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Fig. 3. 24Time-resolved images of the He3@&) emission for the positive (left) and negative
(right) half cycle, for an applied voltage amplitude of 3 kV. The imageseamded with an
integration time and time Shift Of 1 HS.......oooiiiiiii e 117

Fig. 3. 25 Evolution of electron density, equipotential lines (left) and reduced electric field (right)
for a) +5 kV and b) 5 kV voltage pulses. Formation of positive streamers, filamentary imicro
discharges and surface ionization waves are shown & tiated in théigure. Each equipotential

line represents a potential change of 500 V. Electron densities are plotted estaléng...118

Fig. 3. 26Reduced electric field (E/N), electron impact ionization source term, electron density
for +8 kV applied voltage. Electric potential lines are overlaid on electipadt ionization source

term contour plots, with each line representing a 1 kV change. Times and peak plotted values are
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Fig. 3. 27 Voltage and current waveforms of -®BRD operated in helium, at a petkpeak
applied voltage of (tofpo-bottom) 1.9, 2.25, 2.7 and 3.8 kV. Sinusoidal waveform with no
discharge current profile is shown in green in.d)...........cccuuuviiiiiieeeiiiiiiiieee e 120

Fig. 3. 28Time resolved variation of the (top) square of the current and (bottom) axial emission
from the He (8S)) state for voltage amplitudes of (a) 1.9 kV, 2035 kV, (c) 2.7 kV and (d) 3.8
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Fig. 3. 29Evolutionof a) electron impact ionization source term and b) electron density during the
discharge in the negative base ca6&kV). Times and peak plotted values are noted in the figures.
[0 T IS0 1 =P 122

Fig. 3. 30Reduced electric field, electron impact ionization source term, electron densigy for

kV applied potential Electric potential lines are overlaid over electron impact ionization source
term contour plots, with each line representing a 1 kV change. Times and peak plotted values are
NOtEd IN the fIQUIES.....ooi e e 123

Fig. 3. 31Sums of the densities of excited species of Helium emitting in the visibdérsmeat
800 ns, and at different applied VOIAGES...........uuuuiiiiiie e eeeeeer e 124

Fig. 3. 32 Schematic representing operation of the discharge for (a) positive and (b) negative
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Fig. 4. 2 Numerical parameters for the base case of a dropkgtyrexposed to a uniform density
of plasma activated species. The sizes of the droplet and reactor were varied to maintain a constant
liquid/gas ratio. (a) Geometry, (b) numerical mesh and (c) -alpsef droplet...................... 157

Fig. 4. 3 Gas phase reactive neutral species generated in a humid air discharge containing a single
10 um droplet. (a) Reactive oxygen species (ROS) gnedlotive nitrogen species (RNS) during

the first 10 discharge pulses. (c) Accumulation of selected species during 500 pulses and an
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Fig. 4. 4 Local densities of gghase (top) and solvated (bottom) species after 1 ms in the reactive
di ffusion base case wi t hlotfedwvalogs drenoteddn eacimgame.r =
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H202 near the droplet is due to its highvhile there is little gas depletion o&Q................. 159

Fig. 4. 5 Final average densities of liqqguidase RONS as a function of droplet diameter. Stable,
high-h species show strong dependence on droplet raddtsble, lowh species have average
densities less sensitive to droplet diameter..........ccooeiiii i ieeeicc e 160

Fig. 4. 6 Evolution of electron density in the DBD for the bases e (10 em dr opl
embedded figures are clegps of the volume near the dropletheTmicrodischarge envelops the

droplet. Anisotropies in distribution of electron densities develop. Images are plotted-on a 4
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Fig. 4. 8 Electrical properties of the droplet. (a) Charge density (sum of densities of all charged

species) and (b) sum of the solvated andpghisa s e el ect r ons attheenddia 10
single pulse. In (a), blue indicates net negative density and red shows net positive density. The
top vertical pole of the droplet becomes negatively charged as electrons in the negative downward
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and (right) enlargements in regions of interests. Densities are plottedaecadke log scale with
the maximum value indicated in each frame.............cccociiiiimeen e 197

Fig. 5. 5. Time evolution of electron impact source time in thesfa# basease. a) 2.0 ns; b)
3.5ns; c) 16 ns; d) 11.9 ns; e) 13.9 ns; and f) 15.8 ns. At each time, images are shown for the
(left) full reactor and (right) enlargements in regions of interests. Sources are plottedecead

log scale with the maximum value indicated in each frame............cccoooiiiiiceciiiicccinenn. 198

Fig. 5. 6 Plasma properties in the vicinity of the catalystighest (left to right) electric field,

charge density, ionization source term, and electron density at times of a) 11.7 ns; b) 11.9 ns; c)
12.1 ns; and d) 12.3 ns. These images are during streamer propagation toward the metallic
catalysts. Gradients in atge density lead to the formation of strong electric fields and electric
field emission of electrons from the surfaces of metals...............ccvvviieeeiiiiiiiiiinnn. 199

Fig. 5. 7 Electron density in the fidlze geometry with catalysts arranged along éffteplole of

the topmost particle. a) Electron density in the entire reactor at 16.3 ns. b) Surface ionization
wave (SIW) in the vicinity of the catalysts (15.6 ns to 16.9 ns) showing stagnation of SIWs
approaching the catalysts andigaition on the othr side. c) SIW for the same location without
metallic catalysts. Densities are plotted onrdedade log scale..............ooovvvvvvviieeeeeenen. 200

Fig. 5. 8 Experimental and computational comparison. a) Schematic experimenfalo$&t
dimensional packed bed reactor with silver film placed on theigby dielectric disk. b) ICCD
image @& plasma emission near silver film. ¢) Computed densities of-éightting species in a
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Fig. 5. 9 Plasma properties in the vicinity of protruding catalytic particles (left to right) electric
field, electron impact ionization source, and electron density at times of a) 0.4 ns; b) 0.6 ns; c) 0.8
ns; and d) 0.8 ns. Electron density and source are plotted-de@a8e log scale unless indicated
otherwise. The maximum values or range of values plotted in each are indicated in each frame.

Fig. 5. 130 Electron densities at the end of the voltage pulse for different valtles efectric
field enhancement factdp, in the reduced geometry at different times (left to right).a) 25; b)
50; ¢) 75; and d) 150. Densities are plotted ordaehade logscale with maximum values noted
in each frame. The mechanism of plasma #&drom changes from being volum® surface
domi nated wi.t.h..l.ncr.ea.s.i.ng.. b 203

Fig. 5. 11 Electron density and charge density in positoltage cases where a) the top electrode

is powered and b) the bottom electrode is powered. Both densities are plottediecaad log

scale. The charge density shows both negatnd positive values. The discharge properties and
effects of the catalysts are dependent on whether the metal inclusions serve in a cathodic role and
not necessarily on the polarity of the PUISE..........ccooiiiiiiiiiccei e 204
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Fig. 5. 12 Fluences of selected species to the surfaces of the middle catalystgsaatitiaction

of the electric field enhancement factor for the redisimde geometry. a) O, OH, H, N, and b)
N2*, O.", UV photons, and electrons. With the increase in conductivity due to electric field
emission of electrons, the electric field in thgaadnt plasma decreases, leading to a colder plasma
and decreased fluences to the SUIMACE..........cooee i iiiiiieeei e 205

Fig. 5. 13 Total and fractional power deposition to the surface of the catalyst as a function of time
for the reduced scale geometry base case. Powesitepdiy ions dominates, with neutral
chemical reactions dominating in the afterglQW............ccccooiiiiiiecccccii e, 206

Fig. 6 1 Geometry for the base case. a) Schematic of the computational domain. b) Numerical
mesh. The inset shows the locations of the labels used to map fluence to the surface of the pores.
Fourpres with diameters of 150 em, wietnmh t5h0 c&km
dielectric. The powered electrode is located 1 mm above the dielectric. The numbers in the inset
identify locations at which fluences are collected in later figures...........cccooovviiicceeeeenn 230

Fig. 6 2 Time evolution of electron density in the base pkxdted over 4 decades on a lesicple.
a) Streamer in the gas phase and qobig@n. b) Enlargement of the peckain. The maximum
value and time of the image are noted in each frame.............cccooe i ieeeiciiiiii e, 231

Fig. 6 3 Time sequence (top to bottom) of plasma properties ifttper2 from the top. (lefto-

right) Photoionization source (s, electron impact iosization source (s, electric field/gas
number density (E/N), and electron density ([e]). Except for E/N, quantities are plotted on a 4
decade logscale. The maximum value in each image is noted below the frame. The ranges of the
values plotted were dsen to emphasize the plasma properties in the pore of interest. This resulted
in some images being saturated in the pore abave...............oovieeeiiiiiiiee 232

Fig. 6 4 Fluences of plasma generated species to the inside surfaces of the vertically oriented pore
chain. a) Electrons and ions after 10 ns b) Neutral species after 10Nesiti@)l species after 10

ms. The maxima in fluences correspond to the pore openings. The numbering of the peaks
correlates with the locations cited in Fig. 1. The dotted lines are the boundaries of the floor of the
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Fig. 6 5 The time sequence of electron density in-pbegns with varying porepening sizes
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Fig. 6 6 Fluences of electrons and ions after 10 ns to the inside sufalcessertically oriented
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ABSTRACT

Plasma discharges at atmospheric pressure enable efficient conversion of the kinetic energy
of electrons to chemical reactivity. In the process of breaking of bonds of molecular gases, plasmas
produce high densities of reactive species. These specieserabd utilized to treat flue gases
and wastevater. However, currentlgeployed systems suffer from poor energy efficiencies and
throughputs, largely due to the lack of understanding of the underlying physics and chemistries.
In this work, computational modeling was performed to investigate the transfer of reactivity
(relative capacity to undergo or produce a chemical reaction) plasmas to gases (via Packed
Bed Reactors (PBRS)), solids (metallic catalysts, porous media) and liquid (tséaieraerosols).

The work was performed using the plasma hydrodynamics niodehPDPSIM Necessary

changes and additions to the code includedtiadddf source terms tilve surface heating module,

implementatiorof an updated mesh generator, and parallelization of radiation transport routines.
The evolution and properties of plasmas in PBRs were characterized.pldsma modalities

were shown to exist, each leading to different rates of production of reactive species. Chemical

selectivity could be achieved by choosing the packing fraction and matieaidésad to preferential

formation of one of the modalitieser other§ for example, formation of Surfadenization Waves

in air preferentially increasedissociation of nitroge over oxygenWhen metallic catalysts were

added to the PBR, the discharge modalities changed, causing increased fluxes of charged species to

the surfaces of the catalysts. This was, in part, due to realignment of charges within the metallic

Xvii



particles, whib induced high local electric fields, and electric field emission of electrons. The high
fluxes could lead to heating and seliéaning of the catalysts, which would explain some of the
plasmacatalytic synergie®bserved in expénental literature. Lastly, the teractions of liquid
aerosols with Dielectric Barrier Discharges were investigated. The diameter of the droplets was
shown to addregdiffusion transport limitsof both ions and neutraly/ maximizing the surfact-

volume ratio Large surface areas enalphpid solvation from the gghase while small volume led

to fast saturation of liquigphase reactive species. Different species were shown to have different
saturation timescales, depending on the droplet size, pointing to an additional control nsechani

of liquid-chemistry and selectivityi-or examplefor al0em droplet,0zone(Henryés law constant

ho & 0.3) saturatesvithin one tenth of a millisecondOn the other handydrogen peroxidén &

1.9x1P) requires up to 16econddo satwate a dropledf the same size.
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Chapter 1Introduction

Plasma is a form of matter comprised of electrons, ions, and neutral (ground and excited)
species. Depending on system parameters, plasmas can be classified inemdohigh
temperature regimes. In the low temperature regime, plasmas are commonlyeelmpthin the
microprocessor manufacturing industry, material processing, pollution mitigation and high voltage
control[11 4]. Furthermore, exciting new technologies utilizing low temperature plasmas)(LTPs
are currently being developéalinclude plasmdased gas pollutant mitigation, plasma catalysis,
andplasma medicings,6]. However, further understanding of plasma behaviors and interactions
within these systems is required to advance development of practical systems. For this purpose,
computational modeling of plasreiemical systems was employed and is the central focus of this
thesis.

