea
proportionof the volume ofthe chambe as possible

2.3.3.4Nano second pulsed corona discharge

Pulsed power is able to provide a higher inception voltage compar#uetopower sources.
As shown inFigure 2-18, although the peak voltage of waveform 1 and 2 are the same, the
breakdown voltagéVy;) of waveform 1 is larger than th@f,) of waveform 2. he impulse

voltage rie time is shorter andhe crosgpoint betweenthe impulse waveform and ¥
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characteristic curve becomes higliéé: the crosgoint represents the breakdown voltage
of the systemThe benefit of highetbreakdownvoltage is to increase threlevant electric
field acrosghe gas gap, andukto increase the reduced electric field (E/d) which inaeas
theaverage electron energy. Thesethereforea higher proportiorof electrons with enough

energy to dissociate gas molecuesl the energy input is usatbre efficiently

-

Viod V-t characteristic

Voltage
o~
=]

~ Y

time

Figure 2-18 Impulse voltaggime characteristicp76]

In addition, nanesecond pulsed power can reduce gas heating |asaesed byibrational
and rotational quenchingvhich happa in the glowlike discharge processs shown in
Figure2-19. Theredcolourindicaieshigh heating lossearound the wire electode as longer
duration, glowlike discharges ocar. In order to limit heating loss, it is important to control

the pulse duration within 25 ns.
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Figure 2-19 A streak imageypical of pulsed discharg®5]

Namihira and Wang[95-97] investigatel NOx removal usingpulsed powerin a wire
cylinder configuration A HV stainless steel wird.5mm in diameter and copper cylinder
with 76mm irternaldiameter were used as HV andgnd electrodes respectively. When the
pulsedurationwasreduced to 5 ns, NO removal energy efficiem@s ®en to significantly
increaseupto 3.75 molkWh (112.5g/kWh), as showrin Figure2-20.

4r Pulse duration
-@-5ns
——=40ns

3 « [==60ns

- =80ns

|

NO removal efficiency, mol/kWh
N

(=)
o
N
o

40 60 80 100
NO removal ratio, %

Figure 2-20 The NO removal energy effency vs. NO removal ratio for different pulse
duratiors [95]
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The problemwith using nanesecond pulsed corona dischargethe low energy level of
pulsed power sourceas he energy is transmitteidom the capacitance of a pulse forming
line. In [97], to generate a 5ns pulse signd.&m pulseforming line, withinductance and
capacitance of40nH/m and 216pF/nrespectivelyhasa capacianceof only 108pF. If the

charging voltage is 50kV, accordimng thecapacitor energy equaticd -6 ®, the energy

level of this pulse generator is onl§.135J In order to increase the energy level the
capaciancehas to be increasl, however, anincrease ircapacitanceequires anincrease in
the length of thepulse formingline which leads tan increasein pulse transmissioand,
hence, inthepulse duration. Therefore, it is nairrentlypossible to make a 5ns pulse power
supplywith kW level powerfor industrial application.

2.4 Conclusiors

Four current industrial NO removal technologileave beeintroduced, SCR, SNCR, EB and
LoTOx. SCRand LoTOx are the most popular onbescause they can provide higher NO
removal efficiencyThe drawback of SCR and LoTOx are the usencddlitional gas source
to support the NO removal proceSECRuses ammonia to reduce NO tgWith the help of
acatdyst. LoTOx uses @Qas oxidant to oxidize NO to s which can be easily collesd by
water or alkaline solution to get nitrite. Both teclogiés provide good resulfer NO
removal,and at presenthe energy efficiencis normallyhigherthan 60 g/kwh.

For nonthermal plasma technology) terms of chemical kinetics between NOx and reactive
species, two reactive species destruction cyelkih convert strong oxidastO and Q to

0O,, have to be considere@®ne is O destruction by the cycle of formatimhNO and NQ

and the other is O ands@estruction by the cycle of formatiaf OH and HQ. Different
reactive species can produce diffint NOx remoal pathways. Reactive species O can
oxidize NO to NQ@, but only partially due to the side reaction betwa NG and O to
generate NO. Bactive species {can oxidize NO to N@without any side reaction. In
addition, if Gy is still present after all of NO moleculese oxidized to NQ, further oxidation

to N,Os canoccur.Reactive species OH oxidizes NO and NO@nitrite acid and nitrate acid,
but limits the formation of O andOFour atmospheric pressure nibrermal plasmabkave

beenintroduced, dielectric barrier discharge, packed bed dielectric barrier discharge, corona
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discharge and nargecond pued coona dischargelhe advantage of nethermal plasma is
that it canremove NO witlout the need of catalyst and additional gas source, toit t
disadvantagef nonthermal plasma technology iee low NO removalenergy efficieng,
usually less than 3@/kWh in most nonthermal plasmas except for nasecond pulsed
corona discharge. The highest energy efficierasshieved by 5ns pulse duration pulsed
corona discharges 112.5 g/kWh, but it is difficult to increase the power levehqiulse

power system to safly the requirement of industry.

This chaptepresentedhe current NO removal technologiesedin industry and laboratory.

NO absorption by activated carbon gives another inspiration for NO removal. It is
worthwhile investigating furthehe effect ofcombiningabsorptiorwith nonthermal plasma
technology to analyse the reduction of NO under higher NO concentration. In addition, direct
nonthermal plasma technologies DBD and coraligchargeare discussedncluding the
mechanism and characteristicstilugh he NO removal energy efficiency is too low to be
commercialisedit is important to quantitativg analyse the NO removal process axglore

new waysto improvethe energy efficiency. This literature review provideany theories

and principle tosupportthe experiments conducted @Ghaptes 4, 5 and6 for NO removal

by DBD and corona discharge
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Chapter 3 EXPERIMENAL SETUPAND METHODOLOGY

3.1 Introduction

This chaptepreserts theinformationon the experimerat arrangements u®d inthis research
As shown inFigure 3-1 there aresix parts, including the pneumatic control system, power
supply system, electricaignal measurement system, ftbermal plasma treatment system
and N& and Q measurement systemach of them will be explained in detdtirst aspect
to be described ithe pneumati¢gas flow)control systemwhichis importantas t allows
production ofdifferent concentratiaonof NO, HO and Q. The variation ofinitial NOx
concentratioris from 100 ppm to 100Qopm that of Q is from 0% to 16.67% and that of
H,O vapouris from 0% to 2.31%After that, two power supplie$;7 kV 50 Hz AC and 0

20 kV DC, are discussedto specify their application on different ntimermal plasma
technology. Third,the electrical signal measurement system whiclorie of the most
importantparts in this researcis introduced,because it includethe measurement of the
applied voltage, idcharge currerimpulse charge transfeaind discharge power by Lissajous
figure. Finall, theequipment used to measure gas concentration anefjtreionsused to
assess the levelf NO removal,NO, and O; formatiors and their energy efficiencies are
given. These experimental setup and methodel®gare importantas they provide
underpinning knowledge prido condudng the experiments i€haptes 4, 5 and.

Power supply
system

Electrical signal
measurement system

Pneumaticcontrol

Gas supply system . Non-thermal plasma
system - treatment system

NO, and O,
measurement system

Figure 3-1 Block diagram of the experimentsystens
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3.2 Pneumatic control system

A schematic diagram of the pneumatic control systehich allows control of the mixture

of gases in the test cel, shown inFigure3-2. It includes three gas sourcesptof themare
pureN, and Q and the last onis a mixture of N, and NOwhere theconcentration of NOs
1000ppm.

Three mass flow controllers from Alicate normally used to realise the conwbINO and

O, concentratioaas shown irmable3-1. Because NO is defined as a corrosive gas, an anti
corrosive mass flow controller (MCS) is used to cont®) gas flow. The other two
controllers (MC) are used for naorrosive gases, namgiyre N and pure @

—
IMCS
—
lMC

Ap— AR

1000ppm

Non-thermal plasma

treatment system

NO N, 0,
in Ny
— — —
where:

MFC is mass flow controller
Both MCS and MC are the models of Allicat mass flow controllers, MCS is for corrosive gas
(including NO) and MC is for nenorrosive gas.

Figure 3-2 Schematic diagram of the pneumatic control system
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Table 3-1 Parametex for different model of Alicatass flow controller

Controlled Measurement

Resolution Accuracy
gas range
1.8% of reading
ALICAT )
) NO in N, 0-10 slpm 0.01 slpm 1.2% of Full
(MCS Series)
scale
Mass 1.8% of reading
ALICAT
Flow ) N, 0-5 slpm 0.001 slpm  0.2% of Full
(MC Series)
controller scale
1.8% of reading
ALICAT
i O, 0-500 sccm 0.1 sccm .2% of Full
(MC Series)

scale

where:

slpm standard litre per minute.

sccm standard cubic centimetre per minute
1slpm=1000 sccm.

The concentration of N@ the gas entering the plasmoan be reducelly the injection of
pure N to the mixture of 100@pm NO in N. The total flow ratdor the NO/N, gas mixture
is held atconstant 200 sccnT.he concentratiof NO under different flow rateof N, and
NO are controllablérom 100 to 100(ppm as shown iffable3-2.

Table 3-2 NOx concentrations under different nd NO mixture

FR of lOOOppm NO in N FR of N, CNO CNOZ
(sccm) (sccm) (ppm) (ppm)

200 0 1000 0

120 80 608 0

40 160 206 0

30 170 153 0

20 180 102 0

where:

FR is flow rate;
Cuo is the concentration of NO;
Cuoz is the concentration of NO

The concentration of s controlled by adding £nto the200sccm N and NO gas mixture.
For instance, for 4.7% O, condition, 10 sccm €s added intahe 200 sccm Nand NO gas
mixture. The total flow ratés changed from 200 to 210 sccm. For 0%nd 16.626 O,

condition, the total flow rateare increased to 220 an®40 sccm.Before the plasma is

50



Chapter 3 EXPERIMENTAL SETUP AND METHODOLOGY

applied, br the 100Qopm NO condition, the concentrations of NO and,N@der different

O, concentrationare shown in Table 3-3. Because © can oxidize NO to N@ the
concentration of NO decreasandthat of NQ increase. In addition, the presence of, O
dilutes thetotal NOx concentration, s&s the Q concentrationncreased from 0 % to 16.67 %
the total NG concentration reduced froh®00ppm to 817 ppm

Table 3-3 NO, NGO, andNOx concentrationsinder different @concentration

C02 FR of 1000ppm NO in N, FR of Oz CNO CNOZ CNOX

(% vol) (sccm) (sccm) (Ppm) (ppm) _ (ppm)
0 200 0 1000 0 1000
4.76 200 10 855 102 957
9.09 200 20 756 163 919
16.67 200 40 614 203 817

Adding water vapour o the gas phases realised by passing gas through dC2@as
washing bottle as shownin Figure 3-3. With increasingtemperature, the ater vapour
saturation pressure increasesl more water vapour is held in the .gasthisresearch, the
temperature of the laboratory @orsistently about 20°C, so the saturated water vapour
pressurds 2.338 kPa whose corresponding percentagemlumewas?2.31 %(which is the
result of 2.338kpa/101kpadsindicatedin Figure3-4.

o »
Mass flow
controller
d
!ﬂ'\.la...
P ~ons
N2+1000 ppm
Gas washing
bottle 20°C

Figure 3-3 Adding water vapoumn gas phase process
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Figure 3-4 The relation between temperature and water vapour saturation pie€sure
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3.3 Power supplies

Two different high voltage power suppli@se used in this research. Onga 50 Hz AC
power supply whichs used to investigate NO removal und#D, as showrnn Figure 3-5.
The other onéds a DC power supply whichs used to investigate NO removal under-pin

water negative DC corona discharge showiin Figure3-6.
3.3.1 50 Hz AC power supply system

The50Hz AC power supply providevoltagesup to 7kV. It consistsof an autotransformer
and a stepup transformer with fixed ratio (240/700@&s shown irFigure 3-5. A 600 kaq
resistoris connected betweethme AC power supply andhe DBD reactorin orderto avoid
the risk ofa short circuit.Details of the DBD reactor including dimensios and materia,

are given in Chapter 4.

240/ 7000 600km

Transformer
™ T
=< e
< -
) Auto ‘>
N OHZAC < Transformer (
( )} 50Hz Al )
@,/ ’ —/\\ ) \>:
-/
\
<
<

\
/

Figure 3-5 Schematic diagram a240 V/7000 V 50 Hz AC power supply for dielectric
barrier discharge

Mains poweris connected tahe primary side othe autetransformerand he voltage o the
secondary side ofhe autctransformeris adjustable from 0OV to 240 V. A stepup
transformemvith avoltage ratio of 240 V to 7000 M connected tthe secondary side dhe
autotransformer In theseexperimend, the voltageapplied to the reactas betweerd kV
and7kVv. A50 g r e sail@0inf capadctorade usedin series with the reactdop
measure the discharge current and charge transfer, respeciihelydetails of how to

measurment is madevill be given in section 3.4.
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3.3.2 DC power supply system

The DC power supphis made by Glassan High Voltage INC from USAand he model
usedin this researchis PS/EJ20R30.0F22. Thautputvoltagecan be controlledrom 0 kV
to 20 kV with a maximumoutput current of30 mA. The details of the piwater corona

discharge reactpmcluding the dimensi@and material, are given in Chapter 5.

r

Negative
DC source

R 1kq

Figure 3-6 Schematic diagram of 20/ DC power supply for piswater negative DC corona
discharge

One adantage of ta DC power supplyis its ability to limit the outputcurrent. Before
switching onthe power supply, the maximumutputcurrent @anbe preset. To maintain the
negative corona discharge pulseless mode, and avoid the transition to arc dischtmge
maximum output currensipresetto 1 mA. For the coronadischarge reactor, a stainless
steel pin $ used. The reasdar choosinga 1 kq resistorin the measurement systesthat

the amplitude of discharge current ygry low, resulting in a very low voltagevhen

me a s U r e dreststyr. Irbaddition, no capacitor is required, because discharge power for
corona discharge can be measured by the ptoafuDC voltage and DC current (re
details will be given in Chaptei.5
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3.4 Electrical signal measuremerst
3.4.1 Voltage measurentd

For voltage measurement, twgpes of voltage probeweused,oneisHVpr obe fATektr ot
P 6 0 1 5wnAich,@an measure up t@0 kV DC and 40kV for pulsed signa The other

voltage probes Tektronix TPP100, whicihs used to measutew voltage signa The basic

parametersf these two probeasreshown inTable3-4.

