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ABSTRACT

For more than two decades, interest in gas-phase pollution control has greatly increased,
arisgng from more atention to the hedth and economic effects of pollution, a greater respect
for the environment, and a larger body of laws and regulations. Non-thermd plasma (NTP)
technology shows promise for removing pollutants from gas dreams and cleaning
contaminated surfaces, usng plasma-generated reactive species (eg., free radicals). Such
plasmas, where electrons are energetic (~ few eV) and the gas temperature is near ambient (~
300 K), can generate both oxidative and reductive radicas - showing promise for tregting a
vaiety of pollutants sometimes sSmultaneoudy decomposng multiple species. NTPs can
also be usad to ‘activate or ‘crack’ hydrocarbon fuels, which promotes the combustion of the
fuds (reducing unburned hydrocarbons and dlowing fue burning in regimes where the
emissons of CO and NOy are expected to be reduced; e.g., ultra-lean-burn conditions). In this
paper, we will review sdected experiments and fidd tests related to the cleaning of VOCs
(volatile organic compounds) and NOy from gas sireams, using NTPs and discuss a particular
NTP source for surface decontamination (radionuclides and chemica/biologicd warfare
agents). The remander of the paper will focus on experiments devoted to nonthermd
plasma-asssted combustion, usng modd gaseous fuels (like methane, propane, and butane)
and dluding to the possbility of applying the process to liquid fues (like iso-octane, a
gasoline surrogate). We will present experimenta results demondtrating that NTPs can affect
flame gtability and, in thisway potentialy reduce the emisson of pollutants.
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INTRODUCTION

Motivation for Research

Over the past two decades, there has been consderable interest in applying NTPs to
hazardous chemicd dedtruction, pollution control, and surface decontamination, as described
in Penetrante & Schulthels (1993), van Vedhuizen (2000), and Rosocha (2005). Such
goplications include the trestment of hydrocarbons and haocarbons (many solvents)
entrained in soil and water or emitted as stack gases, and oxides of nitrogen (nitric oxide NO,
in paticular) in flue and engine-exhaust gases. Surface decontamination agpplications have
a0 included actinides, as discussed by Rosocha (2005) and chemical and biological warfare
(CBW) agents, as described by Herrmann et d (1999). NTPs have also been applied to
combugtion, mainly for two reasons attempts to increese combudtion efficiency and
improving combugtion dability for the reduction of pollutant emissons, see Rosocha & d
(2004, 2005) and Chaet a (2005).

Definition and Advantages of Non-Thermal Plasmas

Non-therma plasmas (NTPs) - sometimes caled non-equilibrium or ‘cold plasmas - have
different dectron, ion, and neutral Species temperatures, the eectrons have the highest
temperature (eg., 1-10 eV). Such plasmas are good sources of highly reactive oxidative and
reductive species, eg., OCP), OH, N, H, NH, CH, O3, O,('D), and plasma dectrons. Via
these species, one can direct dectrica energy into favorable gas chemisry (like decomposing
pollutants or fragmenting larger hydrocarbons into smdler, more-easly combustible ones).
Operating an NTP reactor a atmospheric pressure provides much greater processing rates and
throughput than low-pressure reactors. Atmospheric-pressure NTPs can be easlly created by
electrical discharges in a vaiety of gases (incuding ar), as described in Penetrante &
Schultheis (1993), Rosocha (1997), van Ve dhuizen (2000), and Barker et a (2005).

Direct-current (DC) and pulsed coronas, dielectric barrier discharges (DBDs), and RF-driven
discharges are convenient plasma sources for these gpplications. The book of Vedhuizen
(2000) is a good source for current research using eectrica discharges, as gpplied to gas
phase pollution control. Electronbeamgenerated NTPs ae dso usgful for  pollutant
destruction, as shown by Sater & Douglas-Hamilton (1981) and described in the workshop
proceedings of Penetrante & Schultheis (1992), but are out of the scope of this paper.

REPRESENTATIVE NTP REACTORS

Background

In this section, we will discuss four representative atmospheric-pressure NTP reactors for
pollutant dedtruction: DC corona, pulsed corona, dieectric-barier (dso caled slent
discharge), and RF plasma jet. The fird three reactors adl share a common trait, namely
operding in the streamer-discharge mode described by Raether (1964), while the RF plasma
jet operates in a quas-glow-discharge regime (normaly because it incorporates rare-gas
additives), as described by Herrmann et a (1999) and Barker et d (2005).