General introduction to plasmas and low temperatigiene are provided in Section 1.1,
followed by more specific descriptions pérticularapplications includingi including Packed
Bed Reactors (Section 1.2), Plasma/Liquid reactors (Sectionah@)Plasma/Catalysts (Section
1.4). Further motivation for this work ifién provided in Section 1.5. Lastly, themaining

chapters of this thesage introduced and described in Section 1.6.

1.1 Basics of Plasma Physics

Majority of matter in the universe is believed to exist in the plasma [thte The

constituents of a plasma can include negatively charged species (electrons and anions), positively



charged species (cations) and neutrals. As a result, plasmas regpahdan be influenced/b
to electromagnetic fields, exhibiting collective behavior. Plasmas can be further classified based
on their densities, temperatures and ionization fractions (amongst other parameters), each leading
to differing simplifying assumptions. In Fig. 1.1can be seen that plasmas span over 30 orders
of magnitude in density and 6 orders of magnitude in temperature. Fully ionized plasmas include
fusion reactors, and star/solar plasi@&d4.2]. Very low temperature plasmas include auroras and
some flameq13,14] Lastly, the regimes which are the focus of this work are the Low
Temperature Plasmas which exist on earth in the form of lightning, neon signs and laboratory
based reactors, and in particular, at atmospheric pred)i&18]. These plasmas have the
following characteristic parameters:
 lonization fraction between 5x10- 5x10°.
1 Electron temperatures between 1 eV and 20 eV.
1 lon and gas temperatures between 300 K and few 1000s K.
Typically, three criteria must be met for matter to be considered a plasma:
l. The Deby ep) metbg mich gmaller than thearacteristic length (or
size) or the plasma discharge. The Debye Length is the distance over which plasma
can display noswuniformity (or the shielding distance) and is one of the primary

plasma parameters. Within the area of low temperature plasnsadefined as:

— (1.1)

Wherely is the permittivity of free spackgi s Bol t zmafeisd s con
the electron temperature,is the electron charge, amd is the electron

density.  Within Atnospheric Pressure Low Temperature Plasmas



(APLTPs), the Debye Length are typically between a micron and a

millimeter.
The number of charged particles within the Debye sphere must be much greater
than 1. The number of particlesthne Debye sphere isumber vithin a spherical
volumewith a radius ofa Debye Length:

0 €-" (1.2)

wheren is the number density of charged species.
Lastly, as charged species move due to their kinetic energysdpayatérom one
another. This produces an attractive electric field between positive and negative
charges, forcing them to turn direction. This process produces a characteristic
plasma osillation. In LTP systems, this oscillation has a frequency given by Eq.

1.3:
T — (1.3)

whereng is the plasma densitg,is the electron chargexis the electron mass, and
& is the permiivity of free space. Simultaneously, as particles oscillate, they may
undergo a collision with other particles within the system. The time between these
collisions is

t pTE U, (1.4)
Wh er e Collidios crdsdseetiomandyv is the velocity For a plasma to display
collective behavior, a particle must be able to complete many oscillations between

collisions. The third parameter is therefore: the time between collidiapsrust



be greater than the time required for an electron to oscilate. Within APLTP,

these timescales are between picoseconds and nanoseconds.

Plasmas studied herein are nonthermaleaning that the electrons and ions are not in a
thermal equilibriumwith the background gases. As a result, the coaoégtiectron temperature
and electron energy distribution function (EEDF) is of high importance. Sipoplyemperature
is the average kinetic energy of the particles. Whereas in thermal plasmasertfieseof its
constituents may be assumed to follow a Maxwellian distribution, this is not the case in APLTPs
[19]. This change in distribution is caused by preferential sinks due to specific kinetic reactions
between electrons and background gas. Due to the large disparity in masses between electrons
and atoms/molecules (approximately 3 orders of magnitude), aonitedl fraction of electron
energy can be transferred via elastic reactions, and electrons must be treated in a unique fashion.
On the other hand, electrampact ionization y 10-20 eV), molecular dissociatiot) (5-15 eV)
and vibrational and electronic etation (few eV) can preferentially deplete the tail of the electron
energy distribution. As a result, tB#EDF within LTPs hato be calculatedvhile taking into
account the background gas kinetics, densities, pressures and temperatures.

There are mangpproaches to calculating the EEDF in the LTP regime. These include
Monte-Carlo (MC), Particlan-Cell (PIC) and Fluid approach¢20i 24]. Thelatter is utilized

within this work. The EEDF is found by sol vi
— Q0 -3 Q — (1.5)
wheref is the electron velocity distribution function asfunction of time and spacme is the

electron mass, is the velocityn andn are the gradients in space velocity, respectively’'@nd



is the force on the particle due to applied electric field and Coulombic interactions between
particles. This equation is solved based on background gases in the system, producing a set of
electron transport coefficients based on the reduced electric field (electric field divided by the
number density of charged species). Finally, these coefificaee used in conjunction with known
reaction coefficients to find the electron temperature. A typical EEDF for an APLTP is shown in
Fig. 1.2.

The transfer of energy from plasma to other states of matter can be termed as the transfer
of A r e aHerg,reactivityysahe ability to undergo chemical reactidtiasma cafitrarsfero
its fireactivityd by kinetic methods Electric potentiaffirst impats kineticenergyto electrons,
which then collide with background gases. Totalrgpés conservedand the resultant agtive
species can wlergo chemical reactins with othermolecules Reactivity istherefore used
henceforthto meanfithe ability toenable chemical reactisim Such a transfer can be done to all
three of the other forms of matter: gases, solids and liquids. This unique ability makes atmospheric
pressure plasma a crucial component to the raygativing worlds of pollutant control, medicine,
energy storage and agriculture. In the following-sabtions, lowetevel details regarding

interactions with each state of abawentioned states of matter will be discussed.

1.2 Reactivity Transfer to Gases: Packed Bed Reactors

Pl asma discharges at atmospheric pressures
energy to chemical potential. In the process of breaking of bonds of molecular gases, plasmas
produce high densities of reactive specidseskE species can then be utilized to treat flue gases

and wastewater [251 27]. However, currently deployed systems suffer from poor energy



efficiencies and throughputs, largely due to #heklof understanding of the underlying physics
and chemistries.

Plasma Packed Bed Reactors (PPBRS) typically consist of two electrodes being separated
by dielectric media in the form of small sphefE8]. Depending on the orientation of the applied
electric field ad spatial distribution of the beads, the dielectric media can become polarized,
resulting in a local enhancement in the electric field. An example of this phenomenon can be seen
in Fig. 1.3. Dielectric polarization driven electric field enhancement ribgurits in formation of
plasmas at lower applied voltages than would otherwise be required for bredR8q2&}

A gas flonedthrough the PBR is then exposed to the plasma, alloivitogbe modified
(ex. removal of Volatile Organic Compounds, £®processing, and production of vedadded
compounds such as ammoniadi 32]. In particular, PPBRs are advantageous becauge#me
be operated at atmospheric pressures and temperatures, requiring lower initial investment costs
and simplified system desigB83]. Typically, PPBRs operate in the pulse repetition frequencies
between 100s of Hz and 10s of kHz. Both DC and AC power supplies have been utilized.

Nominally, the operation of PPBRs is theoretically simple. It involves formation of
microdischarges similar to those observed in other Dielectric Barrier Reactors and generally follow
a modified Paschen Laj84]. Paschen Law is the relation between the breakdown voltage in a

given ga& as a function of pressure and distance between two electrodes, as given in Eq. 1.6.

@ (1.6)

WhereVzis the breakdown voltagB,andA are gasspecificconstantsletermined experimentally,
pis pressure] is the gap distance between electrodespainds t he el ectrodesod se

emission coefficient. Example Paschen curves are shown in Fig. 1.4.



These reactors have showlme ability to produce a wide variety of chemical species.
However, due to the complex topology existing between the packing matdraisnaterial
properties (dielectric constant, surface emission coefficients, surface roughness, surface reaction
rates), complex kinetics taking place and thermal/fluid dynamics within the reactor, they are still
too poorly understood to be competitive in most commercial applicdBpns

There exists a critical need for modeling efforts of Plasma Packed Bed Reactors due to the
difficulties of detailed observation of plasma formation in experimentalE=i35]. Modeling
allows for the investigation oprincipal plasma properties (such as field strength, electron
temperature, electron density, and reaction rates) within reactor regions with no optical access.
Modeling studies done to date include work by Kang et al. who developed 1.5dandr&sional
(2-d) models of PBRike DBDs and found that discharges evolve in three phases: avalanche,
streamer and decd3]. They also found thatreamer discharges tend to be stabilized by the
presence of dielectric materials. Zhang et al. computationally investigateePBBRDdischarges
in air at atmospheric pressure using-d Particlein-cell/Monte Carlo techniqu§36]. They
predicted the formation of positive streamers folloyvsurface charging of the dielectric surface
as well as the occurrence of limited surface discharges.

Van Laer et al. modeled a pulsed atmospheréssure plasma discharge sustained in
helium in a PBR using a@ multi-fluid simulation[28,29] They found that the greatest electric
field enhancement occurred near bead contact points which then resulted in the formation of
discharges near the surfaces of the beads. When no contact points were included in the model, the
largest electron densities occurred at the vertical axis of beads gierparty aligned with respect
to the applied electric field. The group also collaborated with experimentalist T. Butterworth who

earlier investigated the effects of dielectric constant on plasma disch&g88] Through both



modeling and experimeation they showed the importance of capacitance of the packing media
with regards to the discharges fation They identified four types of plasma#&olar Townsend,
Polar Streamet)nstableStreamer and Stable Streamer. These can occur with any médium,
as the permittivity increases, the applied voltage required to reach subsequent stages also increases.
This can be seen in Figs. 1.5 a) and b).

The reactivity transfer to gases is crucial, particularly at the-ferg time scalefeyond
singlepulse timesales of nanoto micro-seconds)However, computatiwal limitations do not
allow for the simulation of largecale reactors typically observed in the industrial or experimental
setups. For this reason, a periodic boundary condition was developgmhRPDPSIM This
module relies o NavierStokes equationgithin nonPDPSIMto solve the fluid flow within a
reactor . Once a gas exits the computational
nodes), the species exiting are recorded afajeeted via a different set of surface nodes, known
as thel @no The treated gas can therefore ci
allowing for the tracking of the evolution of gas chemistry. This option allowed for the modeling
of kinetics evolution in a plasma PBR tens of centimeters in letigghefore giving a clearer

picture regarding important PPBR parameters.