Table 3-4 Parameters ofoltage probes used in this research project

Type Tektronix P6015A Tektronix TPP1000
Maximum input voltage 20KV DC_: & 300Vrus
40 kV Peak impulse
Attenuation 1000:1 10:1
Bandwidth 75 MHz 1 GHz
Rise time 4 ns <450 ps
System input resistance 100M Ohm 10M Ohm
System input capacitance 3 pF 3.9 pF
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3.4.2 Current measurement

Two current measurementethodsareused.The method used in the DBD experimeist$o
measure the voltageerosgshe50q t e r miFiguee8-5, thraugh a coaxial cable (RG405
Z=50q) . The advant agsthatotlienahcseconddiscleasgscurnrere me n t
impulse is transmittedndermatched impedance condition, so there is istodion between

the measured current impulsend the actual current impuls&he schematic diagrans

shown inFigure3-7.

HV

DBD Oscilloscope

1 MQ

. 50Q
T connector L
Termination

Figure3-7Schemati ¢ diagram of current measur emen

RG405 Z,=50Q

The othemethod used for the piwater corona discharge current measurenfeigure 3-8)
measuesthe voltageacrosshelk q r esi st oforusinaikqr easbat or i ns
ab0q r e dsitmmttatanger resisinceincrease the amplitudeof the measuredoltage

signal as discussed in section 3.3.2

HV

Corona discharge

X10 probe Oscilloscope

1MQ

Figure3-8Schemati ¢ di agram of current measur emen
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3.4.3Discharge current amplitude distribution

The dischargeurrentamplitude distribution isn important parametewhen investigaing

whether there is anychangein reactive species iBBD. An explanation ohow to measure
the discharge current amplitude distribution is givieelow A LeCroy oscilloscope
WaveRunner 625 Zis usedfor data acquisitionThe andwidth and samipig rate of his

oscilloscope are 2.5 GHz and 40Gs/s respectively.One powerful function of the
oscilloscopsis to build a histogram of discharge curreamplitudedistribution An example
of asingle discharg current impulse in pure,Ns shown inFigure3-9, the oscilloscope will

recod its amplitudeas 2.9mA.

< -05 ‘
= \\ M !
£
E - L]
o
3 -1.5
: Il
o
i |
o
0
© 25
-3
-200 -100 0 100 200 300

time in ns

Figure 3-9 A single discharge current impulse waveform at purgads condition

At each dischargeeventabove a set magnitude, the trigger levibe discharge current
impulse isdisplayed and the amplitude of this impulse is recorded. This procegseaed
10,000 timedor a singk daa set A discharge current impulse distributiomdae generated
from this data, Figure 3-10 is an example taken a210mL/min N, and 7 kV applied peak
voltage for negative half period of AC power supply in the DBD readibhe average
currentamplitudechanges withdifferent gas mixtues, as the discharge energyrelated to

the gas conductivity. The reactivgas speciegeneratedn a dischargecan change the
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structure of the original dischargeMore information a the relationship betweethe

discharge curreramplitudeand thereactive specieis givenin Section 4.3.

B negative half period in N,

600

400

200

number of occurrences

0 T T T T | —
-14 -12 -10 -8 -6 -4 -2 0

discharge current magnitude (mA)

Figure 3-10 Amplitude distributionof 10,000 negative half period discharge impulses in a
cylindrical DBD reactor: one dielectric layer, gap 0.35 mm, dielectric barrier thickness 1.5

mm, N, at 210mL/min and RV peakapplied voltage.

58



Chapter 3 EXPERIMENTAL SETUP AND METHODOLOGY

3.4.4 Discharge power calculation

Two methodsareused to measurthe discharge power. The first omlscussegdused for the
pin-water negative DC corona dischargeesthe product ovoltage and curreniThe othey
for the power calculation in DBDischargesis based orthe Lissajous figure.

3.4.4.1 Product of voltage and current

For DC voltage and currerntower anbe calculatedisng equation(3-1):

0 @20 (3-1)

However, if voltage and current signgisriodically change wittime thenthe powercan be
calculated by3-2):

5 "EYZ b 2 Qo (32

where:

“Yis time period

"Q isvariable current signatlith time
U isvariable voltage signal wittime

As mentioned in Chapter 2, negative corona discharge has differens mibdeéncreasng
applied voltage. ForTrichel pulse discharge i.e. periodic pulse signal the power
calculation use§3-2). Whendischargeconverts to pulseless and arc discharge, they are both
continuousdischarge, so the power can balculatel by (3-1). More description on the
waveform of discharge current and voltage will be giveGhapter 5.

3.4.4.2 Lissajous figureof dielectric barrier discharge

One ofthe most important characteristiosignalsin DBD is the Lissajous figure, because
it contains many inerant parameters of the DBD reactofheseinclude the equivalent
dielectric capac#nce (Cy), gap capacince (C,) and total capaance (Cyy), discharge

energy and breakdown voltage of the gap).(V

In Figure 3-11 the xaxis indicates the voltage being applied to the DBD reactor and the y
axis is the charge transfer, which is measured using an additional capacitor in series

connection. One period of the AC voltage waveform is indicatan ®yd © 6 © ‘00 0.
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Figure 3-11 A Lissajous figure of DBD foa sinusoidal waveform

A measurement capacitor 800 nF capacitois us@ in this researchThis capacitances

much larger than that of the DBD capacitor to reduce the effect of measurement capacitor on
voltage sharing. Because the measurement capadi®rcannected to the DBD reactor in
series, charge transfer in the measurement capacitor was equal to that in total capacitance of
the DBD reactor At Point A the applied voltage is dts maximum value in negative
polarity. During the time period from A1tB the applied voltage increases to zeroBnd C

is the transition to peak positive voltagéhe DBD reactor is a pure capacitordthe total

capacitanceanbe calculated by the slope of line AB in Lissajous figure accordi(i@-3p.

6 YO TV (3-3)
As shown inFigure 3-12, when the applied voltage is lower than the minimum voltage for
gas breakdown from to tg, the applied voltageMy), dielectric voltage (W) and gap voltage
(Vg are all sinusoidal wave€ince V, is higher than the minimum voltage for breakdown,
V, becomes constant withe amplitude of \} during the breakdowperiodfrom ts to tc, so

the change of Yis equal to the change ofyVDielectric capacitancéCy) is calculated by
(3-4). A similar argument applies the positive half period from to t,.

6 Y1 o (whereYo Yo ) (3-4)
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Figure 3-12 Applied sinusoidaloltage and gap voltage wavefaifor a DBD

When the values of the total capacitancg)@nd dielectric capacitance fGre calculated,
thegas capacitang&,) can besolvedfrom (3-5).

PP P
0 0o

. (3-5)

In addition,in Figure3-11the point at which the Lissajous figure crastee xaxis signifies

the breakdown voltage of the gap VThat is the point where the voltage of the
measurement capacitor is zero, which means that no net charge is accumulated on the
measurement capacitdks the dielectric capaat and measurement capacitor are in series,
this means that there is no net charge tbha dielectric. As the net voltage across the
dielectric barrier is zerahe whole applied voltage is appliedly to the gas. The reason

why the dielectric voltage is zero at the cross point is that there are two separate voltage
sources to charge theéetectric capacitor. One is caused by the applieltage source and

the otheris caused by the deposited charges which are generated during the previous half
cycle of the sinusoml voltage At the cross point, the voltagexcross the dielectric barrier,
asgenerated byhe external voltage source and depositbdrge areof the same amplitude

but opposite polarity. Therefore, the total voltage across the dielectric is zero and the applied

voltage is equal to the voltage across the gap. In additiorydlss point is located in the
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discharge time period, so the voltage is the breakdown voltage for thEhgagalculaton of
discharge powerfrom Kogelschatz et al.6Q], is the produd of working frequencyin UK
50Hz, and the discharge energy in one cycle. The principle of discharge eBgrigydne
cycle in DBD is based on the charge transfegap(op Q and gap voltagev) usng (3-6):

0 w0 (3-6)

The charge transferg{Q is calculated from the product of the capaaiice(C) and the
change of voltagegf Y across the capacitor (3-7):
YO 60w (3-7)

As highlighted inFigure 3-12, the total charge transfer through the dielectric capao#
during the half cycle fromy to tc is given in(3-8):

O 6 Jch g CO (3-8)
The same charge transfer must go through the gap capaetduringthe same time period.
Because the gap voltage unchanged during the discharge time period ftoto tc, the
charge transfer for the gap capanite can be separatedtintwo parts andhe charge
transfer during the nedischarge time period froig to tz is given in(3-9):

0 6 Jqw (3-9)

The charge transfeduring the time periagifrom t to t- and fromt, to tz through the gap
capacitancareknown from(3-8) and(3-9), so the charge transfer during the discharge time
periodfrom t to tc canbe solvedusng (3-10):

0 0 6 Ow g @ ¢d (3-10)

0

CA

As both chargdransferand applied voltage are knowhgtenergy transfer for a half period
can be calculatedsng (3-11).
0 O

O 0 W ¢6 W w g an (3-11)

Therefore, the dischargmwer can bebtainedusng (3-12):
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0 ¢O000 TIXH I W g

o) (3-12)

where:

"0Q0 EAO A N GoRdowetsupplyn Hz;

6 EOEARE AT AAOGEREDA MEOT O

6 EOEQAADAD A AE AN OA DB 6 inF;
W 4s the pealapplied voltage in V;

W is the breakdown voltage of gap in V;

P is the discharge power in W.
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3.5 NOxmeasurement

Concentrations of NO and N@re measured byhe thermal scientic Model 42i-HL NOx
analyser.Some parameters diie NOx analyserare shown inTable 3-5. The sample flow
rate is lower thn the actual testing flow rabecause the analyser is working with a pump. It
can extract the required amount of gas from the main stream of gas floserandut the

measurements as appropridibe rest othegas will bypasshe detector and be exhausted

Table 3-5 NOx analyser specifications

Manufacturer _ Measurement Sample

Name Function Accuracy
(Part name) range flow rate

High

NOx Thermal scientific concentration 1% of full

] 0-5000 ppm 25 sccm
analyser Model 42iHL NOx scale
measurement

Display

Analog Outputs
Digitol Outputs

Flow 03 Cleanser Communication Protocols

Switch [—l
Dry Air ()—| C’—{ } ——
l—l (a) Capillary

Ozonator -

(NO Mode)

Electronics

Reaction
£ Chamber
low

Sensor  Sample N ]
lode =
Sample f——= B == Solencid e A

[capillary

Eilter

Reaction chamber
NOp ~=NO Light emission
Converter Pressure

(NO, Moge) Transducer

(b)

Exhaust Through
A Suitable Vent ( E L

Pump Q3 Converter

Figure 3-13 NOx analyser schematic flow diagrd@9]

The fundamental principle of NOx measuremento measure the light emission by the

reaction between nitric oxide and ozone.
00 0 ©00° O

60°0 60 @
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Following path (a) irfFigure3-13, theemitted light, with avavelength of about 600nfh0Q,
is detected by photomultiplier tubeBhe intersity of light emissioncorresponds to thBO
concentration. N@concentrabn measurementollowing path (b) inFigure 3-13, is based
on the same principle for NO measurement, but tteeoee more process to reduce NO
NO, whichis doneby molybdenum catalyst at 326.
¢cO0 wuw cO 0 0O

When the mixture of NO and N@oesthrough path (b) intahe molybdenum converter
chamber, N@isreduced to NO completelpfter that,the measured concentration HD in
the reaction chamber represerihe sun of NO and NQ concentratiog, so the difference
between total NOx concentration and NO concentratsoMO, concentration.Therefore,
althoughthe concentration of N@is not directly measured, éan be effectivelygalculated.
For NO removal, two important parametarg considered: e is the NO removaland the

otheristhe NO removalenergy efficiency, as discussed below.

3.5.1 NO removal and NQformation

In this research, because, @ able to oxidize NO at atmospheric pressure and room
temperature conditian someNO is converted to N@without northermal plasma treatment.
With the increase of £Zoncentration irthe gas mixture, more N@s oxidized to N@ The
initial concentration®f NO and NQ under different @ concentratiorwere shown inTable

3-3. Therefore NO removalis based on the difference betwelainitial NO concetration

and the NO concentration after nathermal plasmdreatment.ln terms of NQ, because
most of the reactive specieare oxidants, the concentration of N@ usually increased.
Therefore, therecording of NO, formation is based on the differendetweenthe NO,
concentration after nethermal plasma treatmemind the initial NO, concentration The
definitions ofNO removaland NQ formationareshown in(3-13) and(3-14).

Y 8 g 8 4 (3-13)

O 0 g 0 g (3-14)

where:

Ruois theNO removalin ppm;

Frnozis the NQ formationin ppm;

0 gis the initial NO concentration in ppm;

0 4s the initial NQ concentration in ppm;

0  4sthe NO concentration after ntimermal plasma treatment in ppm;
0 4s the NQ concentration after netihermal plasma treatment in ppm.