The man reason that Streamer-based reactors, discussed in Veldhuizen (2000), Penetrante &
Schultheis (1992), Rosocha (1997), and Barker et a (2005), are so useful is that the streamer
is prevented from becoming an ac (thema plasma) by the spatio-tempora digtribution of
the eectric field. For DC corona, dectrode geometry and space charge buildup around a point
or wire governs fal-off of the eectric field. For pulsed corona, both eectrode geometry and
the use of short pulses combine to restrict reactor operation to non-therma plasma conditions.
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For dielectric-barrier devices, physica charge buildup on a dielectric surface provides an arc-
countering dectric fidd that ensures nonrtherma discharge behavior. These three related
cases ae dl df-terminating dectric discharges. In generd, dectric-discharge streamers a
amospheric pressure can be thought of as cylindricd current filaments with typica radius ~
100 mm. They are trangent discharges (eg., lasing only a few nanoseconds for oxygen or
arr), fed by ionization and detachment and then arrested when the eectric fidd is reduced to
the point where éectron atachment becomes dominant. For streamers in pure oxygen and air,
the average dectron energy and electron density are Te ~ 35 eV, [g] ~ 10/cn?, while a
typical breskdown reduced dectric field drength (dectric fiedd magnitude divided by tota
process gas pressure) inthe gasis E/N ~ 100-200 Td.

An RF-driven plasma je¢ mantans nontherma properties by preventing glow-to-arc
trangtions via an oxtillaing dectric fidd and the incduson of rare gases in the reactor
process stream (which aso act to prevent discharge ingtabilities).

DC Corona Reactor

In this section, we describe an advanced form of DC corona reactor for NOyx destruction,
described by Chang et d (1999). In this configuration (see Figure 1), needle-plane corona
discharges are employed to create NO and NO»-decomposing species in a flowing exhaust
gas, but with ammonia (NHs) being injected through hollow corona needles to generate
additiond radicds (eg., N, NH) tha ae effective in decomposng oxides of nitrogen. A
traller-portable test rig based on this so-cdled “Corona Radicd Shower (CRS)” technique
was fidded a the US Tinker Air Force Base to examine the feashility of treating NO
effluents from jet engine test cdls (JETCs).

The fidd-test CRS NTP resctor trested a small portion of the engine exhaust. It conssted of
sx pardld-flow, duminum-plate, channels, each measuring 10 cm wide x 60 cm high x 125
cm long. Each flow channd contains two NHs/N2 injection-gas manifolds (to feed gas from
both top and bottom) and an injection-nozzle array. Each aray condsts of sx 0.375in (9.5
mm) OD nozzle pipes that hold 56 danless ded injection nozzles (short lengths of
hypodermic needle materid) of 0.998 mm ID that protrude gpproximately 4 mm transverse to
the nozzle pipes and perpendicular to the gas flow direction. The rozzle pipes are dectricaly
insulated from ground and connected to a 50 kV/85 mA, positive-polarity high voltage power
supply that drives the dectrica corona discharge. The project results, described by Urashima
et d (1999) and Rosocha et a (2000), which included economic comparisons of various de-
NOy technologies, demondrated that the CRS technique was superior to conventiond and
other plasma de-NOyx technologies Figure 2 shows a plot of the fidd-test de-NOy
characterigtics.

Pulsed Corona and Dielectric-Barrier Discharge Reactors

Here, we will review some representative laboratory-scale pulsed corona reactor (PCR) and
DBD reactor experiments carried out on the decompostion of the example hydrocarbon
methyl ethyl-ketone (MEK) and the haocarbon trichloroethylene (TCE). Nitric oxide (NO)
experiments were smilar and are described elsewhere by Rosocha & Korzekwa (1999, 2000).
A VOC-removd fidd test will dso be briefly described. Figure 3 shows smple schematic
diagrams of DBD and pulsed corona reactors for gas-phase pollutant remova. A high voltage
is applied across the eectrodes in the gas to create energetic plasma eectrons in the eectrica
discharges. Detalled descriptions of the expeimentd apparatus have been previoudy
described, in the above citations.
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The PCR tests used a wire-tube reactor geometry (dainless stedl corona wire with a diameter
of 500 um and a dainless sted tube with an inner diameter of 2.5 cm as the outer conductor
and active length of 90 cm). High-voltage pulses (duration < 50 ns; peak voltage 30 kV,
repetition rate 1 kHz) were ddivered to the wire to create an NTP in the process gas, & a
plasma energy of ~ 60 mJpulse.