1.3 Reactivity Transfer to Solids: Plasma Catalysis

Plasmapackedbedreactors can be thought of as a-ginre ofplasmacatalysis. Catalysis
is the process of using a material, sabst or additional chemical compound to enable favorable
reaction pathways by decreasing the activation energy. Industrial catalysis is a highly mature field,
however, it is continuously improved upon, and Plasma Catalysis is a relatively new means of

achieving it. While the dielectric materials described in the previous section could be thought of



as a catalysts, generally, Plasma Catalysis focuses on the addition of metallic particles to further
increase rates of surface reactif@® 41]. In that context, the dielectric acts as a support material
for the metallic catalysts. Fig. 1.6 a) shows a schematic of a catalyst supported on Zeolite while
plasma formed in a catalytic PBR is presented in Fig. 1.6 b).

Plasmas interact with metallic catalysts in a synergistic ma#2gr There are a multitude

of possible explanations for the presence of this synergy. High energy elettsi® €V) are

present within plasma microdischarges and surface ionizatiwaesy These electrons then interact
with background gases, leading to formation of vibrationally and electronically excited species
[43]. These species, thetip not require as higltatalyst surface temperatures to achibigh
surface reaction ragdecause the add energy allows for overcoming of the reaction activation
energy[31]. Furthermore, polarization of the metallic particles can lead to the formation of
increasedlocal) electric fields near the catalysts. As a result, higher energy electrons and ions
form and impact the catalysts. These charged species can thenapottesr molecules present
on the surfaces, freeing surface sites and allowing for additional surface reactigm®cess
cal | e-dl| & a pi].hRyedence of localized, higher density plasmas in the proximity of the
catalysts can also preferentially increase fluxeeattive species to the surface sites, leading to
higher reaction ratd25]. Lastly, the presence of these increased fluxes can also lead to localized
heating of the catalysts.

The presence of high energy electrons in the microdischarges and surfadeioniases
that occur in PBRs initiates reaction pathways producing high radical and ion densities. Similarly,
presence of metallic catalysts can increase chemical reaction rates at lower temperatures and
improve selectivity and efficiency. Combining pteas with catalysts in PBRs has demonstrated

these increases in energy efficiency and selecti$zy42,45]



Plasma interactions with tdysts and their underlying support structures need better
metrics to be able to evaluate the goodness of plasma catalysis systems and to make comparisons
between systemf26,46,47] As mentioned earlier, recent experimental results indicate that
coupling between plasma kinetic processes and theatadytic reactions leads to synergetic
increases in reaction ratgk ,48 52]. For example, Kim et al has shown a substantial increase in
the production of ammonilom methane oveRu-M g FAIRRO3 catalyst when plasma is present
[53]. This increase was greater than the sum of ammonia production when separately using plasma
or thermal catalysts. Kim and colleagues also found that additional plasma formed in a DBD
having dielectrics with imbedded metallic particles compared to a reactdrawioty metallic
particles[54]. Mehta et al. investigated plasma/catalyst synergy in ammonia synthesis using
microkinetics global modeling26,31] They postulated that the flex of vibrational excited
nitrogen produced by the plasma could lead to a decrease in the nitrogen dissociation barrier on
the surface of the catalyst and increased rates of ammonia production.

Other modeling investigations have primarily focused orracteons between dielectrics
and plasmas. In particular, Bogaerts et al have modeled several systems addressing plasma
interactions in PBRs and with por@5,55,56] In particular, their work showedahplasmas can
develop within microrscale pores and indicated that even in these small structures, transport is
predominantly electric field driven drift as opposed to diffusion dominated. Due to polarization
of the pore materials and subsequent electeld fenhancement, large electron densities were
produced in the pores. Variation in pore sizes also was impactful on ionization rates and potential
distribution, as can be seen in Fig. 1.6. While higher plasma densities near surfaces were observed,

surfa@ ionization waves were not observed suggesting that the higher plasma densities were due

10



to secondary electron emission. Photoionization was not found to be impactful, especially when
the pore topology obstructs electron movement.

The interactions beteen plasma and metallic catalysts present modeling
challenges due to their simultaneous and mutual impacts. The plasma produces high energy
electrons, ions, excited and radical species, and UV/VUV phf@hsThe fluxes of these species
can introduce additional surface kinetics (e.g., adsorptiom&imediatesUV/VUV activation),
change surface morphology (e.g., sputtering, melting;césdining) and increase local catalyst
temperature. The electrical triple point is the intersection of a dielectric, metal and gas. Electric
field enhancement occurs aple points due to the geometry and discontinuity in permittivity, and
as a response to chargalistribution upon application of an electric field. If of sufficient
magnitude, the electric field enhancement at the triple points of metallic catalysasifg®duce
electric field emission of electrons, a process that is accelerated by heating of the catalyst. Electric
field emission is particularly sensitive to the geometry of the metallic particles, polarization of the
underlying dielectric and local ggma conditions, all of which camtensify the electric field at
the surface of the catalyst. These phenomena have been studied in other areas, primarily high
voltage electrical systenjs88i 60]. The electric field emission in turn affects the local plasma
conditions and can impact the ratésurface reaction§1]. To resolve these interactions, plasma
dynamics and surface interactions must be simultaneously modeled ircarsadftent fashion.

As part of this effort, modifications and additions were madetd®DPSIM' in particular
to surface heating module to show the impact of plasma fluxes on local catalyst temperatures. This
was done by integrating the kinetic and ionization energy deposition due to fluxes of electrons and
ions, change in enthalpy due to surfacectieas, and heating due to UV fluxes incident on the

surfaces, as shown in Eqs.-1L21.

11



O — Y Y Y Y (1.7)

Y3 % t'0 O (1.8)
Y 3Y 1Qwt3 § 3 1.9)
Y 3 +0 0 (1.10)

Y ot 3f p Y (1.11)

whereld is the power deposited per area of the mateial. &, SectandSuy are the source terms
due to ions, electrons, neafs and UV, respectively. In equation 108yop is the difference in
electric potential between the surface node and its nearephgsas neighbor (representing the
kinetic energy of ions)}lion is the enthalpy of formation of incident ion aHdis the enthalpy of
formation of the species returning to the -gasse following ion reaction on the surface. In
equation 1.90eis the flux of electrons to the surfadejs the temperature of those electrons. This
is the heating term. The second terra@®olingterms due fluxes of secondary emission electron
away from the surfaces. Hereis the secondary electron emission coefficient for given ions and
Ure is the flux due to electric field electron emission. For all these electrons, we assunoé 4 eV
energy is being carried away, which is the typical work function of a metal. In equatidiied:.9,

is the flux of neutral reactive speciestothe surfllgeyi s t hat speci esd ent hal
Hi is the enthalpy of formation. Lastly, inwegion 1.11j; is the flux of UV photons with energy

‘. The energy deposited then d&®Repends on the mat

14 Reactivity Transfer to Liquids: Aerosols

Plasmas can also be extended to interact with liquids, further enabling redciivitier.

These interactions are being studied for a large scope of purposes: biomedical, agricultural, and

12



water treatment applicatiofi3,16,62] From a pollutant remediation perspective, plasma acts as
an advanced oxidation method, enabling its use to address a variety of po[Ritarfisom a
biomedical perspective, beneficial effects of plasma treated liquids are generally attributed to the
production of reactive oxygen amitrogen species (RONS) by the plasma which solvate in and
further react in the liquifb3,64]

For example, plasmas produce high déesitf ozone (Q) in oxygenenvironments This
species is an oxidative agent that is stable in water. It is currently used in regional water treatment
facilities as a nottoxic means of remediating biological infestati¢®s,66] Another example is
a hydroxyl radical, which is prduced at high volumes in watplasma systems. OH is the most
oxidative agent in aqueous solutions with a reduction potentia ef £85 V, which makes it
highly reactive[16,67,68] However, due to its propensity to recombine to form eith€r bt
H20., OH does not have a lomglf-life. Becausair plasmas can be produced in close proximity
to liquid water, hydroxyl can be transferred directly to it, allowing for high degree of solvation and
direct treatment of liquids.

The means of maximizing plasiiquid reactivity transfer is a topic of active study.
Whether treating high volumes of liquid (agriculture, pollutant removal) or requiring high densities
of reactive species in small liquid volumes (medicine, sterilization), transfer of reactivity is
transportlimited. The activating species must first transport from their site of creation in the
plasma to the surface of liquid, the species must then transport into the liquid and finally transport
from the surface of the liquid into the interior. Maof these transport limits can be addressed by
plasma activation of small liquid droplets immersed in the plasshey icrease the interaction
regon. In this plasma activation scheme, radicals and ions are produced in the immediate vicinity

of the droplet, thereby minimizing transport listo the liquid surface.
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Small (micronscale)waterdroplets are able to be completely surrounded by the plasma,
maximizing exposure. Further, atnallerradii, the surfacgéo-volume ratio of the liquid is
increasedtherefore maximizing the fluencesaching waterLastly, the small volume maximizes
the total densities of reactive aqueous species present within the liquid. Several experimental
studies have addressed this type of plasma activation scheme. For example, plasma treatment of
droplets ly electrospray of water has been found to be effective for inactivation of biofilms, as
found by the Mahala groyp8,69]. In particular, they also found that both negative and positive
discharges have a similar impact on bacteria survival. In fact, the most impactful experimental
variable was xposure time (or total deposited energy). This makes sense, asxidasits(OH,

H20,) are produced regardless of applied polarity. This result can be seen in Fig. 1.7. Plasma
treated water mist has effectively sterilized E. coli and whileémiting the production of RONS

in the liquid [70]. Plasma treatment of water droplets has produced particularly high
concentrations aiqueousydrogenperoxidei H2O2aq[71].

Additionally, akin to solid catalysts, the liquid droplets affect the behavior of plasmas and
vice-versa. Dedonized water (with conductivity of 5.5x1® Scm and permittivity of 7.1x190
12 Feml) has the dielectric relaxation time of

T - m™ai (1.12)
This means that at plasma tiseales (nanoto microseconds), the droplets behave like a
dielectric. In a fashion similar to that discussed in section 1.2 with dielectric beads, the droplets
lead tolocal electric field enhancement and an increase of local ionization rates. Plasma, therefore,
preferentially forms near the droplets, increasing rates of reactivity transfer. Additionally,
processes such as surface ionization waves (SIWs) often ocdielectriclike surfaces (as is

low conductivity water). SIWs produce reactivity in immediate proximity of the liquid, even
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further increasing reactivity transfer rates. The resultant high electron and ion fluxes then charge
the surface ofthedroplét,ur t her i nteracting with the electr
equation. The high charge density solvated in the droplets cafeatstotheir breakup if the
Rayleigh Limitis reached72]:

n otv -7T® (1.13)
Whereq is the amount of charge required for the Columbic repulsion forces to overcome the
surface tension | eadimgstohbreakmptdbivithy df
surface tensio of the droplet and s the surface radius. Lastly, due to polarization of the droplet,
the electrostatic forces can lead to changes in the topology of the aérabalsging spherical
droplets to more oblong shapes.