65



Chapter 3 EXPERIMENTAL SETUP AND METHODOLOGY

3.5.2 NO removal energy efficiency

At standarctonditions(0°C and latm), the molar voluméd ) of any gas is constant.
0 ¢ @ 0fa ¢ (3-15

As highlightedin Section 3.2 the flow rats of all the ga®sis controlled by mass flow
controlless (from Alicat), and the setting dheflow rateis based othe sameondition(0°C
and 1 bar)Althoughthe laloratorytemperature is around %D, the mass flow controlldnas
an inbuilt function totake into consideation of the effect of temperature.h&refore, the
value of molar volume used (8-16) is 22.4 mL/min.
CO@YZ v ZE’ z @z pm (3-16)
0

where:

FRis flow rate at0°C and Atmcondition in sccm;
Ruo is the NO removalin ppm;

M, is molar mass of NO, 30 g/mol;

P is nonthermal plasma discharge power in W;
— isNO removal energy efficiency in g/kWh.
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3.6 Ozone measurement

Ozone O;, concentratiorhas beerconsidered irthis research, becauseist a referenceén
identifying the dominant reactive species betwasmric O and Q for NO oxidationunder
different gas coditions. As highlightedin Chapter 2vhen disassng the chemical kinetics
of NOx removal, both @andO can oxidize NO to Ng but theyreactdifferenty with NO..
O acts to reduce N@to NO, so it can limit NO removads a result othis side reactionO;
can furtheroxidize NQ to NO; without any side reactioior NO oxidation For G
measurement, aomparison with discharge inraference gas where NO does not eidgst
used For instancefor 16.67% Q in N, without NO, O; formation s394 ppmfor 7kV peak
applied voltage. Howevefor 16.67% Q with 1000 ppm NO in M the NO oxidation rate is
only 148 ppm, not the expected 39dmif Oz is the oxidant. Acording to the difference in
NO removalin thegas mixture where NO exists atite O; formationin thereference gas,
the dominant reactive species for NO oxidation can be identified quantitatively.

In this research, £xoncentrations measugd usinga BMT 964 0zone analyseinformation
aboutthe O; analyseitis listed in

Table3-6. In the tests in this work dioreusing the analyse, at least half hour is given to

warm upanda zero calibration isompkted.

Table 3-6 Ozone analyser specificatioffe01]

Manufacturer ) Measurement _
Name Function Resolution Accuracy
(Part name) range
Low ozone 0.4% of
Ozone BMT

concentration 0-20 g/Nn?  0.01g/ Nmi measurement +
analyser (964)
measurement 0.1% of scale

where: g/Nmirepresents g/frin normal condition (2%, 1atm)

Ozore measureméris based orthe light absorption by Qat 254 nm UV light. A low
pressure mercury lamp used athe254nm light source. Whenkamown concentration of @
pasgsthrough the absorption cell, part of the UV lighabsorbed by © At the end othe
absorption cellseeFigure3-14, thereis a photodiode to receive the remaining UV lighteTh
initial UV light intensityat the photodiodel, is known. According tadhe BeerLambertlaw,

thecorresponding @concentration @nbe calculated using equati¢d+17).
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0 oM ° (3-17)

where:

lo is the lightintensity from the mercury lamp;

| is thelight intensity received by thghotodiode;
Ais constant;

Cosis the concentration of O

Gas outlet

Hg L
ELAMD Ly light ‘[

transmission .
. Absorption cell

¢ —

Photodiode

Gasinlet

Figure 3-14 Schematic diagram of the ozoaealyser

3.7 Conclusion

In this chapterthe use of goneumatic control system to get different initial concentratifn
NO, O, and HO in the gas mixturehas been explained. This the fundamental to
conducing the experiments in the following chapteas it allowsquantitative analys of the
dominant eactive species for NO removal. The electrical digmsasuremenrdlso provides
important informationto evaluate the performance of different fibarmal plasma
technologies for NO removat,g.the measurement dtie Lissjous figure andhedischarge
current impulse distributionThe Lissajots figureprovides hformation m gap capacitance,
dielectric capacitance and total capacitaarel onthe breakdown voltage and the discharge
power. In addition, this chapter provides the general equations for gloalation of NO
removaland energy efficiency whichre importanparameterso determine thapplicability

of nonthermal plasma technologiesthis research.
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Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR
NO REMOVAL

4.1 Introduction

As explainedin Chapter 2, DBD has been investigated by other reseafet®ezra3, 81, 82

who highlightedthe importance othe reactive spciessuch asO, O;, OH and N for NO
removal, buthere has been rguantitative conclusioto identify which reactive species are
more important. According to the chemical kinetics for NO removal, different reactive species
bring different reactiorpathwayg, soconfirming the dominant reactive specissworthwhile

In this chaptera cylindrical DBD reactowas used 6r NO removal. The advantagé the
cylindrical configuration is thatoecause the dielectric is a closed labgre is no dielectric
boundaryand his avoids the occurrence of corona dischargesharp edgesin the reactor

The dischargewhich do occucan happen uniformly in the gas gap.

Reactions inife different NO concentration lewelvere analysed and the effect of, @r

each NO concentration levefs investigated. According to the change of NO concentration,
a series of experimentsere conducted to determine the dominant reactive species for NO
removal under different initial NO, £and HO concentratios In additon, under different
gas conditiog the characteristics of dischargeere found to be different, especially in
respect tothe amplitde of discharge current impuls@he average dischargeurrent
amplitudewas analysedand compaedfor different gas mixtures and the relationship between

the average discharge current amplitude and reactive spéities discussed.

4.2 Experimental setupand procedures

The DBD reactor useih this work isshown inFigure4-1. The total length of the reactor
was 170 mm. An inner stainless steel rod withrér@ diametewasused ashehigh voltage
electrode A Pyrex tubewith outer and inner diameteo$ 10 mm and7 mmwas used ashe
dielectric barrier. The gas gap betwedhg stainless steelS§ rod andthe Pyrextubewas
0.35mm. The outmost copper tube wathter and inner diameters 28 mm and26 mm was
the grounding electrode. The gap betwd#ePyrextube andhe copper tubevas filled with

conductive tap water which bemepart of the grounding electrode. Both ends of the copper

69



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

tube were sealed by PVC cap with -eng to avoid water leakage. Finallyhe copper
electrodewvasconnected to ground.

Oring Y} H
Gas gap RO
inlet
Wter (9
G ass
= =
@Gs . Gas
Sainless Seel (S9 rod out | et

inlet

HO
ut | et

Figure 4-1 Front and side view aheDBD reactor.

The experimeral setup indicating reactor vessel and electrical, thermal andlytical
instruments applieds shown inFigure4-2. A 50 Hz AC power supply (maximum output
voltagewas 7kV at peak was used to energizéhe DBD rector. Reactor temperatureasv
controlled by thermal static circulator (LKB Bromma 2219 MultiTemp II) which pravide
constantemperature water flowing between reactor and circulator he gastemperature
wastaken as beingontrolled by theeactortemperatureThree differenttesttemperatures

were choserni,e. 44, 62 and 8L, for the experimental series
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In respect of the chemical kinetics of NO removal,ngentioned irChapter 2 when using
atomic Othere is a side reaction between NDd Owhich generate NO, but if the oxidant

is Os, there is nsuchside reactio and NQ can be further oxidized to - 8s. The formation

of Qs is based on the reaction of @nd O, so O gnerated by nonthermal plasma can react

with both NO and O. The reaction rate constant between O and NO is about 1000 times
higher than that between O and, ®ut the reaction rate is determined by the reaction rate
constant and each reactant conceiatnatis discussed in section 2.3.2. Although the reaction
rate constantcannot be changed, the concentration of each reactant can be manipulated.
Therefore, m order toobtaindifferent concentratios of NO, N, was used to diluten initial

NO concentration of 1000 pprdifferent O, flow rateswere chosen into the gas mixture to
change the ©concentration. Thisvasdefinedasfive levelsof NO concentrationi.e. high,
uppermedium, medium, lowemedium and low concentration NO. Thearious gas

concentrations under different €oncentratiorare shown inrable4-1.

High concentration NQO: initial NO wasbetweer614ppmand1000ppm.
Upper medium concentration NO: initial NO was betweed26and550 ppm.
Medium concentration NQ: initial NO was betweet©58 ppmand189ppm.

Lower medium concentration NO: initial NO was betweet26 ppmand150 ppm.

= =2 =4 -4 -2

Low concentration NG: initial NO was betweeB4 ppmand101ppm.

Although the total gas flow rate of 200 sccm flow rate for NO and/& constant, the pure

N, gas flow rate was determined by the required NO concentration. For instance, for a
required NO concentration of 600 ppm, the flow rate of 18 NO in Nwas 120 sccm

and that of pure Nwas 80 sccm. Similgy, variation in gas flow rates were develofed200

ppm, 150 ppm and 100 ppm NO condition.

In terms of Q concentrationas shown in Table-4, the flow rate of @varied from O to 40

sccm. However, lecause ©has the potential to oxidize NO to BG&ome NO became NO

before DBD treatment. In practical situations, the range of NO concentration is from 200 ppm
to 600 ppm, but in order to investigate the chemical reaction pathways foer@val, the

NO concentration range was expanded from 84 ppm to 1000 ppm, where 84 ppm was at the

low concentration NO condition, and 1000 ppm at high concentration NO condition.
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Table 4-1 NO, NO, andNOx concentratiorat differentconditionsprior to nonthermal plasméeingapplied

.. Coz FR of Nz FR of 1000ppmNO in Nz FR of Oz CNO CNO2 CNOX
Co range definition o'y (scem) (sccm) (sccm)  (ppm) _ (ppm) __ (ppm)
High Cno 0 0 200 0 1000 0 1000
4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919
16.67 0 200 40 614 203 817
Upper Medium Cyo 4.76 80 120 10 550 41 591
9.09 80 120 20 486 80 566
16.67 80 120 40 426 101 527
Medium Cyo 4.76 160 40 10 189 13 202
9.09 160 40 20 176 15 191
16.67 160 40 40 158 21 179
Lower medium Cyo 4.76 170 30 10 150 8 158
9.09 170 30 20 140 11 151
16.67 170 30 40 126 16 142
Low Cpox 4.76 180 20 10 101 14 115
9.09 180 20 20 93 10 103
16.67 180 20 40 84 9 93
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4.3 Discharge characteristics of DBD
4.3.1 Lissajous figure of DBD

As shown inFigure4-3, it was found thatvith the increase in applied voltaghetLissajous
figures expaded following the same slopes rfdoth the discharge and nedischargetime
periocs. The spikes which exhibited on the positive and negative slopes of the Lissajous

figure, are caused by rapid charge transfer during discharge events.

800 r : F F

4kv

600

400

200

-200

Charge transfer (nC)
o

-400

-600

-800° - - - -
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000
Applied wiltage Va (V)

Figure 4-3 theLissajous figures under differepeakapplied voltage from &V to 7 kV at
4.76% Q andhigh concentration NOn N, condition

As discussed in Chapter Be total capacitanc€C,,), dieledric capacitance(y) and gap
capacitance(g) can be calculated by Equatio@sl) to (4-3).

0 YO Vo (4-1)

6 Y1 Yo (whereYom Yo ) (4-2)
P P P

& & & (43)
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According tomeasurements ahe Lissajous figures ifrigure 4-3, the total capacitance
dielectric capacitance and gap capacitance are 58.8 pR5pE and 94.13pF respectively
Usingthatdatathe discharge power undeifferent applied voltage can be calculgtedsed
on Equation(4-4), andthe results for a range of applied voltagesstu@vn in Table4-2.

. 5 &
0 cOX0 TIW Iy @ 4

an (4-4)

Table 4-2 Power injection to DBD reactamderdifferent applied voltage

Applied voltage at 50Hz (kV) Power injection to DBD reaction mW)
4 71
5 116
6 171
7 250
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4.3.2 Distribution of impulse current amplitude of DBD

In addition to the information that can be obtained ftbiLissajous figurethe discharge
currentamplitudemeasurement another important parameter lte consideed In order to
have an accurate measurement, the Bagpate andrecordlength are takenas large as
possible.The sample lengths 1 Mega samples andhe corresponding samplingateis 100
Ms/s. For the histogram measurement of discharge cuamplitudedistribution, the sample
lengthis 20 k samples anthe sample ratés 20Gs/s. Inorder to obtairan accurate discharge
currentamplitudedistribution, a total of 10,000 samplegvere recordal. A 7 kV 50 Hz AC
power supply was usedd energie this DBD reactor. Fodischarge current measurement, i
was measured through a coaxial cableé4B5 2= 5 0 q ) a5vd ¢ ht e r asidiscassed o n
earlier The discharge voltage and current waveforms, and disclangent amplitude
distribution for negative half pericdare discussed beloBecause there is no significant

difference 6r the positivenalf periodstheyarelisted in Appendix A.

4.32.1 Current amplitude distribution in the mixture of N,, O, and NO

For 4.76% Q@ and high concentation NO in N condition i.e. 855 ppmNO concentration
the voltage and current waveformare shown in Figure 4-4. In order to quantitatively
analyse themplitudeof discharge current, a statistical analysis was conducted to calculate

the averageischargecurrentamplitudeof the10,000discharge current impulsamples.