The DBD reactor was of flat-plate geometry using two Pyrex plates with a ggp spacing of 3.5
mm. Aluminum plates on ether side of the didectric provide a discharge area of 1800 cn¥.
The power source is a variadle-frequency voltage source and a high voltage step-up
transformer. The typical operating frequency was 1.2 kHz, but could be changed to produce
variable discharge powers up to 350 W. Circuit schematics for the PCR and DBD reactors are
shown in Figure 4.

Deposited power in the PCR is measured using a capacitive voltage probe and a current-
viewing resstor. Deposited power for the DBD reactor is measured with a voltage probe and
charge-measuring cgpacitor, following the method of Manley (1943), which is more-recently
described by Rosenthd & Davis (1975). The plasma specific energy (energy/unit volume) is
given by dividing the depodted energy in one resdence time by the reactor volume, or the
plasma power P by the process gas flow Q, for the PCR and DBD reactors, respectively. The
proposed chemica-kinetic decompostion pathways and chemicd diagnostics, which
measured VOC decomposition by gas-chromatograph mass-spectrometer  (GC/MS)
techniques, are described elsewhere by Rosocha & Korzekwa (1999, 2000).

The removd of two VOCs, trichloro-ethylene (TCE) and methyl-ethyl ketone (MEK), in
room-temperature dry air, using the above reactors, was measured. The degree of remova
[X]/[X]o is plotted as a function of plasma specific energy E (or, equivdently P/Q). As shown
in Figure 5 (left), for 200 ppm of TCE, there is no noticesble difference in the remova
fraction, usng either PCR or DBD, for energy densties up to 400 Jgd lit ([X]/[X]o » 0.015).
Figure 5 (right) is a remova plot for 1000 ppm of MEK. For energy dengties up to 1500 Jstd
lit, there is no digtinguishable difference in the degree of removd, compaing the two
reactors. However, for higher energy dendties there is a dight difference atributed to a
difference in gas temperature in the PCR. This affects both the rate of decompostion
reactions and the gas dengty (which increases the breskdown E/N a higher temperature).
The fact that pollutant dedtruction in both types of reactors is amilar is explaned in light of
the dependence of the radica-production yields on the breskdown E/N of the reactors (higher
E/N for PCR, but radicd yied fadling a higher E/N); see Rosocha (1997), Rosocha &
Korzekwa (1999, 2000), Kim et d (2004), and citations therein.

VOC-Removal Field demonstration at McClennan AFB

In 1995, a DBD-reactor, VOC-remova technology-demonstration was caried out at
McClelan Air Force Base in Sacramento, Cdifornia The tet dte was a former ground-
disposa fadlity for a vaiey of solvents volaile and semi-volaile chemicds (> 50
compounds), including TCE, 1,1,1-TCA, PCE, 1,1,1-dichloroethylene (1,1,1-DCE), benzene,
toluene, ethyl-benzene, xylenes, Freon 113 (a chloro-fluorocarbon), methylene chloride, vinyl
chloride, and acetone. At the dte, the compounds were vacuum extracted from the ground
and a portion of the vapor-laden ar stream (with VOC concentrations ~ 300 — 1000 ppmv)
was sent to the unit illustrated in Figure 6. The demondration achieved the overal goda of
destroying the total VOC concentration by > 95%, at gas flows as high as 10.4 SCFM (295
gd litymin) and achieved a total DRE as high as 99.4% in some cases. See Rosocha et d
(1996) for more information on this demonstration.
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RF-Driven Atmospheric-Pressure Plasma Jet for Decontamination

The amospheric-pressure plasma jet (APPJ), shown in Figure 7 is a nonthermd, glow-
discharge plasma operating a amospheric pressure and 1356 MHz radio frequency, as
described by Herrmann et d (1999), Rosocha (2005) and Kim et a (2005a). The discharge
uses a feedgas conggting primarily of an inert carier gas, such as He, and a smdl amount of
an additive to be activated, such as &, CF4, or H, (that yield active species to destroy organic
compounds, CBW agents, or volatlize actinides). Reactive species can be directed onto a
contaminated surface a high flow, where they can sdectivdly neutradlize organic maerids
without damaging the underlying surface. The exit gas temperaiure typicaly ranges from 50
to 300 C, dlowing for plasma processng of sendtive materiads and equipment a low
temperature, as well as accelerated processng of more robust surfaces that can withstand
higher temperatures.

Near-atmospheric pressure NTPs can provide a convenient, waste-free and fast-processing
method for the decontamination of numerous subgsrates and the recovery of resdud
quantities of plutonium and other actinides that form volatle fluorides Plasmas have been
demondrated to  effectivdly  decontaminate  actinide-contaminated  surfaces  through
production of atomic fluorine, which etches metd and metal oxide surfaces. In the case of Py,
volaile PuFs is produced which can then be pumped away and captured in a variety of
filtering techniques.