Furthermore, liquids can sustaipegies densities that are vastly different than those
sustained in gases in accordance withozandhe Hen
has a He n p) godstant bfedD\@74.( Fhis means that, at equilibrium, for every 100 gas
molecules pesent near liquid surface, water can sustain only 27. On the other end of the scale,
hydrogen peroxide has b= 1.92x16 meaning that for every 4@, molecule present in the
surrounding gas, water can sustain nearly 2 million molecules at equilifg&i#8] This fact
opens several avenues to chemical selectivity by varying plasma parameters which preferentially
produce given species. Additionally, the droplet can therefore act as a sinklakkdive gas
species, completely draining some species, while coming to an equilibrium with other nearly
instantaneously. This phenomenon cannot be modeled Hulilbension simulations, as it is
space and timedependent. But it is of crucial importato chemical selectivity and reactivity
transfer rateslt should also be noted that as the aeresapaatesthe reactive gecies deposited

toits surface isransported back to the gpbase As such, the activated media shouldlbpositel
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onto a surfacd is meant to treabr mixed with other med (largerliquid volume withsmaller

surfaceto-volume ratio)to prevent the decreas@ aqueaisreactive species

15 Motivation

Due to their dynamic nature, atmospheric pressure plasmas a difficult to probe
experimentally. Insertion of majority of probes can destabilize plasmas and change their behavior.
Furthermore, elucidating stdpy-step kinetic processes can easily disrupt chemical pathways due
the need for the presence of scavengers change chemical reaction rates and absorb chemical species
of interest. Simultaneously, plasmas have shown the potemipalsitively impact some of the
most pressing issues currently faced by society through its reactivity transfer properties
medicine, food production, and pollution control. The primary drawbacks of these plasma
applications are connected to the poorarsthnding of the underlying fundamental procegses
which leads to poor economics.

Computational modeling can elucidate means by which these processes take place.
Simulationsi when properly validated explain the cause for observed phenomena. They al
one to probe without interfering. They permit for observations atsicaées varying between
nanoseconds and minutes, while studying special scales between microns and tens of centimeters.
As such, computational simulations are perfectly situatexpand our knowledge in the highly
realm complex realm of plasma reactivity transfer, hopefully allowing for the furtherment of
mitigation of societyds greatest issues.

Detailed analysis of the processes undergoing in a wide variety of Atmospheria@ressu
Plasma application is presented in this work. Plasma electrodynamics, their influence on the

surround media, and plasrohemical reaction sets are taken into account wholistically, as it aims

16



to integrate fields of plasma physics, chemical enginedghegnodynamics, and aerosol physics.
With the end result being the widening of the current body of knowledge and furtherment of

practical plasmdbased technologies.

1.6 Scope of this Dissertation

The work presented in this thesis aims to elucidate the basic plasma physics and kinetics
present in complex systems which are not easily probed in experiments. Knowledge of the
processes at the microscopic scale can then be used to advance plasma Eamatagies on
the macroscopic scales. As roles of rgameration energy sources (renewables, nuclear) expand
and energy costs decrease (both in economic and environmental senses), plasma can become an
avenue to energy storage, agricultural fertilaat medicine and pollution mitigation. Here, we
discuss the means by which chemical reactivity is transferred to all three phases of matter, which
may impact all of the abowaentioned application.

In Chapter 2, the description of the model usetPDFSIMwill be provided. This includes
the fundamental equations of state, computational scheme regarding matrix solutions, time
stepping, and integration, important physical phenomena being taken into consideration and code
performance. The contributions the model by the authérincluding parallelization, surface
heating, implementation of new meshing software, and fluid periodic boundary condiaoas
also discussed in this chapter. Lastly, discussion regarding experimental validation pertinent to
this work is also overviewed.

In Chapter 3, the transfer of reactivity to gases via packed bed reactors are discussed.
Discharges within reactors with different geometries, background gases, applied voltages and gas

pressures are all shown to follow tb@me stefby-step process. These results are validated by
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experimental collaborators. The types of plasmas observed then had an impact on which reactive
species formed leading to an insight on selectivity.

In Chapters 4 and 5, respectively, the inteoaicbetween plasmas and metallic catalysts
and propagation of plasmas into pores are explained. These discharges showcase the transfer of
reactivity to solids. With respect to catalysts, the reasons for observable synergy are explored.
Local surface &ating, electric field enhancement and field emission are shown to contribute to
prior-observed increases in conversion rates in plasatalytic systems. In Chapter 6, the impact
of pore topology on uniformity of surface coverage by reactive speciddrssaed. In particular,
the angle of the porehain with respect to applied electric field was found to be critical. The more
tangential this angle, the lower the uniformity was found to be.

In Chapter 6, interactions between liquid water droplets@asinas are discussed. The
study showed the i mportance of Henryds Law cC
activation of water. Furthermore, droplets with higher surfaesmlume ratio (smaller radius) are
shown to acquire higher densities adictve, highh species.

The summary and conclusions are presented in Chapter 7. Perspectives on future work are

also discussed in this chapter.
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1.7 Figures
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Fig. 1.1 Types of plasmas and theilectrondensities and temperatures. Credit: Donko et. al.
[74]
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Fig. 1.5 Formation of various plasmas in a singlelet packed bed reactor. Impact of applied
voltage (a)) and permittivity (b)). Credit T. Butterworth and R. W. K. AJ&#
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Fig. 1.6 Impact of metallic catalysts on plasma discharges in a PBR. a) Schematic of a plasma
catalytic packed bed reactor. b) plasma discharges in a zeolite/metal catalytic PBR. Credit H. H.
Kim [77]
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Chapter 2 Description of the Model

2.1 Description of nonPDPSIM
The computational model used in this worknenPDPSIMi a fluid-based plasma
simulator described in detail in R¢t]. nonPDPSIMuses an unstructuredd2mensional mesh
over a set geometry. An example of one is shown in Fig22.1Each node within the plasma
region (ga and liquid alike) includes densities of species defined by the user. These densities are
then used in conjunction with the Boltzmannos
and transport coefficients as functions of reduced electric fiéMli(Ehe electric field divided by
number density). Poissonds equation is then
on each individual node. This is done implicitly, as well as simultaneously with chaagide
transport calculations Furthermore, additional modules enable the simulation of phenomena
related to radiation transport (vi a-Stakese e n 0 s
equations), gas and surface heating, RF and DC pulsing power cycles, atermorgasma
kinetics via the omission of electrostatic calculations. These phenomena vary widely-in time
scales from seconds (fluid flow, gas heating) to nanoseconds (discharge propagation and radiation
transport). This presents a difficulty regarding their solutiahiwia single simulation. This is
addressed inonPDPSIMthrough the utilization of a timsplitting technique, wherein equations
pertinent to individual phenomena are updated only in accordance tetgpeerelevant to them.
nonPDPSIMis written in Fatran and is primarily run on Linux servers. The simulation

times vary widely depending on cases being stuidiedm a few hours up to several weeks. The
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code is primarily serial, but several regions of OpenMP parallelization were added by the author,
allowing for increased performance. Primarily, these additions were made in the calculation of
neutr al speciesd transport coef f i cdoresuntng . Th
calculation by utilizing Allinea Forge profiling software by Arm Limitf]. As a result of the
implemented optimization, an approximately 50% reduction in simulation time was achieved on 4
cores, agan be seen in Fig. 2.2.

The typical plasma discharge tirgseales vary between a few nanoseconds (streamer
development) and microseconds (steady state RF discharges), while the plasstapgimeaary
between fractions of picoseconds and nanoseconds.

The required input files which define a case are as follows:

1 .nami the primary definition input file (namelist), which defines material
properties, pulse characteristics, and enabled modules (fluid, radiation, gas heating
etc.), sets the timsteps and p@nent timeperiods, and contains the table of E/N
values of interest for the solution of

1 .nlisti the mesh file (nodelist) defining each node (location, material number, and
zone number, whether the node is at the border of theutatigmal domain), each
mesh cell (by providing the set of immediate neighbors for each node), and
geometry lines.

1 .dati the chemistry file defining the species included in the kinetic mechanism
(including their names, specific heats, charges, Leedames radii and energies,
weights, surface interaction parameters, and enthalpies of formation), as well as the
reactions between said species (including reactants, Arrhenius coefficients, if

following the Arrhenius form and reference to cresstion tablesotherwise,
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temperature exponent, activation energy).

Beyond the three primary input files, several others can be added depending on the case.
For instance, complex surface chemistries can be tracked using a surface.dat file, which would
include specific grface species, site densities, and reaction rates. Fig. 2.3 provides a flow diagram
of a typicalnonPDPSIMcase.

2.2 Geometry and Mesh

nonPDPSIMutilizes a formattedead node list as explained in section above. Work
presented herein utilized Skymesh23kyBlue systems and Pointwise by Pointwise [4)c The
latter was implemented by the Author due to its superior ease of use and expanded capabilities.
For example, while Skymesh2 requires pasicessing to transform its output files into an .nlist
format, a plugin was developed for Pointiwse that automatically produnce$®DPSIMreadable
output. This was done through the implementation of a C++-iplufprough a Software
Development Kit provided by Pointwise. In short, Pointwise inputs were adopted to allow for
custom designations of materials, zones, and boundaries. They are then outputted in the .nlist
format.

Beyond simply outputting the .nligtd, Pointwise provided several additional advantages.
These include visudlased geometry design, cepgsting of points and features, mirroring and
shifting of features, and the ability to control the location of individual nodes (increasing mesh cell
uniformity). Perhaps most importantly, Pointwise allows for the production of hybrid meshes,
which combine triangular and rectangular mesh cells. This allows for the combination of the
versatility of unstructured (triangular) meshes in terms of the yarfetcales with the structured
(rectangular) meshesd uniformity near surface

In short, unstructured meshes allow some nodes to be further away from a flat surface than
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others. As a result, the electric field at the naaegrest to the surfacgs/hich is the physical
resolution of the simulation) may vary. This is an unphysical solution and can lead to an
accumulation of numerical errors. On the other hand, structured meshes do not possess the ability
for variation in resolution, which may lead ta annecessary increase in computational cost
through an increase in the number of nodes. A hybrid mesh takes advantagei chlimting

for rectangular cells to exist in the proximity of surfaces and triangular cells further away. An
example of this ishown in Fig. 2.4.

Once a mesh is set up, its properties can beRegions within the geometry are assigned
values based on their material and zone. Materials can have various applied potentials,
permittivities, conductivities, thermal propertiesmission coefficients, and reaction rates. The
zone parameter allows for different sets of equations to be applied to different redmms
example, when simulating a liquid/plasma system. If a node exists at the boundary of different
materials, it$ assigned to the metal first, dielectric second, and gas third.

Finite Volume Method is utilized to solve the partial differential equations discussed in
latter sections. Each node is interconnected with its immediate neighbors, forming a cell. This
cell is calculated based either on the intersections of the perpendicular bisectors of the two lines
joining two neighbor nodes or on the chords between centroids of adjacent triangutatisub
(formed from connections between the main node and two réighbor nodes). The latter can
be utilized in both rectangular and triangular meshes, and it is therefore preferred. An example of
a computational cell computation via both methods is shown in Fig. 2.5. In the case of a structured
or hybrid mesh, onlythe perpendicular bisector method is used. The area of the cell is then

calculated. Depending on the caselwgetthe volume of the cell is found either by multiplying the

area by the fAdeptho component of ftntegratimpéhe met ry
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volume based on its radial position (if in cylindrical coordinates).

While there are no explicit limits on the number of nodesnonPDPSIM the
computational time scales ag With increased mesh siieparticularly the number of nodés
the plasma regions where charged species transport calculations are performed. As a result, the
typical nonPDPSIMcase varies between 7,000 and 15,000 nodes. More complex geometries,
particularly ones requiring the resolution of small features, nieatessareful mesh consideration.
Ideally, the mesh would be composed of equilateral triangles with minimal variation is cell size.
This is becaussharp variations in mesh resolution lead to deviation from the ideal and strain the

ability of the solvers withimonPDPSIM

2.3 Boltzmannds and El ectron Energy Equations
As was mentioned earlier, the Boltzmannos

simulation for a given input chemistry and defines reduced electric field values. This solution is

then updated fragently enough to account for changes in gas chemistry due to the presence of the

plasma. The Boltzmannds equation i s:

— ' - — (2.1)
wheref is the electron energy distribution functioms the timey is the velocity,, is the gradient
in spaceFi is the ith force acting on electromsjs the mass of the electron, is the gradient in

velocity space, and— are the energlosses due to collisions with background gasses. The

two-term spherical harmonic expansion is used to solve Eg. 2.1 in zero dimensions, accounting for
isotropic and anisotropic components. This simplification allows for rapid solutions, while
maintainng a high degree of accuray6].