In order to ava triggefing of data collection by noisé¢he trigger has to be slightly lower

than OmA to trigger the proper discharge impulse. When the trigger was placed between 0
and-25mA, due to an oscillation which sometimes accompanied the main discharge impulse
some positive discharge impulses caislata collection to beityjgered.That is why the
discharge current distribution of the negative half cycle, as showigime 4-5, has a gap
between 0 to-25 mA. In addition, Bhough t was found thathe maximumdischarge
impulse can reachr400mA, after the average of 10,000 discharge impulse samples were

calculatedtheaverage discharge current viaand to be-125.66n\.
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Figure 4-4 Voltage and currenwvaveforms for 210mL/min of 4.76% Q and high
concentration NOn N, at 7 kV peak applied voltage for negative half period 10,000
discharge current impuds were measured)
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Figure 4-5 Dischargecurrent amplitude distributiofor 210mL/minof 4.76% Q and high
concentration NO in Nat 7 kV peakapplied voltage fornegative half perio@0,0® current
impulses were measuréd

77



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

4.32.2 Current amplitude distribution in the mixture of N,, O, NO and H,O

A gasmixture of 4.76% @ and high concentration NOGn N, flowed through a 28C gas
washing bottle, addg 2.31% H,O vapour to the gas mixturelThe discharge current

amplitudewas significanty redued when water vapour was added, Segre4-6.
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b
S
3 0
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>
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5 [ | = N2+4.76%02+2.31%H20+high CNOXx
??E? 0 ‘ LA
> BLIRLUS
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= \ | \
o -15
-20
-2 0 2 4 6 8

time (ms)

Figure 4-6 Voltage and current waveforrfar 210 mL/min of 4.76% Q, 2.31%H,0 vapour
and highconcentration NO in Nat 7 kV peakapplied voltage for negative half period
(10,000current impulsesvere measured)

Comparing theesultsfrom theseteds it was found that when 2.31%,8 vapour was added
to the gas mixture hie discharge current amplitude was significantly reduced. As shown in
Figure 4-7, the maximum current was less thé&#0 mA and tle average current was
calculated to be5.848 mA. The missing data between 0 ah& mA is due to the trigger

setting. A comparison betweereie two conditions is given Trable4-3.

78



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

8007 I N,+4.76% O,+2.31% H,O+high C,_ neg 7kV
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Figure 4-7 Dischargecurrentamplitude distfution for 210 mL/min of 4.76% Q, 2.31%
H,O vapourand highconcentration NO in Nat 7 kV peakapplied voltagefor negative half
period(10,000 current impulsavere measured)

Table 4-3 Averageimpulsecurrent at 4.76% ©£andhigh concentration N@ N, condition
with or without2.31% HO vapour

4.76% O,,
2.31% H,0O and high
concentration NO

4.76% O,
and high concentration NO

Average current

. -125.66 mA -5.848 mA
amplitude
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4.32.3 Impulse aurrent amplitude distribution in N> and mixtures of N, and O,

In order todeterminewhy there was such a significadtfference indischarge current
amplitudewhen 2.31% KO vapourwas added to the gas mixtweNO, O, and N, another
two gasconditions pureN, anda mixture of 4.76%0.in N, wereinvestigatedThe voltage
and current waveforms and the discharge current amplitude distrilmfithschargs in N,
are shown inFigure4-8 and Figure 4-9, respectively The average currefior N, discharge

conditionwas-4.075 mA, which wasless tharthatin 4.76% Q andhigh concentratio™NO

with or without2.31%H,0 vapour(Table4-3).

5000
E) 0
i=l
g 5000 S —
<
-10000
-2 0 2 4 6 8
time (ms)
5 s s —
2 O ] L
E L I
c
g -10 w
3 .15
20, 0 2 4 6 8
time (ms)

Figure 4-8 Discharge voltage and current waveforfos 210 mL/min N at 7 kV peak
applied voltageduring negative half perio0,0® currentimpulseswere measured)
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Figure 4-9 Discharge currenamplitude distribution at 210mL/min Nand 7 kV peak
applied voltagefor negative half perioll0,0® current impulsewere measured)

When 4.76% @ was added tgpure N, the dischargecurrent increased significantly
compared to that irpure N, (Figure 4-10). The maximum currenamplitude increased
significantlyfrom -10 mAto -165mA: average currenamplitudeincreasedrom -4.075mA
t0-56.77 mA.
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Figure 4-10 Discharge voltage and current waveforims210 mL/minof 4.76% Q in N, at
7 kV peakapplied voltage for negative half periqd0,0® current impuseswere measured
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Figure 4-11 Dischargecurrent amplitude distributiofor 210mL/minof 4.76% Q in N, at 7
kV peakapplied voltage for negative half periqd0,0® current impuses were measured)
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4.32.4 Discussion of discharge currenamplitude under different gas mixtures

The averagedischarge current amplituder four different gas mixtureare shown inTable
4-4. When O, anda mixture ofO, and NOwere addedespectivelyto pure N, the value
increasedo -56.77mA and-125.66mA from -4.075 mA. Howeverwhen HO vapourwas
added tothe gas mixturef NO, G, and N, the effect of @ and NOwas reducednd the
average currenamplitude was reduced to-5.848 mA, close to the value impure N,.
Therefore, theamplitude of discharge currentwhich varied from a few mA to over one

hundred mAdepended on the componentghe gas mixture

Table 4-4 The areragedischargecurrentamplitudefor four different gas mixtures

. 4.76% O+ 4.76% O,+2.31% H,0
N, 4.76Zoozln high concentration +high concentration
2 NO in N, NO in N,
Average 4 o75 mA  -56.77 mA -125.66 mA -5.848 mA
current

As shown bythe Lissajous figures ifrigure4-12, therewasno clear differencén the total

charge transfer fothe four different gas mixturesThis suggeststha more discharge
filaments of smaller discharge current amplitudeveloped in agreementwith visual

inspection of thelischargedatashown inFigure4-13: note the change wertical scale

—N2
——4.76% 02 in N2
——4.76% Q2 and high CNOx in N2
4.76% 02, 2.31% H20 and high CNOx in N2
800
600
400

200

Charge transfer (nC)
(@)

-200

-400

-600

-800 -5000 0 5000
Voltage (V)

Figure 4-12 Lissajousfiguresfor four different gas mixtures

83



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL

< 5000
[=2]
% 0
>
T -5000 Tm——— —
g 10000
< -2 1 0 1 2 3 4 5 6 7 8
time (ms)
~ f f f f f
E 1 |
5 N2
20, -1 0 1 2 3 4 5 6 7 8
time (ms)
<
0 ‘ "
§, 'l H‘\WW ” I W T \ 1] T
S -50
3 oo | —— N2+4.76%02
2 -1 0 1 2 3 4 5 6 7 8
time (ms)
100
<
£ - AU IR .
£ -100 | Ho ‘
S -200 -
2 oo [ —— N2+4.76%02+high CNOX
-2 -1 0 1 2 3 4 5 6 7 8
time (ms)
~ f f F F F F
< I | | | | ;
: 0
IS
g -10 | i
3 20 :, [ N2+4.76%02+2.23%H20+high CNOx
2 1 0 1 2 3 4 5 6 7 8
time (ms)

Figure 4-13 Discharge ctrents for four different gas mixtures akV peak applied voltage

In addition, it was foundhat the brakdown voltage increasetith the addition of Q, NO
and HO vapourto N,, seeTable4-5 andFigure4-14.

Table 4-5 Breakdown voltagefor four different gas mixtures

4.76% O,+ 4.76% O+
0,
N 4'?:?,(;)02 high concentration 2.31% H,0 high
2 NO in N, concentration NO in N,
Breakdown 5,7 1704 1995 2315
voltage (V)
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Figure 4-14 Breakdown voltage for four different gas mixtures

A possiblereasonfor the small dischargeurrentamplitudein N, is that herewere many
metastable andxcited states of Nn the gapas a result of the dischargehiefewerethe
source forgenerang seed electrons fagas dischargeheing much easier t@onize and to
produce free electrons in comparison to the mtn of ground state Nthe ionization
energy of ground state,Ns approximately 15.6 e{y102, while an electron collithg
with . A + (ametastable state of Nrequiresonly 7.03 eV to initiate the ionization.
Someenergy levelof metastable and eited states of Nare shown inTable 4-6. When
there are many metastalde molecules dischargeoccursin a Townsendike discharge
mode, where the density ohargesn a filamentis low and the distortion of local electric
field is not significan{103, so the discharge curreainplitudeis small.

Table 4-6 Some metastable arekcited steesof N, and their correspond energy level.

n'l "H'Hi "H TT'HTH AT H “HQ
[\ I + (metastable) 6.22
\P " L (excited) 7.39
N, A 1 (metastable) 8.57
N2 # L (excited) 11.05
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However, as shown aboven experimerd when 4.76% @ was added toN,, discharge
currentamplitudes increased significanthand he average curreramplitudeincreased from
-4.075 mA to -56.77 mA. One possible reason for the change of discharge current
magnitudess relatedto the high quenching rate of Qo metastablestates of N, shownin
Table 4-7. Basically O, can quickly react with pd s  elamdimetastable statesid so
there is less charcfor these xcited states of N to generate atomic N, because they are
quenched by @and NO and used to dissociate Brandenburd104] stated thathte lifetime

of N6 s abamdimitastable statase reducel significantly by the presence of,Qe.g.
1000 ppm of @would effectively reduce the lifetime of,8l metastablestates, s@.76% Q
would be expected taignificantly reduce the number of, moleculesmetastablestates.
With the decreasén N, atons in metastablestates, gas ionization would become more
difficult and requirea higher electric fieldThis is one possible explanation the increase

of breakdown voltagérom 1637V to 1704V. In turn, under higher electric fieltie density

of charges imdischarge filamentvould behigh enough to distort local electric figldvhich

causeé an abrupt increada thedischarge curreramplitude[104].

For 4.766 O, andhigh concentration N@ N, condition where855ppmNO existed inthe
gas mixture the effect of NGis similar tg but even stronger thathat of Q, beause the
quenching effect of NO oN,06 snetastablestates is higher than that of © The quenching
rate of NOis a1 order higher than Ofor metastablestates of nitrogen0 o6 t+ and
0 A t+ (Table4-7). The presence of NOignificantly changeshe average discharge
current amplitudefrom -56.77 mA to -125.66 mA (Table 4-4) and he corresponding
breakdown voltagincreased from 170¢ to 1995V (Table4-5).

Table 4-7 Quenching effect of @andH,O and NOonbb s met asfl@egbl e st at e

Reactions A (cm’@"

I — , Fod 1.32.5x10"

4 =, g Fod 4 g 5.0 x10™

4 =, dpod A 7.0 x10™
N 28 x10"
4 H o, dpod L4 3.6 x10™
4 v o, g Eod kg g 3.0 x10™°
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However, when 2.31% J@ vapourwas introduced tthe gas mixturethe dischargecurrent
reduce from -125.66 mA to-5.848 mA.Although HO vapourhas the ability to quench
N.0 s e x c § H,® dlectsoh athchment ability played a more importantiroleniting
the amplitudeof discharge current. As shown Trable 4-8, the electron attachemt cross
section of HO is more thansix times higher than that of Gand NO. It @an capture free
electrors to limit the development of discharge filament, whichdieto a higher breakdown
voltage (Table 4-5). Under this conditionhte breakdown voltage was further increagsed
2315V, because othe confinement of freelectrors. Negative iongyenerated as a result of
electron capturdid notcontributeto addtional ionization, so the amplitude ttie discharge

current was small.

Table4-8Gas speci esd c o rsifoeangectomattacignen @osksectioal u e

Gas species Peak crosssection Reactions
H,O [106 6 x 10°° cm”* Q "00° 00 O
0,[107 1.4x 10" cm® Q U o0 O
NO [10§ 1.1x 10" cm® Q 6000 0

4.4 Effect of oxygenon NO removal

As shownin Table 22, practical flue gases have &aconcentratiorof 4.5% approaching
the concentration of Qusedin this experimentfrom 4.76%. Inorder to analyse the effect of
O, on NO removal, @ concentrationwas further increased to 16.67%n this seies of
experimentso water vapouwasadded to the gas mixtueand asthe dew point of cylinder
gaswas -40°C and the gas temperature was controlled 8€4the water vapour fect can

be ignored. Th&O removaland energy efficiency were investigated under different applied
voltages. During the DBD proces®, played an important rolén generatingO and Q, two
important reactive oxygen species for NO removal. In ordaqutantitatively analyse the
effect of Q for NO removal, a reference experiment was cabtedby usinga mixture of N

and Q but without NQ it provides a reference level of Jormation

4.4.1 G formation in reference gas withoutNO

For the referencexperiment, the gas mixture conssionly of N, and Q. The aim of

measuring @ formation in thereference gas conditiomas to probe with of thereactive
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speciesO and Q, wasmore important for NO removal. As discussed in Chaptéoth O
and Q can oxidize NO to Ng butO cause a side reaction to produce N& a result ofhe
reaction between NOand O.O; does notcause any side reaction for NO removal.
Therefore, ifNO removalis close to the ©formation in the reference gas, £Ois the
domnant reactive species for NO removahe flow rates of Mand Q under different @
concentration @ shown in Table 4-9. The Q formation curves for different @
concentration undedifferent applied voltage seenin Figure 4-15, indicate a linear
relationship between applied voltage angf@mation for all three @concentratioa The
increase of @formationwith increaing applied voltagevas faster when the concentration
of O, was higher.The volumes ofO; formed were 143ppm, 253 ppm and 394 ppm, for
4.76%, 9.09% and 16.67%, @espectivelyat an applied voltageof 7kV. It should be noted
that data points with error bars in this chapter are the averagesfls and the error bar is

the standard deviation of these results.

Table 4-9 Flow rates of Nand Q for different Q concentration

FR of N FR of O
Coz (% V0|) 2 2
(sccm) (sccm)
4.76 200 10
9.09 200 20
16.67 200 40
450 . . . 450
" 476% 0O, y=27.3x-48.3 1
107 o 9.09% 0, y=49.5x-90 140
3504 4 16.67% O, y=80.2x-167.0 - 350
E 300 4300
g ]
£ 250 % 20
e 4
S
S 200 1 - 200
E P 4
5 150 : . - 150
O 100 o« 4 100
50 - {50
0 T T T T 0
4 5 6 7

Applied voltage in kV

Figure 4-15 O; formation under different applied voltage
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In addition, an @ formation curve under different ;Qconcentration for a peak applied
voltage of 7kV and acorresponding discharge powefr 0.25 Wis shown inFigure 4-16.
Under this level of discharge power, the side reaction between O amsl r@gligible,
providing a linear relationshipetweernO; formationandO, concentration.