In APPJ-etching studies, further described in Rosocha (2005) and contained citations, 1/8-in.-
thick, 1-in-diameter dtainless sed coupons (disks) were impregnated with smal amounts of
plutonium and uranium and then exposed to an APPJ effluent. The 13.56-MHz APPJ was
operated a 700 W. About 90% of the uranium was removed in 10 minutes, whereas about
50% of the plutonium was removed in the same amount of time. The plutonium-doped
coupons were further exposed a 10-minute intervas This Puremovd data is shown in
Figure 8.

The APPJ was aso tested to dedtroy biological warfare agent surrogates, chemicd warfare
agent surrogates, as well as actuad chemicd warfare agents, as shown by Herrmann et d
(1999). Active species produced insde the APPJ plasma (typically using He/O, feedgas) are
rapidly blown out of the source to the target surface, 2-10 mm downstream. Typicaly,
decontamination of Bacillius globigii (BG), a dmulant for Anthrax spores, with APPJ
effluent was ~ 10 times faster than dry heat. The APPJ was aso demondrated to effectively
decontaminate surrogates for sulfur mustard and VX nerve agent (eg., pedticide Mdathion),
aswdl asactud VX.

PLASMA-ASSISTED COMBUSTION WITH DBDs

In this section, we will discuss some of our experiments, as further discussed by Kim e d
(2005b), on the influence of plasma excitation on the blowout limit of an activated-
propangair flame (i.e, ultralean-burn conditions). A schematic of the experimentd sstup is
shown in Figure 9. Air flows through a grounded tubular inner electrode (diameter 0.96 cm).
Propane (CsHg) flows through the annular gep between the inner dectrode and an dumina
ceramic tube (inner diameter 1.9 cm). This configuration, with the ar surrounded by fud, is
cdled an inverse flane. The ceramic tube is surrounded by a cylindricd metd outer
electrode, which is powered by a HV AC transformer. The gpplied AC frequency was tuned
to about 450 Hz, which matched the impedance of our propane DBD. Thus, power was
applied to the propane but not the ar, activating the fud. The inner dectrode is shorter than
the ceramic tube, so there is a region (of variable length, but generaly < 14 mm) where the

5
ICESP X — June 2006
NTP Gas Cleaning & Combustion Enhancement



fud and ar patidly mix before being ignited. The power deposted into the plasma was
measured udng Lissgous diagram techniques (charge-voltage plot), as presented in Manley
(1943) and Rosentha & Davis (1975).

We conducted blowout tests by holding the propane flow constant and increasing the air flow
rate until the flame blew out. The blowout air flow rate is an indicaor of flame ability, and
a high blowout ar flow rate shows that combustion continues to occur under lean-burn
conditions. Most notably, the drongest plasma effect is increased stability at large air flows.
Figure 10 shows the minimum blowout ar flow raes of an inverse, patiadly premixed flame
for propane flow rates between 0.2 and 0.8 Ipm. The results (air flow vs propane flow) are
parameterized according to the equivdence ratio f  for propane-ar combugion, given in
Nylund & Lawson (2000)

_ 15.6" (propaneflowrate) ~ (propanedensity)
(air flowrate) " (air density) '

f

which is a gandard combustion metric. In the absence of a plasma, the blowout limit of a pro-
pane flame increases with the propane flow rate and begins to saturate a 0.6 Ipm propane.
When 10 W discharge power is applied to the fud, the blowout limit shows a large incresse
for low propane flow (and low equivalence ratio). However, the plasma benefit decreases as
the propane flow increases, and for propane flow > 0.6 Ipm the blowout rate actudly
decreases in the presence of a plasma This is not necessarily detrimentd, because low-
equivaence-ratio systems show large decreases in pollutant production, especialy NOx, and
are of great interest. In this experiment, the discharge power was held congtant (10 W) while
the propane flow rate was increased. Thus, the discharge energy density e,

_ discharg e power
gas flowrate

deposited into the propane decreased as the propane flow rate increased. For example, a a
propane flow rate of 0.3 Ipm, e = 2 kJd lit, while a a propane flow rate of 0.8 Ipm, the e
vaue fdl to 0.75 kJad lit. Thus, the magnitude of the discharge energy dendty seems to
affect the blowout limit of a propane flame. In the future, more experiments will be
performed to correlate the combustion enhancement with the discharge energy density.
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