The average energyor temperaturé of the electrons is solved using the Electron Energy
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Equation. The solution is local at eawhde, which allows for the calculation of heterogenous

plasma states, such as those which appear in ionization fronts. The Electron Energy Equation is:

0 102-3Q°Y "Y'y BY-'Y (2.2)

Wherene is the electron number densitshi s t he Bol tzmannds constan
energies of particles to the temperature of the substésisethe electron temperature arnd the

time. On the righhandside,j is the current densit¥ is the electron field and their dot product

represents the energy deposited into the sysseisithe flux of electrons into and out of the mesh
cell, ais the thermal conductivity, ard is the change in energy due to tlie ieaction with the
reaction rate oR.. The reaction rate coefficients are based on experimexuteiérmined reaction

crosssections, when available, and otherwise take the Arrhenius form (Eg. 2.3).
N 0z2YZAPD — (2.3)

Wherek is the reation rate coefficientA is the Arrhenius coefficient anakUs the reaction

activation energy.

2.4 Poi ssondbs Equation and Charged Species Tr

Once the electron temperature and transport coefficients have been found for each of the
userdefined E/N véues, they are applied to individual mesh cells. On each node, the electric field
is found wusing the Poissonb6s equation. Thi s
voltage, cellbased potential (based on local permittivity and charges), climngsties, and
surface charges as shown in Eq. 2.4:

nO-nk Ben (2.4)

where Uis the local permittivity (based on local species in gasses and liquids, and material

properties in the solidsy, is the local potentiahi is the local number density of the i'th species,
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g is its charge, angs is the number density on the surface of a solid material.
Simultaneously, the transport equation for the charged species is solved. This is required in
implicit solutionsduetdt he chargesd movement | mpweesd iTheg t he

charge transport is done using Eg. 2.5:
— n® Y B n® B 1 (2.5)

Whered is the flux of the i'th species into a no&eis its local source term due reactionsi
andtkare the fluxes of the joOoth ion and koéth ph
electron emission coefficient of and photoelectron emission coefficientoaf respectively. S
includes sources due to reactions, &l &s due to radiation. To discretize the eiffusion of
heavy charged species, the Scharfeemmel scheme is utilizef]
Additionally, surfaces can emit electrons if the electric field in their proximity is sufficient
to overcome their work functioWy. This is calculated using the Fowlbrdheim equatio for

thermionically enhanced emissidig3:

Q O0YAPD —— (2.6)

whereje is the resultant electron curredtjs the Richardseushmanconstant (120.13 A/cfa

K?), T is the temperature of the surfat¥,is the work function of the metdlgi s Bol t zmann
constantq is the elementary charge, akds the electric field at the surface of the metal. The
variableb is a multiplicative faair allowing for the increase in emission rates due to topology (or

other properties) of the materialfor example, surface roughness too small to be resolved via

meshing. It can be estimated using:

f —_— (2.7)
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whereh is the height oflie roughness, is the radius of curvature of its tip, adds the distance
between roughness maxima.
Radiation innonPDPSIM s s ol ved wusing the Greends func
particular photons are not tracked. Rather, the intensityaafiation is tracked based on emitting
species, absorbing species, andrardependency, where is the distance from the emitting

speci es. The Greenbés function i s:

ol i ——— (2.8)

wherern is the location of emittig species nv, is the location of absorbing specleanda-is the
mean free path o firnfisiande baped ontabsarptianl creastipn (). Ae a
result, the phototvased source term becomes:

Yoo O0i Bo_, 01 "Oi h Qi (2.9)
whereNii s t he density A &thb Eirstbis ceffivienty ¢s the absomiior s |,
crosssectionNji s t he j o6t h densi trnsthe tistamaa betweenthg nodese ci e
containing the i'"th and joOoth species.

Radiation calculations are computationally expensive. Fluxes of photons from each
emitting node to each absorbing node must be calculated, leading to matrices with the order of
Nphotons¢Nnode. For this reason, the 6horizondé or di
can be absorbed can be set. This assumption is valid because the intensity of radiation decreases
as1/r?, meaning that the fluxes will be inconsequentiaffam the emission node. However, the
computation is still timeonsuming. For this reason, the author implemented OpenMP
parallelization within the photoeaction module, allowing for the simultaneous calculation of each
phot ondés i mpa omputational threasl.e Withr4 phowns teing tracked and on 4

computer threads, this addition sped up the calculation by a factor of 3.
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In nonPDPSIM theA A x sp&se matrix is solved in a fully implicit manner. Hekés
the Jacobian matrixx is the ulknown vector, andB contains the solution. To increase
computational performance, the elements of the matrix (species densities, potential, surface
charges, timesteps) are normalized. This is done by estimating the average expected values a
priori and nputting them into the namelist file. For instance, the species density normalization
value may be 10(a typical plasma density at atmospheric pressure) anestiepenormalization
value may be 1 (a typical timestep taken by the code). By normalgithese values, both
become close toiltherefore decreasing the strain on the solver.
The Jacobian is either the result of a perturbation method variation, or an analytical solution.
Typically, the latter is used. In general, the Jacobian elementeaescribed as the changes in
one value due t o ah@jisthe change inFdensity ef speaiep k a noded n
due to change in density of species m at node j. For a giverstime p @t , Adarhbe mat r i

expressed as
0 — — (2.10)

wheren; and n; are the densities or potentials on nodesdj, andUj is 1 when i = j, and 0
otherwise. While some Jacobian elements can be solved once (expanogetential), other
evolve with time (charge densities, sagé charge). As an example, the change in density of
species i will depend on its fluxes, reaction rates, and fluxes of other species from neighboring

nodes. The analytical expression for tiof@nge in density of speciesn node will then be:

— {B — — 30 (2.11)

whereb is the implicitness factot)is a Scharfetter and Gummel parameter as described in Ref.

[9], Dsi andDs; are the diffusion coefficientgpxs the distance between the nod&sis the area
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of contact between computational celsis the volume of the computatial celli, andgpfts the
current timestep. Similar expressions are then produced for reaction, photoionization and surface
charging.

Various solver types are available, but the Generalized Minimum Residual Method with
ILUT preconditioning is generallysed[10]. The stacking order of the matrix is as follows:
potential on nodes (length: number of nodes), surface charges (length: number of boundary nodes
allowing surface charging), and charged species densities (length: number of charged species in
the chemistry x number of plasma nodes). Typical matrix $iaes the order PO° meaning
100,000 rows and 100,000 columns of valuAs a result, careful consideration must be given to

minimize the number of charged species and the number of nodes.

2.5 Neutral Transport
Neutral species are not influenced by electric fields. As a result, the primary influence on

their transport is diffusion when gas flow is absent. This is represented by equation 2.12:
— nJ 0Ong Y (2.12)

wheren; is the density of the neutral speciess the time,D; is the diffusion coefficient of the
species, ang is the source term due to reactioboth gasphase and surfadssed. To solve this
equation, both explicit and implicit options are availabl&€he implicit solution involves a
Successive OveRelaxation method (SOR), which requires a wdatermined timestep.
Alternatively, the first through thirdrder RungeKutta (RK) method is available for an explicit
solution. In the latter case, the Aatthas implemented an automatic tistepping method. This

is done by the comparing the relative error produced from the lower order solution to the RK

method and the higher order solution. For example, the user may select to use the third order
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solution and the maximum error difference set t®1®hould the variance between the second
and third order solutions exceed® @he timestep taken will decrease by a set fraction (it should
be noted that higher order solutions require leareler solution$o also be performed). Similarly,
if the relative error is very small (for example;#)0the timestep may increase. This allows the
user to simply designate an error range and not require them to explicitly determine tbiepime
prior to the simulaon run.

It is important to note that the transport of neutral species is solved separately (but at the
same timestep) from the charged species. This is due to thediitiag algorithm which allows

variation in solution times. The diffusion coeféats are estimated using Eq. 2.13:

O mrimnpy U—Eld——_ (2.13)

whereM; andM; are the masses of the species of interest and the background gas, respggtively.

is the gas temperatur@,s the gas pressuré is the LenardJones parameter given by Eq. 2.14,
andqp is a temperaturdependent collision integrfl1]. It should also be noted that fxessure
coefficient is crucial in the determination of transport rates within a liquid. Thanks to the zone
parameter described earlier, different pressures can be assigned to different regions. As a result, a
1 atmosphere gas region and a directly medging 1,000 atmosphere liquid (based on number

density) can both be resolved simultaneously.
” T om ” (214)

where individual diffusion coefficients are experimentally determined.
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2.6 Fluid Flow

In nonPDPSIM continuity, momentum, and energy forms of Nax8éokes equations are
solved on all gaphase nodes. Nodes that represent the surfaces of solid matetiais asse
slip condition. Similarly, liquid surfaces are assumed to have &lipboundary condition and
momentum transfer into the liquid is not considered. This is a good assumption under the small
time-scales simulated in most atmospbgniessure plasma cases. Furthermore, the algorithms
used are mostly unsteady and compressible, with constant pressure boundary condition at the exit
nozzles, though these can be adjusted based on the requirements of the case. The inlet boundary
is detemined by specifying fluxes (in SCCM) of species being injected perpendicularly into the
computational domain.

Additionally, the author implemented a periodic boundary for fluid flow. Within that
scheme, fluxes of species exiting the computational doarai being recorded on each of the exit
nozzl es. The ratios of each spe cinjeetedghrofighu x es
the inlet nozzle nodes. A flowchart showing this, along with an example of results obtained, can
be seen in Fig2.6. The injection velocities are maintained in accordance with the initial SCCM.
This allows the user to track changes that multiple plasma pulses have on gases, when the
simulated time exceeds the gas residence time within the reactor.