400 ® O, formation y=20.8x+51.8 - 400

300 - 300

200 + - 200

O, formation (ppm)

100 + - 100

5 10 15 20
Oxygen concentration (% vol)

Figure 4-16 O; formation under different ©concentration at KV peak applied voltage
under the mixture of Qand N

4.4.2 High concentration NO condition

The initial concentrations of NO and N@nder different @ concentration arshown in
Table 4-10. During the discharge process under different cd@ncentration, no Qwas
measured fnm the atput of the DBD reactor

Table 4-10 NO, NG, and NOxconcentratios for high concentration NO conditiohefore
DBD treatment

Coz FR of lOOOppm FR of 02 CNO CN02 CNOX
(% vol) NO in N, (sccm) (sccm) (ppm)  (ppm) (ppm)
4.76 200 10 855 102 957
9.09 200 20 756 163 919
16.67 200 40 614 203 817

For 4.76% Q andhigh concentration NOn N, condition NO and NQ concentratioa
change asthe applied voltagencreasedrom OkV to 7 kV, Figure4-17. Because there/as

no discharge below 4kV, thergas no changen NO and NQ concentrationfor applied
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voltages in the range of 1kV to 3k\For applied voltages ithe range of 4kV to 7kVhie
concentration oNO gradually reduced from 855 ppm tdZppm indicaing that 213 ppm
NO had beememoved Theconcentration of N@increased from@2 ppm to 27 ppmwhich
indicated the formation af45 ppmNO,. The 68 ppm difference between NO remoaid
NO, formationwould be caused byatomic Nreducing NO to Bl As shown inFigure4-18,
with the increase of applied voltagem 4kV to 7 kV, the NO removalincreasedrom 111
ppm to213ppm

Accordingto equation(4-5), the energy efficiencies under different applied voltages can be

calculated.

oY, . N
ca ' ‘L terenm (4-5)

The discharge poweP) under different applied voltages was showiT @ble4-2. Because
theflow rate FR) is 210 mL/min and the molar mass of N@,{ is 30g/mole, for the range

of the removal rate@Ryo), i.e. 111ppm, 146 ppm, 177 ppm and 213 ppm, the NO removal
energy efficiency was calculated to be 25 g/kwh, 20.98 g/kwh, 17.19 g/kWh and 13.2
o/kWh, respectively seEigure4-18.

1000 - Elc, ~ 1000
800 - 4 800
8 E
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£ 2
= 600 4600 2
R o
J<i <
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Q400 H400 &
5 5
8 3
5 N
= 200 200 9
0- 0
0 1 2 3 4 5 6 7

Applid voltage (kV)

Figure 4-17 NO and NQ concentratios at different applied voltagat 4.76% Q high

concentration NO in Ncondition
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Figure 4-18 NO removaland energy efficiency at different applied voltage uniigh
concentration NO4.76% Q in N, condition

In order toconsiderthe effect of @ concentration on NO removalyo additionaloxygen
concentratioa 0f 9.09% and 16.67% were investigated aigh concentration NO condition
Fora9.09% Q condition, with the increase applied voltage from &V to 7 kV, althowgh
the amount ofNO remowed increased fron®6 ppm to 168ppm the NO removal energy
efficiency reduced from 22.67 g/kWh to 11.98 g/kWdee Figure 4-19. For 16.67% @
condition, with the increase of applied voltage frok\Mto 7 kV, NO removalincreased
from 83 ppm to 148ppmbut NO removal energy efficiepaeduced from 19.79 g/kWh to
10.4 g/kWh, seeFigure 4-20. The generatrend of NO removaland energy efficiencyas

similar to that for4.76% Q, i.e. less efficient withincreasng O, concentration.
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Figure 4-19 NO removaland corresponding energy efficiency at different voltage under
high concentration N(.09% Qin N, condition
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Figure 4-20 NO removaland corresponding energy efficiency at different voltage under
high concentration N(OL6.67% Qin N, condition

As shown inFigure 4-21, it was found that both thBO removaland energy efficiency

curves were shifted downwards witiicreasng O, concentration.

High NOXx concentration
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Figure 4-21 Effect of O, concentration orNO removaland energy efficiencyat high

concentration NO condition
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In order todeterminethe reasonfor this, a comparisonbetweenNO removaland NO,
formation was madeat 7 kV peak appliedvoltage Figure 4-22. It was found thatNO
removal was reduced with increig O, concentration, bulNO, formation was nearly
constant As mentionedbefore, therewas an additional reaction pathwa-6) for NO
removalby N which led tothe difference between N@moval ad NO, formation However,
according to thérendshownin Figure4-22, N be@ame difficult to generatewith increagng

O, concentrationso the reason whyfO removalreducedwvasthe reductionin N formation.

4 |=o 4l |= (4-6)

This wasprobablyrelated to the quenching effect of @ the metastablestates of N,. As
discussed before, the dissociation energy fowbs 12.181eVso electror needdto have
at least 12.181 eV to dissociate a ground statd’ he energy requirement fanelectron to
dissociate B(! + ) metastable state redut® 5.961 eV. While the energy tife electrons
wasmainly in the range of 1 to 10 e¥eeTable 215, itwas easier talissociate metastable
stateN,, rather tharthe ground stateéN,. However,because fothe quenching effect of £
many metastable statef N, transferedtheir energy to @and beome ground statl,. The

possibility ofobtaining N was less for higher £concentration.

280 T T T T T T 280
=  NO removal

240 4 < NO, formation | 540
~ B
3 : 2
2 200+ - 200 &
= c
T } 2
= ©
g 1601 T ! 160 £
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o Y
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Figure 4-22 NO removaland NQ formation at different Q concentration undehigh
concentration NO conditigry kV peakappliedvoltage

For a constant N@formation under different @ concentratioa at high concentration NO

condition a comparison was made betwdanformationin the reference gas arnthe NO,
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formation atthe high concentration NO condition iRigure 4-23. If O3 is the dominant
reactive species for NO oxidation at high concentration NO condttien,NO, formation
shouldincrease rather than being constaith increagng O, concentrationAs this wasnot
the casepnepossible reasooould bethatNO oxidation is caused by @ther than Os. The
side reaction between N@ndO to form NOcould limit the NQ formation as discussed in

Chapter 2 chemical kinetics for NOx remaval

T T T T T
m High NOx concentration condition
A O, formation at reference gas

- 400

400

—p—

300 ~ 300

[

200 + - 200

NO, formation (ppm)
O, formation (ppm)

100 - 100

5 10 15 20
Oxygen concentration (% vol)

Figure 4-23 Comparison between N@ormation in highconcentration NO conditioand Q
formation inreference gas condition ak¥ peak applied voltage

The reasn why O wasthe dominant oxidant ahigh concentration NO conditionould be
verified by analysing the reaction rafEhereaction rate constant betwestom Oand Q, in
Figure4-24, was2034 and 658 times lower than that thfe reaction between O ahtD, and
the reaction betwee® andNO, respectively.The total concentration of NGand NQ was
approximately 100@pm, butthe concentration of @was in the range of 4.7 to 16.67%
i.e.about 47.6 to 166.7 times highttranthat of NOx. Howeve, O would be expected to
reactwith NOx rather than @ i.e. O would be thdominant oxidant for NO oxidation under

ahigh concentration NO condition

94



Chapter 4 DIELECTRIC BARRIER DISCHARGE FOR NO REMOVAL
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Figure 4-24 The diemical reaction pathwawyndreactbn rate constaafor NO removal

In addition, the relationship between the output concentratiom©f and NQ was
consideredIf O is uniformly distributed in the gas gdpr NO oxidation accordingto the
reaction rate constarghown in Figure 4-24, the ratio of NO to NG concentrationis
expected tobe 13. However, as shown iffable 4-11, the measuredNO and NQ
concentration after DBDtreatmentwvere 648 ppm and 247 ppit 4.76% Q condition The
corresponding & was 1:0.381 i.e. much higher thal:3. When the concentration of,0O
increased to 16.67%, the concentration of NO A} became466 ppm and 353 ppm
respectivelyand theratiowas 1:0.758i.e. still higher than 1:3This suggestshatO was not
present throughout he whole gas gapAs mentioned before, the discharge in the
filamentary node under atmospheric pressure dmlifetime ofOisi n t e n sOcanf ¢
only existin the discharge filamet, wherethe ratio of NO to N@ should 1:3, but the
effective volumewas much smaller than the whole reactor volume. The ratio of NO to NO
concentration wasarger than 1:3, i.e¢he chemical equilibrium between NO and N@ay

beachievedin the discharge filametut not achieved in the whole reactor.

Table 4-11 NO and NQ concentratiorat 0 kV and 7 kV peak applied voltage

Co2(% vol) Vap. (KV) Cinoy (PPM)  Coz) (PPm) Ratio Cno/Cno2
4.76% 0 855 102 1:0.119
7 648 247 1.0.381
9.09% 0 756 163 1.0.216
7 588 302 1.0.514
16.67% 0 614 203 1:0.331
7 466 353 1:0.758
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4.4.3 Upper medium concentration NO condition

In order to further analyse the dominant reactive species latver NO concentration
condition experiments on upper mediuaoncentration NOwere conducted. The initial
concentrations of NO and N@or upper mediuntoncentration NO conditioareshown in
Table4-12. Theinitial NO concentration was diluted tberequired concentratiopy adding
N,. SomeNO was oxidized to N©by O,, andNO, concentration increased withcreagng
O, concentrationAs shown inFigure 4-25, therewasno significant difference for thRO
removaland energy efficiency under differencgd@ncentrationsk-or peak appliedsoltage
of 4kV approximately 90 ppm dflO wasremovedwith 22g/kWh energy efficiencyWhen
the peak applied voltage increased to 7kV, M@ removalwas 150 ppm with 12g/kWh
energy efficiency.

Table 4-12 NO, NGO, and NOxconcentratios for upper medium concentration NO condition
before DBD treatment

Co2 FR of N, FRNOfoll(r)]Ol?lppm FR of O, Cro Cro2 Chrox
0 2
(% vol) (sccm) (sccm) (sccm)  (ppm) (ppm)  (ppm)
4.76 80 120 10 550 41 591
9.09 80 120 20 486 80 566
16.67 80 120 40 426 101 527
Upper medium NO concentration
250 T —
—u——B—at4.76% O, condition
—e— —e—at9.09% O, condition | o5
—A— —A—at 16.67% O, condition
200
é i - 20 é
= =)
S 150- %L g
: / o
J] 1 ris o
o 2
Z 1004 é o
] - 10
50

4 5 6 7

applied voltage (kV)

Figure 4-25 NO removal and energy efficiency for upper mediumoncentration NO
conditionat 4.76% Q condition,9.09% Q conditionand 16.67% @condition
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As discussed before in comparitige NO removaland energy efficiencpetweenhigh and
upper mediuntoncentrabn NO conditions, withncreagng O, concentratiorthe amount of
NO remoed wasreduced, bcause of the reduction bf formation ata high concentration
NO condition. However, according teigure 4-25, NO removalwas nearlyunchanged at
upper medium concentration NO conditidrhis suggestghat N had difficulty in reacing
with NO at this upper medium concentratiotine difference between NO removal and NO
formation is less than 20 ppm for the #@, concentrationsas shown irFigure 4-26. As
shown inTable4-13, the ratio of Go to Gyoz Was consistetly much higher than 1:3, so the

chemical equilibrium between NO and N&as not achieved.

180 T T T 180
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X NO2 formation
160 - 160
e —
E g
a £
= X 5
© 1404 X J 140 9
> =
o ©
: J :
£ 8
(@) ~
o
Z 120 120 >
100 T T T T T T 100
5 10 15 20

Oxygen concentration (% vol)

Figure 4-26 NO removaland NQ formation at different @concentration at upper medium
concentration NO contidn, 7 kV peak applied voltage

Table 4-13NO and NQ concentration at 0 kV and 7 kV peak applied voltage

Co2 (vol) Vap. (kV) Cnoy (ppm) Cno2) (ppm) Ratio of Cyo/Cno2

4.76% 0 550 41 1:0.075
7 395 181 1:0.458
9.09% 0 486 80 1:0.165
7 329 222 1:0.675
16.67% 0 426 101 1:0.237
7 277 246 1:0.888
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A comparisorwas made between {formation inthe reference gas and N@ormation in
upper mediumconcentration NO conddn, seeFigure 4-27. NO, formation was nearly
constant and did not follow theendof O; formation inthe reference gas, sowasproved

thatO is the dominant reactive specasipper medium NOXx condition.

T T T T T
® Upper medium NO concentration condition
A O, formation at reference gas

- 400

400 ~

—p—

300 - 300

=P

200 - 200

NO, formation (ppm)
O, formation (ppm)

100 + - 100

5 10 15 20

Oxygen concentration (% vol)

Figure 4-27 Comparison between NCformation in upper mediumconcentration NO
conditionand Q formationat reference gas conditigrkV peak applied voltage
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4.4.4 Medium concentration NO condition

The initial concentrations of NO and N@or medium concentration NO conditiomre
shown inTable4-14. For mediumconcentration NOtheNO removaland energy efficiency
curvesareshown inFigure4-28. With increaftng applied voltageNO removalincreased but
NO removalenergy efficiency decreased. Thigas the sametrend as high and upper
medium concentration NO conditien however, it was found that witlincreasing O,
concentration, theNO removal and energy efficiency were both increased in medium
concentration NO conditiorseeFigure 4-28. When the peak applied voltagas 7kV, the
NO removaland energy efficiencwere109 ppm and 7.92 g/kWh at 4.76% €@ncentration
condition, but they increased to 155 ppm and 14.77 g/kWh wheor@entration increased
to 16.67% Onepossiblereason was thaomeO had the chance to react with 10 generate
O; which can oxidize NO without any side reacti

Table 4-14 NO, NG, and NOXx concentratios for medium concentration NO condition
before DBD treatment

Cor  FROFN, FRNogliaoﬁfpm FROfO, Cio Crnos  Crox
0]

Ovo) (scom)  NOUN (scom)  (opm)  (ppm)  (ppm)
476 160 20 10 189 13 202
9.09 160 40 20 176 15 101
16.67 160 40 40 158 21 179
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medium NOXx concentrion
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Figure 4-28 NO removalandenergy efficiency for mediurnoncentration NO conditioat
4.76% Q condiion, 9.09% Q condition and 16.67% f&ondition

In order to analyse whether there ig ge@nerated to oxidize NO, @mparison was made
between @formation inthereference gas andO, formation atmediumconcentration NO
condition Figure 4-29 indicates that here was a drop in NO, formation when @
concentrationricreased from 9.09% to 16.67%. In additian¢ording to the concentrations
of NO and NQ shownin Table 4-15, it was found thathte ratio of NOconcentration (42
ppm)and NQ concentratior(144 ppm)was 1:3.43at 9.09% Q condition, whichwas close
to 1:3. If O, concentration further increased to.@B%, the ratiobeame 1:130 which was
much less than 3:If O is the reactive species for NO oxidation, at the chemical equilibrium
condition, the ratio of NO concentration and Nf©ncentration cannot be lower than.1:3
However, aghe actual rati was1:130, this suggestthat another reactive specieSs;, was
generated which can break the chemical equilibrium between NO apdnN@dition for
an O, concentration 0fl6.67%, the totatoncentration of NO and NOeduced from 179
ppm to 13 ppm as the peak applied voltage increased from 0 kVAKV. Firstly, as
discussed for high concentration N contribution oN to redudion of NO at 16.67% ©
condition was negligibleA possible reasowas thatpart of NQ was further oxidized to

N»Os, theamount of whichcould not be measure@ompamg the NO removalat medium
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NO concentration condition and;Gormation at reference gas conditicior 4.76% Q

condition, Q concentration ithereference gas wast3ppmandNO removalwas 101 ppm
at medium NO concentration conditiofior 9.09% @Q condition, Q concentrationin
reference gas was 25%m and NO removal wasl34 ppm at medium NO concentration
condition This suggestshat even though £oxidizes NO and NQ, the contribution was not
dominant.Therefore, NO oxidation wasat of the synergistic effect d and Q in medium

concentration NO condition

400

300 +

200 +

NO, formation (ppm)

100

®  medium NO concentration condition

A O, formation at reference gas I
L
A
1
L []

- 400

- 300

- 200

O, formation (ppm)

- 100

10 15
Oxygen concentration (% vol)

20

Figure 4-29 Comparison between NQormationin mediumconcentration NO condition
and Q formation in reference gas condition &\ peak applied voltage

Table 4-15NO and NQ concentration at BV and 7kV peak applied voltage

Coz (vol)  Vap. (kV) Cnoy (Ppm) Cnoz) (Ppm)

Ratio of CNO/CNOZ

4.76% 0
7
9.09% 0
7
16.67% 0
7

189 13
88 114

176 15
42 144

158 21
1 130

1:0.069

1:1.295

1:0.085

1:3.429

1:0.133

1:130
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The NO removalat different initial gas concentratioa but with consistent 4.76%,Qs
illustrated in Figure 4-30. NO removalincreasedbut energy efficiency decreased with
increasng applied voltagereduction n NO concentratiormadeit was more difficult to
maintain the same NO removal efficienéy.higher initial concentration of NO whilender

the same applied voltage, more NO was removed and higher energy efficiency was achieved
Figure4-30 (b). As shown, at 7kV peakapplied voltage, the ergy efficiency reduced from

13.2 g/kwh, 11.9g/kWh to 8.2g/kWh respectively for high, upper medium and medium
concentration NO conditien

High C,{ conditon i —=m— NO cbncentration—m—'NO, concentratioh
(a) 1000 - upper medium C, ,condition ~ —@— NO concentration—®— NO, concentratiop 1000
medium C,, condition —A— NO concentration—A— NO, concentratiop
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£ \.\I e
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Figure 4-30 (a) NO removal and N@formation and(b) energy efficiencyat different
applied voltage a#.76% Q conditionfor high (solid square)upper mediun{solid circle)
and mediungsolid up triangleoncentration NO conditi@n
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4.45 Lower medium concentration NO condition

The initial concentrations of NO and Nr lower mediumconcentration NO conditioare
shown inTable 4-16. As shown inFigure 4-31, for 4.76% Q condition, NO removal
increased andnergy efficiency decreased withcreasng applied voltageat 7 kV peak

applied voltageNO concentrationeduced from 150 ppm to 46 ppm

Table 4-16 NO, NGO, and NOx concentrations for lower medium concentration NO condition
before DBD treatment

Cos  FROFN, FRNogliaolgfpm FRofO, Cno  Crnoz  Crox
0]

(% vol) (sccm) (sccm) (sccm)  (ppm)  (ppm)  (ppm)
4.76 170 30 10 150 8 158
9.09 170 30 20 140 11 151
16.67 170 30 40 126 16 142
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Figure 4-31 NO removal and energyefficiency at 4.76% O, and lower medium
concentration NO in Ncondition

For 9.09% @ condition, as mentioned beforghere is no discharge before the applied
voltage increased to 4kV. It was found thdtemthe applied voltage increased to 6kMO
wasnearly fully oxidized Based orthe earlier investigatiog) that meant @was generated

for NO oxdation, agO cannobxidize NO in such high concentrationedo the side reaction
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between N@ and Q for G;, there is no side reactioWhen the applied voltagewas
increased t@ kV, NO, concentratiorredu@d from 142 ppm tdl00 ppm, seeFigure4-32.
During thisexperimentno Q was measuredndicaing that all generated {vas used up.
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0 1 2 3 4 5 6 7

Applied voltage (kV)

Figure 4-32 NO and NQ concentration at different applied voltage un€éé% O, lower
mediumconcentration NOx in Ncondition

For 16.67% Q condition as seerin Figure 4-33, NO was fully oxidized at &V, as
evidenced by the zero NO contefhiswas 1kV less thathe value f0r9.09% Q condition
to fully oxidize NQ When the applied voltage increased to 6KkND, was fully oxidized and

O; was measured at the output of DBD reactor.
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Figure 4-33 NO and NQ concentration at different applied voltage untié6®6 O, lower
mediumconcentratioNOXx in N, condition

Because @can be measured only after all of NO and,Nv@ve fully oxidized to BOs, it
was necessary to consider howgt@ntitatively analyshow muchO; was generateinh total,
Equation(4-7) was used to calculate the equivalegtf@mation,As highlighted in Chapter
2,and shown irFigure4-34, thereis no side reaction taoxidize NO and NQ to N,Os by Os.

. Y Ve Lg-
fasodn VR prgn o2 TP PR 20 (4-7)
where:
Ns) represerg O; usage for NOemoval
y y

represerg NO, oxidation to NOs ( including the initialNO, and
generated N©from NO oxidation ;

0 represergthe remaining @measuredfterall of NO and NQ are oxidisedo N,Os.

0:3.01e
0,: 1.81e14
3 LOTeT 0,:3.52e7
NO < NO, ——— NoO,
0: 0.974e 1

NO,: 2.2 *[M]l
N,O,

Figure 4-34 Chemical reaction pathwagsmdreaction rate constants for NOx oxidation®@y
and Q
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For reaction(4-8), M is a third reactant whose function is to absorb extra energy from the
reaction. M can be arkind of molecule in the gas mixture. [M] is the concentration of M, at
standard condition; [M] is 2.68%40" cm®

o6 60 0O 00 O (4-8)

In order to analyse the effect of, @oncentration for NCand NQ oxidation, onlythe
condition wherethe peak applied voltage was 7kWas usedthe correspondingNO, NGO,
and Q concentrationare listed in Table 4-17. According to (4-7), the equivalent Q@
formation can be calculated atower mediumconcentration NO condition.

For 4.76% Q condition:
6 pTtnN Q&

NO was not fully oxidized and there were 43 ppm NO left. No further oxidation for the
conversion of N@to N,Os No O; was measured.

For 9.09% Q condition:

6 pTTC® podnna
NO was fully oxdized and sme NO, was further oxidized to }Ds. No G; was measured.
For 16.67% Qcondition:

6 PCOXP LY CURHA

Both NO and N@were fully oxidized to NOs and there wasomeOs; remaining.

Table 4-17 NO, NG, and Q concentration at 0 kV and 7 kV peak applied voltage

O, concentration  Applied voltage  Cnoy ppm Cnoz) ppm Coz ppm
4.76% 0 150 8 0
7 43 115 0
9.09% 0 140 11 0
7 0 100 0
16.67% 0 126 16 0
7 0 0 58
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A comparison was made between equivalepto@mationat a lower mediumconcentration
NO conditionand Q formationat reference gas conditipaeeFigure4-35. It was foundhat
the equivalent @formation curve increased with,@oncentration, but the slope of increase
was slower than ©formation inthereference gas. Howevef,the equivalent @formation

at mediumconcentration NO conditiowas considered, éhcurve wagvenflatter than that
at lower mediumconcentration NO conditiorThis indicaes thatasthe NO concentration
reducel, the contribution of @became great. If O is thedominant reactive species, the
equivalent Q formation should be the same rather than increasing with incge&s

concentrationas seeim Figure4-35.
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Figure 4-35 Equivalent O; formation at mediumand lower mediumconcentration NO
conditionand Q formationat reference gas condition under differernt @ncentration at
kV peak applied voltage
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4.4.6 Low concentration NO conditions

In order tofurther promotethe effect on @for NOx oxidation lower concentration NOXx
was investigatednitial concentrations of NO and NQ@relisted inTable4-18. For 4.76%
O, condition,NO removalincreased andnergy efficiency decreased withhcreagng applied
voltage.When peak applied voltage increased tov, NO was fully oxidized, asndicated
in Figure4-36 by theconcentration redureg from 101 ppm to (bpm.

Table 4-18 NO, NGO, and NOx concentrations for low concentration NO condition before
DBD treatment

FR of 1000ppm

C02 FR of N, FR of Oz CNO CNOZ CNOX

NO in N
(% vol) (sccm) (sccm)2 (sccm)  (ppm)  (ppm)  (ppm)
4.76 180 20 10 101 14 115
9.09 180 20 20 93 10 103
16.67 180 20 40 84 9 93
120 T T T T T T T
- 20
- =
. 100 H } L 15 E
5 3
S ] >
} o g
80 o
5 l 5
@) 1 L5 B
z o
0
60 -}
)

Applied voltage (kV)

Figure 4-36 NO removaland energy efficiency at 4.76% @nd lowconcentration NO in N
condition
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For 9.09% and 16.67%@ondition, NO was fully oxidized at KV peak applied voltage
When the applied voltage increasedbtd/, NO, concentratiorreducel to zero and @was
found With increagng applied voltage, the concentration of Gntinued toincrease as

shown inFigure 4-37.
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Figure 4-37 (a) NO and NQ concentration at different applied voltage under 9.09%(bnhd
16.67% Q low concentration NOXx in Ncondition
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In order tomake acomparisonpnly data fromthe conditionwherethe peak applied voltage
was 7kVwereused.The equivalent ©@formation was calculated amsishownin Table4-19

andFigure 4-38. The calculated equivalent {production was close tihatin the reference
gas, so the dominant reactive species wasf@ NO removal at lowconcentration NO

condition

Table 4-19 Comparison between calculated equivaleny i® low concentration NO
condition and Q production in reference gasondition at 7 kV under different @
concentration.

COZ(% ) COS equ (ppm) COS in referencegas (ppm)
4.76 121 143
9.09 230 253
16.67 365 394
_I T T T T T T T T T I_
= Cg cqu in low C,, condition
4004 " Cg in reference condition % L 400
T
o
£
300 4 300 %
—~ (@)
e % )
(% o
o c
~ o
g 200 L 200 Q@
8 o
© £
3
: g
100 + 100
T T T T T T
5 10 15 20

oxygen concentraion (%)

Figure 4-38 EquivalentOs; formation in lowconcentration NO conditioand Q formation
in reference gas condition undifferent G concentration at KV peak applied voltage
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4.4.7 Conclusions

In total, five ranges of NO concentration were investigatmparng theequivalent Q
formation curvedor different concentratin of NO in the gas mixtureand inthe reference

gas, where no NO was in the gas mixtihe, dominant reactive speciesuld be identified
seeFigure4-39. The dominant reactive speciesanolied fromO to O; asNO concentration
decreased:dr high and upper medium concentration NO, the dominant reactive species for
NO oxidation was ©for medium and lower medium concentration NO, both O and O
contributedto NO oxidation for low NO concentration, the dominant reactive species was
Os.