The densitiesmomenta and temperatures are calculated on the mesh nodes (as opposed to

chords), as described by Norberg dtlyl To find these, the continuity equations are first solved:
— nd0' Bp— (2.15)

and
— nOB & 30 By— (2.16)

whereN is the total number density at a given nodes the gas velocityfji s t he j 6t h s
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inlet flow velociAiys ftrioen itdteh i ©d lhl Kl theemassa .a n dl n
of all species at a given nods,is the mass of théjt h s p elicigitefrx. and

Next, the momentum is calculated using Equation 2.17:
—— "0 n00 0 O BAGO G0 0= (2.17)

whereP is the pressurdJis the viscous stress, afids the electric field. Thétter accounts for
the additional transport of charged heavy species due to presence of applied -archicedf

electric fields. Lastly, the energy equation is:
—— 1 MY @Y 03 B Y30 B 0 (2.18)

wherecy is the specific heat of the gasis the thermal conductivity], is the gas temperaturién

andppkhar e the méth reactionds rate jBisthedodleange i
heating term. The heating term can then also be extended iroaisathrough a thermal lumped
capacitance model. Moreover, individual reactions on the surface of the material can also impact
the material 6s surface. The author extended
neutral reactions, electrdluxes, and electron emission. These are governed by Equations 2.19

through 2.23:

0— Y Y Y "Y (2.19)
Y 3 %o t'o O (2.20)
Y 3Y 1QwB3 3 (2.21)
Y 3 B O 0 (2.22)
Y t3f p Y (2.23)

whereJ is the power deposited per area of the mateial.S, Seus andSuv are the source terms

due to ions, electrons, neutrals, and UV, respectively. In @qu2i?20,0 drop is the difference in
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electric potential between the surface node and its nearephgsas neighbor (representing the
kinetic energy of ionsHion is the enthalpy of formation of incident ion, addis the enthalpy of

the formation of thespecies returning to the gpbase following ion reaction on the surface. In
equation 2.21{ie is the flux of electrons to the surface, whileis the temperature of those
electrons. This is the heating term. The second term is a colling terms due to the fluxes of
secondary emission electron away from the surfaces. blésaghe secondary electron emission
coefficient for given ions andre is the flux due to the electric field electron emission. For all
these electrons, we assume that 4 eV of energy is being carried away, which is the typical work
function of a metal. In equation 2.22.tis the flux of neutral reactive species to theface,

Hhei S t hat speci es 6 Hdimsthéenthglpyofformatidbno lrasty in eqoation a n d
2.23, 0 is the flux of UV photons with energy. The energy deposited then depends on the
material OKR. reflectivity,

The above equatiorage solved using the Successive Over Relaxation (SOR) method with
atypical relative error of 10 Depending on the settings, time slicing may be used to appropriately
address kinetics or electrostatics and couple them with the fluid flow. This ibd@eeforming
chemistry and plasma calculations at tigteps that are smaller than those of the fflad.. The
resulting number densities are then set as the initial values within the fluid solver. The typical
time-steps for fluid flow varies betweer0% and 1& s, depending on the complexity of the

geometry and rates of neutral reactions.

2.7 Liquid Module
Pl asmas possess the ability to dactivated (

can behave quite differently compared to gases/eidl phenomena not considered in-plaase
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modeling must be included when simulating plasma/liquid interactions. GenamDPSIM
treats liquids as partially ionized fluidlsthe same way as the gases. All equations described in
sections 2.4 and 2.are solved in the same fashion within a liquid. However, due to the high
number densities occurring in liquids (approximately 3 % &0v3, factor of 16 increase over gas
number densities), regular diffusion equations cannot be applied at the besrafatihe two
phases. Rather, the crgdsase transport is done via evaporation and solvation.

Solvation innonPDPSIMi s handl ed by restricting-some s
phase boundary. In general, assuming the liquid is water, glilga® charged species can enter
the liquid region due to the assumption that their kinetic energy can overcome the sndeyy
of water. On the other hand, no charged solvated species can exit the liquid due to the high density
and degree of polarization of the water mol ec
further analysis, however. We utilize therHey 6 s Law equi | Whitheyu m i n
formulation as the estimate for saturation density va[d@$ Diffusion and drift diffusion fluxes
are calculated for individual species based on the transport coefficient calculttad esich

phase. The transfer across the boundary for a given species is then determined by:
3 —p — & ¢the¢e @ (2.24)

Wherelig is the flux of a gas species intotheliguigi s t he speciesd diffusi
the gas;pxs the distance between the gas node and the gas/liquid bounglandn are its

number densities within the gas and liquid phases, respectivelfzi s i t s Henryds | a
It should be noted that the valuesigaindn are those at nodes in direct contact with the boundary,

all owing | ocal variation in transfer rates.
constant and theduid density surpasses the value of the density in the gas. The same restriction

is done for the transfer of a liquid species into the gas:
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3 —p — ¢ ¢ h ¢ — (2.25)

The result of Equations 2.24 and 2.25 isthatspecies h a hi gh Henr ybs |
have densities sustained within liquid that are many times greater than the densities present within
the gas. For exampleE; hash value of 1.92 x 10 This means that, at equilibrium, nearly 2
million hydrogen pesxide molecules are present within the liquid for everymeasse hydrogen
peroxide molecule. Converselyz ®ash value of 0.274, leading to only one ozone molecule
within the liquid for every three present within the gas. Once those values are reached,
boundary transporhvaluesaemiseninTabDlehler speci es o

Evaporation for any given species depends on its saturated vapor pressure, temperature of
the liquid and gas, and the density of the species directly above the ligumidnRDPSIM this
function is harecoded for HO, but it can be expanded for any other species of interest. Currently,
the vapor pressure approximation assumes a linear relationship between the number density and
the temperature of the gasvhich is valid n the temperature ranges of interest. Transfer of the
liquid species is then performed by setting the number density of thihgas equivalent species
on the surface of the liquid equal to the saturated vapor pressure number density.

Lastly, the liquidchemistry can be significantly different than its gésse counterpart.

For example, gaphase reactions between OH andM@ve a rate coefficient of 4 x 1becm’s

1 while their liquid counterparts interact at a rate of 7.1 ¥**1dn°s'[13]. To address this

situation, species presentintheligpich as e ar e gi agpnanhbdeusdbsgoi phe
of reactions, independent of thgaisphase equivalent. The process of changing these species can
betmeconsuming, as it depends on & orlevadtiingm )b etp

and its background. As an example, solvation of oxygen would require the following reaction
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Op OO0 ©0 00 (2.26)

This process, therefore, requires the inclusion of multiple additional reactions to address
each species. To remedy this issue, the Author implemented an automatic solvation algorithm.
First, specis with a liquid phase equivalent are tabulated (ex.NX)). Second, all densities of
the tabulated speciesd present within the opp
transferred to the correphase equivalent, therefore conservingsnal his is done at every update

to speciesd6 densities.
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2.8

Table 2.1:

Tables

Henryds Law Constants wusedld4]lin thi s

Species h (unitless) Note

H202 1.923 1P

HO: 1.323 10°

OH, OH(A?S) 620 a

H, H* 6.003 10° a

Hz, Ha(r), Ha(v), H2* 1.93 10?2 a

H20(v) 1 a,b

0, O(D) 1 a,b

O Ol1), GV 3.243 107 a

Ox('Dy), Ou(’'Sy)

O3, 03* 0.274

mi;*'?b,\([) ’,\l'?%g’)) N 1.63 102 a

N20s 600

N204 37.0

N2Os 48.5

N20, NoO(V) 0.599 a

HO2NO:> 9.733 10¢

NO 4.43 10°

NO2 0.28

NOs 41.5

HNO2, HNO 1.153 10° a

HNOz, ONOOH 4.80% 10°

CO, CO(v) 2.423 102 a

COp, COx(v) 0.823 a

NH 1.473 10° C

) Value corresponds to the first species in the list. Other species were assumed to

have the same

Y Approxi mated.
saturation.

9 Approximated by analogy to N
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Process Time (s) vs. Number of Cores
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Fig. 2.2 Impact of OpenMP parallelization on model performance
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Chapter 3Reactivity Transfer to Gases: Packed Bed Reactots

Plasmabased pollutant remediation and vaasded gas production have recently gained
increased attention as possible alternatives to currdafiloyed chemical reactor systems.
Electrical discharges in packed bed reactors (PBRs) are of interest dbeirta@bility to
synergistically combine catalytic and plasma chemical processes. In principle, these systems could
be tuned to produce specific products based on their application by combinations of power format,
materials, geometries, and working gasebllegative voltage, atmospheficessure plasma
discharges sustained in humid air in a Pl&® geometry are experimentally characterized using
ICCD (Intensified Charg&oupled Devicejmaging and simulated in-&imensions to provide
insights to possibleoutes to this tunability Positivedischarges were also examined but are not
discussed here Surface ionization waves (SIWs) and positive restrikes through the lattice of
dielectric rods are shown to be the principal means of producing reactive sféaesimber and
intensity of SIWs and restrikes are sensitive functions of the alignment of the lattice of dielectric
beads (or rods in-8) with respect to the applied electric field. Decreased spacing between
dielectric elements leads to increased elefield enhancement in the gas and, therefore, locally
higher plasma densities, but does not necessarily impact the types of discharges that occur through

the lattice.

1 The results discussed aagortion of the text in this chapter have been previously publish&dkruszelnicki, K. W.
Engeling,J. EFostee n d M. J .Propagatiom of eegativeléctrical discharges throu@hdimensional packed bed
reactor® , J . :ApplyPhys50,025203(2017); K. W. Engeling, J. Kruszelnicki, J. E Fostard M. J. KushnefTime-
resolved evolution of micrdischarges, surface ionization waves and plgsmpagation in a twalimensional packed bed
reactob Plasma Sources Sci. Techr@l.085002(2018); and Z. Mujahid, J. Kruszelnicki, A. Hala and M. J. Kushner,
fiFormation of surface ionization waves in a plasma enhanced packed bed reactor for capliysioap , Ch e mi c al
Engineering Journa82123038 (2020).
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3.1 Introduction

Dielectric barrier discharges (DBDs) in packed bed reactors (PBRsimaisgheric
pressures are of interest for the removal of toxic gasesrép@bcessing, and gas convergibn
6]. A PBR typcally consists of dielectric material (usually spherical beads or pellets) distributed
between two electrodes. Depending on the orientation of the applied electric field and spatial
distribution of the beads, the electric field in the gas phase betledreads can be enhanced.
This enhancement, in turn, leads to higher rates of ionization and greater production of reactive
species[7]. The degree of electric field enhancement, in turn, depends on the shape of the
dielectric beads, tlealignment with respect to the applied electric field, and their dielectric
constantlJ

The manner in which an electric discharge avalanches through a PBR is still poorly
understood. Generally, the breakdown is governed by a surfadiéied Paschehs [B]la w
However, subtléés pertaining to tuning plasma properties depend on many other variables. These
variables include the material properties of the beads (secondary electron emission coefficient,
microscopic electric field enhancement, surface charging, and dielectriamngas properties
(electron transport coefficients, temperature, thermal conductivity, and UV opacity); and the
physical arrangement of the beads (alignment with respect to the applied electric field, shape, and
spacing between beads). Understandimg relationship among these variables is critical to
maximizing the selectivity and energy efficiency of processing gases in a PBR.

This section discusses the results from a computational investigation of the propagation of
negative ionization waves (IWW¢hrough a 20 PBR with validation by a companion experiment.

The evolution of discharges through the lattice of dielectric rods of the PBR, including types of
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discharges, plasma properties, and production of reactant species, are described. The primary
modes of discharge are positive streamers (restrikes), filamentary microdischarges (FMs), and
surface ionization waves (SIWs). Positive restrikes form following breakdown in regions of high
electric fields. In cases where restrikes are confined bettmeedielectric rods, the discharges
develop into standing filamentary microdischarges. FMs more easily form in geometries where
the spacing between the rods is small. Surface ionization waves form following the surface
charging of the rods by the FMsIV& are the most intense types of discharges and produce the
highest electron densities. They generally form in regions where the applied electric field has
components tangential to the surface of the dielectric rods. Production of radical species is
primarily a result of restrikes and surface discharges. These results indicate that production of
reactants in PBRs is not a continuous process, but rather results from the accumulation of
individual, transient events.