T T T T T
—m—at high C, condition
400 —@— at upper medium C, condition I 400
—A— at medium C,, condition 1
—Vv— at lower medium C,, condition /E\
at low C,, condition S
’g —*— at reference gas condition RS
300 + - 300 w0
= @
2 o
3
g 3
3 5
@) =
200 200 @
(<))
P
=
[se}
O
O
100 + ~ 100
T T T T T T
5 10 15 20

oxygen concentraion (%)

Figure 4-39 Equivalent Q formationat five different NO concentration conditismnd Q
formation atreference gas condition under different @ncentration at RV peak applied
voltage the gas conditiors are as indicated in the key on the figure

As highlightedin the LiteratureReview, the concentration of NO practicalflue gagsis in
the range of 200 ppm to 6@Pm, sq based on the results of the investigatibe, dominant
reactive species is @ndthe side reaction can limit the NO removal energy efficiehtihe
experimens in this Chapter the highest NO removagnergy eficiency was approximately
25 gkWh, which is higher than the results obtained by other researchers. Song8d} al
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attained 14.4 g/kWh energy efficiency in a cylindrical DBD reactor and Takaki [&2hl
attained 129/kWh energy efficiency in a plat@ultipoint DBD reactor. However, compared

to present industrial DeNOx technologies, LoTox and SCR, the energy efficiency of NO
removal by direct DBD technology still too low to be used. LoTox technology for DeNOx
uses Qto oxidize NQ but the differene between LoTox and direct DBD treatment is the
locationthat G, is generagéd For LoTox technology, @is generated in an independent DBD
reactor and then injected into the flue gas. The gas source to gengratpu@® Q rather

than the flue gas, stné energy efficiency to generatg €an achieve 150 g/kW83, 34

which is six times higher than the energy efficiency &skgid in this DBD reactoil.oTox

does however require the additional gas soufde experimental work so far has not

consicered the effect of water vapour ahis will be explored in the next section.
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4.5 Effect of water vapour on NO removal

As mentioned beforeO was the dominant reactive species for NO oxidation at high
concentration NO conditigrbut O can bringa side eaction between NCandO to generate
NO, which limits the NO removal Therefore,another reactive specie®H, was usedo
investigate its potential for NO removal at highncentration NO conditiorAs shown in
Figure4-40, NO and NQ can beoxidized to HNQ and HNQ by OH. NG, is generated by
the reaction between HN@nd OH.

N o
N, < NO < - NO,
0 /r
OH H OH
HNO, HNO,

Figure 4-40Chemical raction pathway for NO removal yH [62, 109-111]

In this work,H,O vapour is introduced into the gas phbgeassing ary ga through a gas
washing bottle at 2C, 2.31% HO vapouris added to the gas mixturéhe NO removal and
energy efficiencyesultsat4.76% Q andhigh concentration N@ N, conditionare shown
in Figure4-41. NO removaland energy efficiency in 2.31%,8 vapourcondition was lower
than that inzero H,O condition. When peak applied voltage was 7 ,kMO removal
significantly reduced to 15apm at2.31% HO vapourcondition from213 ppm atzeroH,O
condition. NO removagnergy efficiency reduced from 13.23 g/kWhl@g/kWh. Luo J et
al. [1127 presented a similar result for NO removal at@5.e.the presence of 4 vapour
reducedNO removalandcorresponding energy efficiency.
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Figure 4-41 (a) NO removaland (b) energy efficiencyat zeroand 2.31% HO vapourfor
4.76% Q andhigh concentration N@ N, condition 44C and210 sccntotal flow rate.

Comparingthe moist gas results with dry gas dewglies that the presence of 2.31% water
vapourreducel NO removal Although OH has the advantage mdacing with NO withouta
side reaction, OHalsobringssome problems for NO removal sAsshown inFigure 4-42(a)
and Table 4-20, atomic O can react with OH to produce H@nd then H@reacts with O

again to produce OH. The overall process leads to two O atoms to generatenoledDle.
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A similar processxists forthe reaction between OH and,@s seen in Figure-42(b),

where wo strong oxidant @molecules are converted to thregriblecules.

(a) (b) o,

) 4

2

O O y .
OH HO, OH HO,
O, o 20, O,
Figure 4-42 OH catalyticalreact with(a) O and(b) Os

Table 4-20 H,O vapour related chemical reaction with O andX20, 113 114

Reaction rate constant at 298K

Reactions cm/(moleculds)
e 7.25¢10™
Wb oRoFr b -
Lo Lo b o 32610
L Sook 3.01x0
b ko kg k 5740

In order toquantitatively analyse the effect of OH @nandO; destruction, a reference gas
which consists of 4.76% f£and 2.31% KO vapour in Nwas used to evaluate the formation
of Os;. Compared tazero H,O condition,at 7 kV peak applied voltag®; formation was
reduced from 143pm to 46 ppm seeFigure 4-43 (a). The energy efficiency of O
production at 7kVwas reduced from 17.4/kWh to 5.6g/kWh, Figure 4-43 (b), so the
presence of 2.31% J@ vapour has a significantly negative effect org @rmation in

dielectric barrier discharge.
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Figure 4-43 (a) O; formation and(b) energyefficiency atzero(square)and 2.31%circle)
H,O for 4.76% Q in N, condition, 44C and 210 sccm total flow rate

For apeak applied voltagef 7kV, 46 ppm ofO; wasformed at reference gas conditiolt
151 ppm ofNO wasremowved at 4.76% @, 2.31% HO vapourand high concentration NO
condition As one Q molecule is responsible for removal of one NO molecule, the difference

in number of NO removed indicates th@5 ppm NO removas related to OH.

To further investigate the relatiship between @ and HO for NO removal different G
concentratioa wereused the results are shown Figure4-44. The differexce between NO
removal and N@formationdoesnot change significantlgs he O, concentration increase

from 4.76% to 16.67%. The data H® removal and N@formationarelisted inTable4-21.
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The differencedetween NO removalnal NO, formationwere91 ppm, 84ppm and 3 ppm
respectively for 4.76%, 9.09% and 16.67%cd0Ondition As discussed in dry and 16.67% O
condition, the contribution ahetastabléN is negligible due to the quenching effect gfdd

N0 s e x c intetasthbleastas. Here the different between NO removal and NO

formation is related to OH only.

Table 4-21 NO removaland NQ formation at different @concentration at 7kV, on 2.31%
H,0 vapourand highconcentration NO condition

The difference between NO

Co2(%) NO( renr:]())val NO, (forr;;;ttlon removal and NO, formation
pp pp (ppm)
0 151 58 93
4.76 151 60 91
9.09 116 32 84
16.67 90 12 78

In addition, t was found that und&.31% H,O vapour andhigh concentration N@ondition,
there was littledifferencein NO removal and N© formation atzero and 4.76% @
concentrationThis impliesthat the contribution ob to NO oxidationat 4.76% @ condition
was compensatdaly the additional OHformationat zeroO, condition As O, concentration
increasedto 9.09% and 16.67%INO removal reduced.In general, anincrease of @
concentration leads tan increase ofO production soone possible reasofor the reduced
reactionwas that highe® production would limitthe reaction between OH and N&ymore
OH mayreact with atorit O, thenthe effectiveamount ofOH for NO removal wuld reduce
NO, formation was reduced because the chemical reaction between BNIDOH to

generate N@was limitedbecause athe shortage of OH.
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Figure 4-44 NO removaland NQ formation at different @concentration at kV peak
applied voltage2.31% HO and highconcentration NO condition
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4.6 Effect of temperature on NO removal

In this section, the effect of higher temperasneamely62°C and 81C, were investigated
for NO removal ahigh concentration NO conditionThe initial concentration of NO, NO
and NOx for highconcentration NOcondition at 62C and 81C was the same as the

concentration in £€, as showin Table4-22.

Table 4-22 NO, NO, and NOx concentrations for high concentration NO condition before
DBD treatmentit 62C and 81C

Flow Flow rate Flow C C C

Coz rate of of 1000ppm rate of . N _=NO2 NOX
X initial initial Initial
(% vol) N, NO in N, O, (ppm) (ppm) (ppm)

(sccm) (sccm) (sccm) bp bp bp
4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919
16.67 0 200 40 614 203 817

From the Lissajous figures at different temperatrat zero H,O 4.76% Q and high
concentration NOn N, condition Figure4-45, it was found that higher temperatsicause
an increasein the relative permittivityof the Pyrex which forms the wall othe reaction
vessel This was dtermined by the increasen aspet of the Lissajous figure which
representsdielectric capacitance In addition, the discharge power increasedith
temperatureshownas an increase in thassajous figureareaand reportedn Table 4-23.
The injected powers for 4@, 62C and 81C temperaturesvere 0.296 W, 0.2688 W and
0.3374 W respectively. Some parametarfsthe DBD reactor under different temperatsire
including the capcitance of dielectric and gas gapelisted inTable4-23.
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Figure 4-45 Lissajous figure at different temperature, total flow mases210sccnon 4.76%
O, andhigh concentration N@ N, conditionat 7kV voltage

Table 4-23 Breakdown voltage, power injectionapacitances ofas, dielectric and total
capacitors under different temperatures

V=7kV Vi (V) Pais (W) Cuot (PF)  Cqy (PF) Cq (pF)

44°C 1606 0.2506 58.6 94.13 155.25
62°C 1851 0.2688 59.48 88.21 182.62
81°C 1990 0.3374 61.56 87.56 207.37

In order toexplorethe mechanism oNO removalat 62 and 8XC, thereference gas ith no
NO was used fothe O; formation measuremenfs expected, using the reduced reaction
rate constant reported if115, when the gas temperature increased; formation was
reduced,Figure 4-46. The detas of O; formation and energy efficiencies under different
applied voltage and £zoncentratiorarelisted in Appenik B.
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Figure 4-46 O; formation at different @corcentration for gasemperaturs of 44°C, 62°C
and 82C at7 kV peak applied voltage

At 62 and 81C, three NOx concentration conditionsere usedto analyse the change of

dominant reactive species for NOx oxidatitireseare shownn Table4-24.

Table 4-24 NO, NO, and NOx concentratioat high, medium and low concentratidl©
conditionsat 62C and 81C

FR of 1000ppm

CNOX range Coz FR of N2 FR of 02 CNO CNOZ CNOx

definition (% vol) (sccm) N(gcigmN)z (sccm) (ppm)  (ppm) (ppm)
High Cno 4.76 0 200 10 855 102 957
9.09 0 200 20 756 163 919

16.67 0 200 40 614 203 817

MediumCyo  4.76 160 40 10 189 13 202
9.09 160 40 20 176 15 191

16.67 160 40 40 158 21 179

Low Cno 4.76 180 20 10 101 14 115
9.09 180 20 20 93 10 103

16.67 180 20 40 84 9 93

According to the curves of equivaleng @rmation in high, medium and losoncentration

NO conditiors and Qformation in reference gas conditidghetrendof NOx oxidation at 62
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and 82C were similar tahoseat 44C, as showrin Figure4-47. At high concentration NO
condition the dominant reactive species veasmicO. NO oxidationdid not increase with
the increase of £concentration. At mediurooncentration NO conditigiNO oxidation was
slightly increased with the increase of G@ncentration, but the increase rate was much
lower thanthat for O; formation atthe reference gas conditioThis meansthat NO
oxidation wa& the synergistic effect @tonic O and Q. At low concentration NO condition
NO oxidation was mainha result ofOs;, asevidenced byhe equivalent @formation curve

beingclose to the ©formation curve athereference gas condition.

62°C
400 400
(a) —a— high concentraion NOx condition i
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Figure 4-47 EquivalentO; formation at highsquare) medium(circle) and low(up triangle)
NO concentration conditiomnd Q formation at reference gdstal) conditionat (a)62°C

and(b) 81°C at 7 kV peakapplied voltage.
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4.7 Synergistic effect ofH,O vapour and gastemperature on NO removal

As highlighted in Section4.6,2.31% HO vapourreducel the removal of NCat 44C. NO
removaland energy efficiency were lower than tfatzeroH,O vapou. The negatie effect
of OH on the formatiorof atormc O was stronger than the positive effect of OH on NO
removal.

In order to see theffect of H,O vapouron the trend ofNO removaland NO, formation,
dischargewith 1.21 %H,O vapourin the gas mixturesvas investigateddata is giverin
Figure 4-48. The concentration of 1.21%,8 vapour was realised by controlling the
percentage of gas going through the gas washing bGitken that he total flow ratefor
4.76% Q condition was 210 sccrd00 sccm of gas bypassed the gas washing lzott&10
sccm of gas went through the gas washindgldyatsulting in a 1.21%concentration of KD
vapour Under these conditiong, was found that when the temperature increased® 62
81°C, NO removalasnot reducd but wasslightly increasedin addition the formation of
NO, reducedand he diffeence between NO removal and NfOormation increased. Given
that the differere between NO removal and N@rmation was related to OH onland
consideringrigure4-48, this mears thatthe higher temperature at 62 and®’8lpromoted the
formation of OH.Whenthe temperature was at 43, H,O vapourhindered NO removal by
competitively colledhg atonic O to limit the reaction betweeatorric O and NO. Wherthe
temperature reached 62 o8 NO removal by OH was more efficien

Onepossible reason why higher temperature promotes NO removal is related to the reaction
rate constants Table4-25. The reaction rate constant betwesomnic O and OH $ more
significantly affected by temperaturedt that ofthe reaction betweeatorric O and NO or
between OH and NQAt highertemperaturgthe reaction betweestomO and OHis limited

by the reduction of reaction rate constamsat least 17%However, he reaction between
atormic O and NOwould be promote athe reaction rate constaimcreasedy 8.97%,s0

moreatormic O and OHwereavailable to react with NGndNO removalincreased.
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Figure 4-48 NO removal and N@formation at different HO concentratiori7 kV peak

applied voltage and 210 sccm total flow rate. 4.76%h@h concentration NO in N
condition

Table 4-25 The reaction rate constaait differenttemperature for chemical reactions

. The change
reactions K at 300k Kat 378 K at 400k of K

6 000 65 ou 3,010 32840 ~ *8.97%
60 6060 TG ppo 1.04410 9.10d0 -12.5%
6 06 ([113 3.26X10 2.69x10 -17.48%

6 "0° 00 [113 3.0140 17540 -4196%
o) v 5o o -11 -11 -17%

0 000 0Oppx 5.71x10 4.7440 ?