In the following sections, resultsoim two studies will be presented: adtl packed bed
reactor and a fApatternedo PBR with 12 domes.
experiments and conditions for this investigation are discussed in Secs. 3.2.1 and 3.2.2,
respectively. The model used is described in Chapter 2. The modeling results along with
experimental validation for the hexagottattice Packed Bed Reactor (PBR) are discussed in Sec.
3.3. In Sec. 3.4, plasma properties in patterned Dielectric Barrier Discharge (B&@9r are

discussed. Lastly, the conclusions are presented in Sec. 3.5.
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3.2 Experimental Conditions
3.2.1 Hexagonal Lattice PBR

A schematic of the first experimental apparatus is shown in 3.1. This system was set up
by K. Engelling and J. E. Foster at the University of Michigan. The plasma is sustained between
two quartz plates of 6.35 mm in thickness. One plate contains aeda@a®a to accommodate the
dielectric disks and the electrodes. Seven dielectric disks of quartz (5 mm in diameter and 3 mm
thick) and zirconia (6.2 mm in diameter and 3.5 mm thick) are sandwiched into this quartz plate
assembly. The hexagonal arraydidlectric material, whose span is 20 mm, is located between
two metal electrodes configured in a{paAplane configuration. The pin electrode with-agh
diameter is molybdenum, and the planar electrode (25 mm wide x 4 mm depth) is copper. A short
voltage pulse utilized for operation at 1 atm has a peak amplitude of 20 kV DC and-@igthse
of 120 ns. The spacing, thickness, and orientation of the dielectric disks are chosen so that the
discharge propagates through, rather than over, the arrayleftdedisks. In this manner, the
di scharge is |imited to a single pl=88.¢eor The
this study, the dielectric properties of the zirconia disks are characterized by the resonant post
technique describeglsewhere [15,16]. The measured dielectric constant for the zirconia disks is
(=26.6+0.24 at 6.2 GHz.

In this study, the working gas is humid air{8k/H20 = 78/21/1) at atmospheric pressure
and with an initial temperature of 300 K. The model inclualedbset of the reaction mechanism
described by Dorai et g9]. For the ease of computation, the mechanism is reduced to include

33 species and 143 reactions. Radiation transport includes VUV photons produced by highly

excited states of N[(N2(b'8) asbZ) ¥ and t he . iWerusezadinef-sight of O

approach and a Greends function method for r
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both ionizing and notionizing absorption. The neionizing absorption cross sections are 1 x 10

18 e for Oz and N, and 3 x 187 cn? for H2O. The ionization cross section fop 8 1 x 10%°

c?. In this study, focus is on the propagation of ionization waves through the dielectric lattice,
which occurs on timescales of < 30 ns. Given these short timescales, advection is not included
transport for neutral species is only by diffusion.

The dielectric rods are embedded within the plasma with a specified conductivity and
permittivity. As described below, the dielectric in this study is quartz with negligible conductivity
and permitv i t y=4.0J /Charged particle fluxes intersecting with the surface of the rods are
calculated assuming that all positive and negative ions are neutralized and return to the plasma as
their neutral counterparts, and electrons are collected with asemodary electron emission
coefficient. This occurs instantaneously, and depending on the species, recombination reactions
may also simultaneously occurhese conditions result in charging of the surface of the rod, which
is then included in the calcuiah of electric potential, which extends into the interior of the rods.
Since the rods have essentially zero conductivity, there is no conduction of surface charge into the
interior of the rods. The thermal conduction for electrons to the surfacerofithases a thermal
conductivity, accounting for the diminished electron density in the sheath, which produces a small
electron thermal conduction to the surface.

A static, unstructured, triangular mesh, is used to discretize the transport equations. The
mesh includes 12746 nodes, 9787 of which belong to the plasma. Refinement of mesh cells vary
from 0.14 cm in regions of the mesh where the plasma does not propagaternori@r the
surfaces of the dielectric rods, where the highest electron densiieshserved. Reflective
boundary conditions are implemented on the left and right sides of the computational domain. On

the top and bottom sides, voltage is specified. The depth of the devecessary for volumetric
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calculations is assumed to becin. The geometry can be seen in Fig. 3.2.

3.2.2 Patterned DBD Reactor

The second experimental sgi (created by Z. Mujahid and A. Hala at Jazan University)
utilizes a patterned dielectric barrier reacteD@Ds) and helium gas. ThePBD is contained
in a 1M-mm diameter, 10nm high quartz ring (dielectric constagat= 3.75-3.8) with two tubes
for the gas inlet and outlet. The quartz ring is covered on the top and bottom witimmdtick
glass plates. The bottom borosilicate glass plate includes taeiispherical dome structures
havinge =4.6, as shown in Fig. 3.3 a), set on a grounded electrode. The dome structures are also
made of borosilicate glass and have radii of curvature of 15 mm, spacing of 24 mm, and height of
6 mm. The top glass plate is made of soda lime glass7t7.6) @ at ed wi th & 220 nn
tin oxide (ITO), a transparent conductor, on its outside surface, which serves as the powered
electrode while enabling optical access to the plasma. The packing material takes up 22.5% of the
total volume.

A second pDBD sysem, shown in Fig. 3.3 b), consists of a rectangular quartz (dielectric
constantg = 3.75-3.8) 100mm tube with 1.5mm thick walls having internal dimensions of 25
mm width, 90 mm length, and a-b@mn gap where the plasma is generated. The rectanguféz qua
tube is terminated on both ends with quartz rectangular plugs containing fittings for gas source
inlet and exhaust. The bottom plate (borosilicate glass4.6) includes three dome structures,
having the same dimensions as in the first apparatusnse ground plane consisting of copper
tape. The structures accounts for 19.6% of the total reactor volume. The top powered electrode
is also copper tape. This geometry is sufficiently similar to first that the plasma discharge

formation mechanismsaessentially the same, while also allowing for optical observations from
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the side. Combining the results from both systems then enables3efliagnsional perspectives
of discharge formation within apPBD.

In this study, the initial background gagisre helium at one atmosphere and 300 K. The
reaction mechanism includes 11 speciesHe", Hex", He, and seven excited states of atomic and
molecular helium), which result in 135 reactions. The computational geometry is shown in Fig.
3.4 and mirrorsite experimental geometry. Three 24 mm wide domes extend 6 mm intoma 10
gas gap between two dielectric plates. The radius of curvature of the domes is 15 mm, separated
at the apex by 24 mm. Al | d.i=46.0(quetd).rTheqpowerad er i al
electrode is located at the top, while the bottom electrode is grounded. The width of the reactor is
76 mm, with dielectric covering both of its sides. Given tHB geometry, the domes are
functionally infinite rods perpendicular tbd image in Fig. 3.3. These rods intrinsically have less
electric field enhancement at their apexes than do-bes@mispheres used in the experiments.

For all calculations of volumetric energy deposition, we assume a reactor depth of 0.5 cm. The
computational mesh includes 9241 nodes, with 6834 nodes located in the plasma region. The size
of mesh cells varies between 0.2 mm near the surfaces of the dielectric to 1.8 mm at the center of

the domes.

3.3 Plasma Propagation in Hexagonal PBR
3.3.1 Base Case: Hexagnal PBR
The base case geometry for the computations is shown in Fig. 3.2 a}DIPBR consists
of two parallel electrodes, 0.8 cm wide, separated by 1 cm. The top electrode has a small protrusion
to enable the discharge to be consistently started the same point. An initial seed of plasma

(0.1 cmdiameter, 18 cmi® peak density) is placed at the tip of the protrusion, but otherwise there
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iS no preionization. A step voltage 6BO kV is applied to the top electrode, while the bottom
electrodas grounded. Both voltages are held constant. Seven dielectric rods, 1.8 mm in diameter,
are distributed in a symmetric hexagonal pattern with the closest separatiomof f¢he base
case. The dielectric constant of the rods is that of qilatt=%.0 with a secondary electron
emission coefficient for ion impact of 0.18Charges incident ontthe dielectricsurfacesare
depositedvith unity probaility and the surface becomes chatg&wo variations to this geometry
are also investigated a layout with a smaller separation between the rods,MB80and a
configuration in which the lattice is rotated countec&wise by 22.5 degrees relative to the
direction of the applied field. These geometries are shown in Fig. 3.2(c) and 3.2(d), respectively.

When an external electric field is applied to a solid dielectric immersed in a gas,
polarization of the materiaksults in a reduction of the electric field inside the dielectric relative
to the electric field in the gas. When the dielectric material is spherical or circular, its polarization
produces an additional enhancement in the electric field in the gasailés of the solid (where
the vectorapplied electric field is parallel to the surface norni)]. Simultaneously, electric
field minima form in the gas at the equator of the dielectric (where thensagplied electric field
is perpendicular to the surface normal). In our geometries, the vertical poles of the top row of rods
are approximately aligned with the applied electric field. This configuration then produces regions
of electric field enhanaeeent near the vertical poles of the rods and electric field minima near their
equatorial planes, as shown in Figs. 3.2lfb These enhancements and minima occur to some
degree for all three investigated geometries.

The electron density and electron impact ionization rate for the base case are shown in Figs.
3.5and 3.6. The images of ionization rates are provided with the goal of showing the causality of

discharge development and, therefore, the times for imagdles mization rates may be different
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than those for the electron densities. Upon application of voltage, separation of charge in the initial
plasma seed occursions are accelerated towards and neutralize on the cathode, while electrons
accelerate downard. The electrons then undergo a Towndémdavalanche process by electron
impact ionization (ratea 5 Pcnbs?) of the background gases, particularly, @sulting in
a high production rate of positive oxygen ionsAJO & 5ciid).0At °5 ns, the discharge
begins to resemble a negative streamer, characterized by negativelsp@eein the head of the
streamer (q | & ' ent®)1and a trailing quasgieutral column. The streamer propagation is
sustained by electron impact ionizationrat head of the streame(8 5 7°anGs?), as shown
in Fig. 3.6 (a), which in turn is supported by a relatively high electron temperagére (3. 6 e V) .
In the plasma column behind the head of the streamer, the electron temperature decfeases to
2.5 eV. As the streamer approaches the symmetrically arrayed lattice of dielectricrédss],
the electron density@ 6 1 dmd, is diverted towards the poles of the top two rods, shown in
Fig. 3.5 (a). Electric field enhancement at the polethe two rods produces regions of high
ionization [Fig. 3.6 (b)], which produces momentary positive restrikes. However, charging of the
top surface of the rods and reduction in the adjacent electric field reduces the rate of ionization to
small valuegFig. 3.6 (c)] and leads to a reduction in electron density [Fig. 3.5 (b)] as attachment
begins to dominate similar to the operation of a DBD. By 11 ns, there is comparatively little
net ionization at the top poles of the rods €85x13'cm3s?). The plasma between the cathode
and top row of rods then slowly decays. Meanwhile, the plasma charges the surface of the rods,
producing tangential components of the electric field, important to later producing SIWSs.

As a result of minima in the eletrfields near the equator of the rods, the electric field

between the top two rodsd&5 kV cmi? (or, in terms of electric field/gas number density, E/N =

100 Td, where 1 Td = 1 V-cn¥). This magnitude of electric field is below the breakdown
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electric field of air €30 kV cni' or 130 Td for 1 atm dry air). Dissociative attachment reactions

of intoOand O( peak [ rm3ieak[OB0 11 dn) begin to dominate in the

equatorial gap between the top two rods, and the eledenosity peaks at onlyed 8 1 dm¥

[Fig. 3.5 (b)]. At this time, charging of the top row of rods has already reduced the electric field
andTein the gap between the cathode and top row of rods to belowusgtining. The speed of

the streamer pragpg at i on bef or e r eachiddcmishwhereas, mfterof t he
reaching top rods and before 3rl@ancsh Thespspedds c e n 't
are comparable to those experimentally measured. For example, Brielmeasiired speeds of

positive and negative streamers in[ait]. For an applied voltage e80 kV in 4cm separation

gap, they report speeds of 5.0’ cm-s®. Overall, for voltages varying between 10 kV and 100

kV, the streamespeeds are betweer$ 20’ cm-st and 43 10° cm-s™.