In order tofurther distinguish the effect atonic O and OHat 62°C and 82C, different G
concentratioa wereinvestigated at 2.31% J@ vapourand high concentration NGn N,
condition seeFigure 4-49. The general trend of NO removal and Nformation were

similar to that at 4%. At H,0 vapourconcentration 02.31%,NO removas were nearly the
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sameas thoseat zero Q@ and 4.76% @ conditions.This implies that OH is the dominant

reactive species for NO removaNith the increasen ther eact or 6 s theMOnper at u
removalwasincreased, buthe promotion of NO removal fro2°C to 81°C conditionwas

lower than that from 4€ to 62C condition In addition,as shown ifTable4-23, the power

injection increasedvith increase of temperature. It wisind thatthe highesNO removal

energy efficiencyl2.6 g/lkwWh this wasachieved at 6Z rather than &C.

(a) T T T T T T T

280 44 C 7kV —8— NO removal —8— NO, removal L 280
62 C 7kV —@— NO removal —@— NO, removal
) 81 C 7kV —A— NO removal —A— NO, removal
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E | \i Q
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£ 160 ; ; \ -160
© 1 ie]
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12

Energy efficiency (g/kWh)

Oxygen concentration (%)

Figure 4-49 (a) NO removaland NQ formation and (b) energy efficiency at different O
concentration at 4€ (square) 62°C (circle) and 82C (up triangle) the gas conditionvas
2.31% H,0, high concentratioNO, andpeakapplied voltagef 7 kV
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4.8 Conclusions

For those discharge characteristicf ®BD which were invesigated it was found that
because ofhe quenching effect of fand NOonN,6 s me t a s tthe présencesof{at e s |,
and NOwereable to increase thaverage discharge curresignificantly, i.e. up tomore than

one hundred mA from a femA.
The reductionof s met ast abl e states can | i mit¢t the f

Most of the dischargenergy is trarferred to Q and dissociation of £ds more significant
than that of N, so the reactive species for NO remowDior O, rather than NThe effect

of H,O vapour on discharge curremas not the same as that of, @nd NO. Electron
attachment played naimportant rolein limiting the discharge development in gases
containingH,O vapour theaveragealischarge currewasreduced ta fewmA. Finally, the
reduction of NO snetastablestatesby the quenching effecof O, and NO, and electron
attachment effeatf H,O vapourcausedanincreasen breakdown voltage.

For NO removal the effects of @ H,O vapour and temperature werextensively
investigated undedifferent NO concentration conditia For agas temperaturef 44°C: in

high and upper medium concentration NO, the dominant reactive species for NO oxidation
was G in medium and lower medium concentration NO, batitrric O and Q contributel

to NO oxidation in low concentratiorNO, O; was the dominant reactive species for NO
oxidation and could further oxidize NQ to N,Os without any side reactionrCompaed to
situations ofzero HO condition, vihentherewas 2.31% HO vapourin the gas mixture, OH
playedthe dominant role for NO removal, bilierewas a 30% reductioim the NO removal,

from 213 ppm to 151 pprand24.4% reductiorn energy efficiencyfrom 13.5 g/kwh to 10
g/kwh. However,when gastemperature increadeo 62C and 81C, the effect of water
vapou promotel NO removal.In terms of the NO removals and energy efficiency, the
highest energy efficiencyas 25.05 g/kWh with 105 ppm removal rate at 4kV undéc44
zero HO high concentration NO condition. Howeveatt,a 2.31% HO vapourand high
concentration NO condition, the highest energy efficiency reduced to 12.6 g/kwh with 206
ppm removal rate at 62 and 7kVcondition

In terms ofa practicalflue gas, the concentrati of HO vapourwas approximately 5%,
which is higher than that used these gperimens. Based on the experimahtresults, if
direct DBD technology is used to treéhe practicalflue gags the dominant reactive species
should be OH. In additigraccording to the finding of higher temperature pronwpthe

removal of NO by OH, it is worthwhile investigating the NO removal performance at even
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higher temperature, since the temperature of flue gas chiglberthan400°C. In addition,
the results disussed are a condition of 2.31% KO conten, if the concentration ofi,O
vapour was further increasg then more OH might be generated. It is worthwhile
investigating another type of ndhermal plasma configuration to increase the effect,Gi.H
A method of pursuing this i®y using liquid water as one of the electr®dBxperimens
using this type of electrod®e discussed in the next chapter.

In addition if H,O vapour can be removed frothe flue gas before DBD treatment, the
concentration of NO isn importantparametemwhen consideing methodsto remove NO
When NO concentration is lower than 100 phe direct DBD treatment can be applied.
However, if NO is highethan 400 ppm, it is better to ukeTOx technology in order to
avoid the side redion between N@and Owhich generate NO.
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Chapter 5 NEGATIVE DC CORONA DISCHARGE FOR
NO REMOVAL

5.1 Introduction

In this chager, to determinethe potential ofOH reactive species for NO removapem-water
configurationcoronadischarge reactawas investigated This configuration has uses liquid
wateras one of the electrodedischarge on to water adtsgenerate reactive species OH.

This pinwater corona dischargsonfigurationwas usually investigated fordegradation of
organic compounds in wat¢i18126¢, specifically speciesuch as phendl84, 85 and
methylene blu¢86], because OHOs oxi datatobatompancke@t i a l

as shownn Table5-1.

Based on experience in eadtages of experimental worgpsitive corona discharge too
easily converted to arc discharge. This led to the NO formation rather than its removal. As a
result, it was determined that it would be better to apply negative polarity discharge to

systematically analyse the ability of piater corona discharge for NO removal.

Table 5-1 Oxidizing potential for some oxidizing agefi7]

Oxidizing agent Oxidation potential (V)
F, 3.06
OH 2.80
@) 2.42
O3 2.08
H20, 1.78
0, 1.23

However,the arrangemerntas not beenused for NO removain the gas phaseso in this
chapte, the pirwater configuration wa investigated fothis purpcse. The advantage af
water electrodevas to provideadditionalH,O vapourfor generaibn of OH reactive species
with increasing discharge power more water can be evaporated to giphages HO. In

addition, OH specieslo not causeside reactioa which affecNO remova) Figure5-1.
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Figure 5-1 The main chemical reaction pathway for NO removal by OH

As highlighted in Chapter 2, three discharge mamesoccur under negative electric fields,

i.e. Trichel pulse discharge, pulseless discharge and arc dischavgstigation ofNO

removal under these three modssreported i this chapterIln addition, given thet the

ionization area of corona dischaigearound the pirexperimens wereconducted to identify

the importance of ionization area. In one experiment, the gaswhmscontrolled to make

sure that dlgases passit he pinds ti p befFocomparisengie/atharg t he
experimentvas conducted under open gas flow condition, where sdniegascould leave

the reactor without passing théscharge regime aroumqdi n 6 dn adlditign,. he effect of

gap discharge and,@oncentratiorwereanalysed in this chapter.

5.2 Experimental setup

A schematic diagram ahe experimeral setup isshown inFigure 5-2. A negative DC
power supply (Glassman HV) was used to energisetmermal plasmaThe signal at the
stainless steel pin connectedhigh voltage was measuregsing a Tektronix P6015A HV
probe. Discharge current wasterminedby measuring he v ol t age acAoss a
Tektronix DPO5104B Digital Phosphor Oscilloscopdth 1GHz bandwidth and 10Gs/s
sample ratewas used to record voltage and current signals. Two gases were use@sone
pure Q and the other one was 1000 ppm NO in Ak in the previous experiments, thasg
flow rate was controlled bglicat mass flomdevices Ozone monitor (BMT964) was used to
measure @concentration and NOx analyser (Thermo Scientific modeHiwas used to
measure NO and NQCconcentrationDeionised water, from a MiH) water purification

system, wasised as ground electradehe wateiconductivity was 6S/cm.
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Figure 5-2 Schematic diagram of experimental setup
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As outlined above,hiere were two corona discharge reactor configurations investigated in

this chapterGas flowed into the reactor vessels through a port in the side of the acrylic tube

(OD x ID = 60mm x 50mm), which formed the body of the vessel, and left the reactor
throudh a vent in the centre of the HV electrodée controlled gas flv configurationin

Figure5-3 (a), used a nylon tube (ODAD=6mm>mm between pin and main electrodée

edge of nylon tube was at the sang@gghta s t h e p i n thegasesiflpnved tiraugha | | o f
the ionization areafahe corona dischargand ha contact withthe plasma before leaving

the reaction chambein the open gas flow configuratip shown inFigure5-3 (b), the nylon

tube was absenther e was an 18.5mm height diverdter ence
at thebottom ofthe main electrode, ssome gas pas®&d throughthe gas outt without
makingcontact with the plasma the ionization area, which redutéhe function of corona

discharge for NO removalhe basef the ground electrod@as made of stainless steel and

a controlled amount afater was igerted into the reactahroughthe side otheacrylic tube

by syringe.The conductivity of water was®& S / ¢ nhgeliquidovater was a hidh resistive

electrodeTo fix the position othe high voltage stainless steel pin electrivdihe centre of

the gas outletgrub screws werappliedto oppositesidesof thepin. This alsoensurel good

contact betweethe pin andthe power applied to thenain electrode.

Main

electrode Main
Gas output electrode l’ Gas output
@) ‘ HV (b) N ] % HV
Grub
screw
_ ]
Gas input Gas input

Figure 5-3 Pin-water negative corona discharge reacto@) controlled gas flow

configuration andb) open gas flow configuration
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In order to investigate the effect of gap discharge between the pin and the water theface,
volume of water injected into the reactor is controlled. &lyap sizes (4mm, 6.5mm and
9mm) arecreatedoy injecting 60mL, 65mL and 70mébf water into the reactpas showrin
Figure5-4.

[ Gas output
B HV

[ AN

oy [ e e— USRI

Gas input —
|
____________ di=4mm
70 mL H,0 32=_%‘5mm
65 mL H,0 y=omm

60 mL H.,O

Figure 5-4 Schematic diagram ohtee different gap distanreeontrolled by the volue d

water in the reactor

The variation in concentration of NO and NQunder different @ concentration in the
reactor, prior tahe discharge experimery, areshown inTable5-2. As the Q concentration
increased from 0% to 16.67960 concentratiomeduced from 100to 588 ppm and NO
concentrationincreased fron® to 190 ppm Therefore even without the additional action of
discharge(, has the potential to oxidize NO to MO
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Table 5-2 NO, NO, and NOxconcentrations under different, @t high concentration NO

condition(before corona discharge treatment)

Flow rate
Flow Flow C C C
NO NO2 NOx
Crnocrange  Cop — rateof g5, rateof i nial  nitial
definition (% vol) N, NO in N O, (ppm) (opm)  (ppm)
(sccm) 2 (sccm) ‘PP P PP
(sccm)
High Cnox 0 0 200 0 1000 0 1000
4.76 0 200 10 851 92 943
9.09 0 200 20 737 154 891
16.67 0 200 40 588 190 778
For corona dischargehe ionization areavasar ound the pinds tip

was the strongest. Outside the ionization area, the electricréidicces dramatically and o
reactive specieare generatedThisis the drift areg so calledbecause the electric field in
this areais too low to initiate new gas ionizatipmowever, longer lived reactive species
generated in the discharge can interact inrggon The lifetime of OH is very shor©Qno

et al[87] foundthatthe lifetime of OH in a humid MO, mixture was in the range of 10
100

discharge, it would be better tlirectall of the gases into the ionization area, so controlled

€ s ,dteshe used in ditta In order to make wsfegenerated OH by corona

gas flow configuration was used.
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5.3 NO removal under controlled gas flonconfiguration
The pin-watea corona discharge reactor under controlled gas flow configuregishown in

A

Figure55. Thepi nds radi us of curvature was 0.

bet ween the pinds ti p,usingdsinvdiadted in Figute 5.4, 85me
of water. Between tests the water was removed from the reactor and/étestwas injects

4‘ Gas output

b HV
Grub . i
screw (] |
Gas input 7 Nylon
tube
v
) Pin 1 water
Acrylic .
tube > | surface distance
u Water
injection
PVC
Stainless st

Figure 5-5 Thepin-water corona discharge reactordercontrolled gas flow configuration
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5.3.1 Effect of discharge mode

The discharge mode investigation was conductetl 78% Q and high concentration NO

condition. The first discharge mode for pimter negative corona discharge was Trichel

pulse discharge. The characteristics of Trichel pulse discheegethe same as pimetal
configuration. As the applied voltagdancrease, the amplitudeof impulse current reduced,

but the impulse repetition rate increasddwever, vhen the applied voltageached-5.8kV,

as indicatedn Figure5-6 (a), the impulse current started to be continudbere was a DC

current of about3 0 € A but , i n addi ti oheduratiomoktmeérstwer e ¢
pulsewas only approximatelyd/nsbut theamplitudec oul d r each #®llowed e A, t h
by a series of smaller dischargesilagtibout 400ns. When the applied voltage wigkV,

the discharge mode changed from Tricteepulseless dischargas seen ifrigure 5-6 (b),

the discharge current was nearly constant \@ithamplitude of-200 >A. If the applied

voltage was further increased, the discharge mode became arc disAlsasigewn inFigure

5-6 (c), the applied voltage dropped 18kV, but the discharge current amplitude increased
from-hundr e e2mA. A t o
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(@)

(b)

(©)

Figure 5-6 The wltage and current waveforms foontrolled gas flow configuration,

(a) Trichel pulse discharge mod#) pulseless discharge mode gnylarc discharge mode
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