The conductive plasma in the upper region of the lattice redistributes the applied potential,
resulting in a larger voltage drop across the lower section. The already intensified E/N near the
top pde of the central rod reaches 300 Td. When the plasma drifts downward into the vicinity of
the central rod, rapid avalanching occurs in the high E/N region at its pole, as shown in Fig. 3.6
(c). An anodeseeking restrike is then launched from the surtddbe central rod, as shown in
Fig. 3.5 (c). Here, we define a restrike as a streamer propagating in the direction opposite to that
of the initiating negative ionization wave. The restrike has the characteristics of a positive streamer
with large posive spacec har ge ( [ ¥onid) atdits Head) folldwéd by a quaseutral
column. The electron temperature at the head of the streafdisV, decreasing to a 0.7 eV
in the conductive, trailing column. The space charge separation and dielctriemhancement in
the head of the restrike produc?ce’hasisshovenct r on

in Fig. 3.6 (c).
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Simultaneously, regions of high electric field between the pairs of outer rods result in
electron heating, as wedls the increased electron impact ionization rates shown in Fig. 3.6 (d).
The initial electrons in these regions are seeded by photoionization produced by photons emitted
from the plasma near the central rod. The lack of initial seeding through phodtimmizs also
the reason that avalanches between the bottom rods and the center rod do riothi€cagion
is shadowed from the phetonizing radiation from higher in the lattice by the rods above it.

Depending on the degree of electric field erdeement, partial or full positive restrikes
then develop. These restrikes are indicated by a celikadischarge with a high electron density
(1x10cm®) and high rate of ionization (1x30cn3s?) near the heads of the streamers, shown
in Figs. 3.5 (d)(e) and 3.6 (d)(e). We define a full restrike (as opposed to partial restrike) as one
that is able to bridge a gap between two solid surfaces. Whether a full restrike takes place depends
on the preence of préonization, gap distance, and the magnitude of the electric field at the time
the restrike is launched. For example, the peak E/N between the outer rods in the center row and
the topmost rods i€ 280 Td. Full restrikes do not occur at théseations, even though there is
significant preionization due to photoionizationdh 1x1®cm?). Att= 21 ns, the E/N between
the central and the bottom rods peaks at 370 Td (92.5 kV/cm). As a result, rapid avalanching and
formation of full restriles take place, as shown in Fig. 3.5 (d)(e) and Fig. 3.6 (d)(e). The pre
ionization at the time of breakdown reachg® hx10’ cm®in this region. These examples indicate
that the minimum E/N required to generate full restrikes (and later microdisshtaliebetween
280 and 370 Td for our geometry.

Once positive restrikes form between the bottom and center rods, electron impact
ionization dominates [Fig. 3.6 (e)] over photoionization from other regions of the lattice. These

local avalanches, sustad by electron impact ionization in the streamer head, have large, positive
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space char ge crdrand crods thg intéod bap h & 1 ns, implying streamer
speeds of at least 8 x kn-s'. Standing filamentary microdischarges (FMsyown in Fig. 3.6

(e)1 then form between the rods. The structure of the FMs is typical of DBD microdischarges

a relatively narrow column of plasnma260mm) between two dielectric materials, on the surfaces

of which form wider fial eeadt ai theo dtrearpek has mavidth of T h e
approximately 300mm, and the final width of the column of the FMP 590 nm.

Tu et al. reported formation of such FMs between beads in their Béilléd PBR, where
the separation between the beads exceedequ2(02,13] When the separation distance was
decreased below 200 um, they reported a transition to a surface distikargEgime. Based on
the results from this work, the transition could be due to the inability of the initiating positive
streamers to fully develop in the small ggpe structures.The streamers do not fully develop
because sufficient charge separation cannot be established when the column height limit is
comparable to the width of the head of the streamer.

Quialitative validation of the predicted trends in development of discharges in PBRs comes
from experimental observations of light emission. The {imegrated densities of the light
emitting species included in the model are compared to experimentalreraasts by fastamera
imaging in a similar geometry in Fig. 3.7. The latter was captured using an ICCD camera with a
mi croscope | ens and an observation gate width
central and the bottotheft rods. Inboth cases, the cathode is located towards the top of the images.
The formation of a cathode seeking FM between the rods with similar structure and widths is
indicated both in the simulated and experimental results. Lack of plasma near the bottoim pole o
the top rod is, in part, due to the direction of the applied electric field which points upwards, toward

the cathode. Since the microdischarges between the rods result from positive restrikes, the
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propagation of the plasma is directed upward, leaviagdagion near the bottom of the central rod
relatively plasmdree.

Another validation is shown in Fig. 384]. The top row of frames is experimental ICCD
images of optical emission between zirconia disks with an exposure time of 5 ns. The exposures
of the images are digitally enhanced to show the features of intergggrsity cannot be directly
compared framo-frame. The bottom row of frames is produced from the results of the model.
The computed results are the densities of the main fghoissive species in the model (}(bd )
and N(b'Z) 1) . T h e sésmade o shovwocbhrrelatinggphemomena. Intense filamentary
microdischarge structures initially form between disks 6 and 3, and disks 6 and 4, as shown in
Figs. 3.8 a) and b) (experiment and model). The electrons incident onto disks 3 and 4 charge the
surfaces of the dielectrics and SIWs begin forming in Figs. 3.8 ¢) and d). As the potential between
the disks drops due surface charging, the intensity of the FMs decreases, and the propagating SIWs
become the brightest regions in the images, as showigsn 38 e) through 3.8 h). The surface
ionization waves are cathodeeking dischargésregardless of the polarity of the applied voltage,
as demonstrated in our previous work [20]. This is because electrons impact the dielectric surfaces,
leaving belmd a region of positive space charge in theg@se. Through a process similar to
that of the propagation of positive streamers, the positive SIWs then propagate down the potential
gradient.

In addition to the FM, surface discharges also occur, as rshowhe model and
experimental results in Figs. 3.7 and 3.8. lons produced in the positive polarity FMs are
accelerated toward the surface of the central rod, positively charging its surface. Due to the
orientation of the surface, this charge producesraponent of the electric field parallel to the

surface, which eventually leads to the development of an SIW. This process takes approximately
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4 ns in the model. SIWSs form on both the-laftd rightbottom sides of the central rod, as shown

in Fig. 3.5(f) and 3.6 (f). The SIWs are indicated by ionization fronts on the two sides of the
central rod. Enlarged images of the reduced electric field and electron temperature during the
propagation of an SIW around the central rod are shown in Fig. 3.9.spHte charge in the
ionization front supports anTedE/N e wai6tON0 ar dp r(c
speed oP 3.5 x 10 cm-s. These high values of E/N aiid result in surfacéugging electron

and i on den $5cm Ehevolunies ohtBeseldischadges are sinalhly protruding

tens of microns from the surface of the dielectric and, thus, the density is difficult to see in Fig.

3.5.

Once the SIWs are initiated in the PBR, the predicted E/N, propagation speeds, and electron
temperatures are similar to those found in literature. Having said that, SIW properties are sensitive
to voltage, orientation of the electric field, and surface propdfitgs For example, Petrishchev
et al. investigated the formation of SIWs on a quartz plate produced by high voltage, nanosecond
pulses in nitrogen at low pressure, and measured propagation spéds dfd’ cm-s? [16].
Goldberg et al. studied these phenomena on a planar dielectric plate in hydrogen and found average
SIW speeds of 168 cm-s* with a peak E/N of only 100 Td7]. Starikovskiyinvestigated SIWs
in air at atmospheric pressure, finding that, in a p#glane geometry, the discharge propagation
speed i® 10° cm-s? while the E/N is 530 TfL8]. The SIWs produced along the surfaces of rods
in PBRs resemble conventional and intentionallydpaed SIWSs.

SIW propagation also coincides with increased production of reactive sjpeziessult
also indicated by Petrishcheval.[16]. For example e highest density of OH produced in the
middle of the lattice after propagation of the positive restrik&is 13* cm3. OH densities due

to the SIWs routinely exceed 1 x¥@m?3. SIW phenomena, therefore, likely play an important
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role in plasma obmical PBR systems.

Overall, plasma discharges iRL2 PBRs can be classified into three modaliliepositive
restrikes, filamentary microdischarges, and surface ionization waves. Restrikes between
dielectrics result in formation of microdischarges. rf&e charging creates electric field
components parallel to the dielectricbs surfa
Production of reactive species primarily takes place near the surfaces, as a result of restrikes and

SIWs.

3.3.2 Separaion of the Rods

As the separation between the rods decreases, the regions between rods, where the electric
field is enhanced by polarization of the rods, have more overlap. As a result, the electric field near
the poles between rods increases, and the minima near thirmsqdecrease. To evaluate the
influence that the packing factor may have on discharge properties, base case simulations are
repeated with the separation between the rods decreasednm488m 700mm. The geometry
and the resultant applied reducedo#tic field are shown in Fig 3.2 (c). The time evolutions of
the electron density and electron impact ionization rate during avalanche through the PBR with
this more compact lattice are shown in Figs. 3.10 and 3.11. During the initial 6 ns, the discharg
propagates in the same fashion as in the base case. Being driven by electron impact ionization
[Fig. 3.11 (a)], the initial Townsend avalanche develops into a negative streamer and intersects
with the top two rods [Fig. 3.10 (a)]. The electric fieldre equator between the top two rods is
lower than that in the base ca%B5 Td as compared 876 Td. This lowering of E/N decreases
the electron temperatures in the gap and prevents significant electron impact ionization near the

equator of the rodsss shown in Fig. 3.11 (b). As a result, electron collisions in this region are
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dominated by attachment.

Similar to the base case, upon reaching the central rod, the discharge negatively charges its
surface. In the base case, this charging resultsinl¢lielopment of a single positive streamer
propagating upwards between the top two rods. This positive restrike does not occur in the more
compact lattice. With the decrease in distance between the rods in the compact lattice, the overlap
of electric feld enhancement from the top and central rods (near their poles) produces an E/N
approaching 340 Td. This large E/N then drives development of two, smaller positive streamers
that connect with the top two rods, as shown in Figs. 3.10 (c). The propegfati@ streamers is
facilitated by large values of electron impact ionization in the streamer head [Fig. 3.11 (c)]. The
positive streamers then evolve into standing filamentary microdischarges [Fig. 3.10 (d)]. These
results suggest that the threshaldiN for the formation of microdischarges between the rods for
these conditions lies between 280 Td (base case) and 340 Td (more compact lattice). These FMs
have peak electron densities @ffn 1 4cm?® With electron temperatures of a few tenths of
eV in the conductive plasma behind the ionization fronts. The width of the FMs in the compact
lattice, 150mm, is smaller than those produced in the base case due to locally higher values of E/N.
The time required for SIWs to form is approximately 10 ns

The discharge continues propagating downward due to electron transport and sideways due
to the photoionization that seeded electrons in regions of high E/N. Partial restrikes driven by
electron impact ionization at the top of most of the rods evdyntémim nonselfsustained
discharges, as shown in Figs. 3.10 (d) and 3.11 (d)t =A21 ns [Figs. 3.10 (e) and 3.11 (e)],
positive restrikes also develop between the central and the bott@inrods. At the time of
breakdown, the E/N in these regioesches 420 Td about 50 Td higher than in the base case.

As a result, the electron densities in the FMs reach 4%ch®®i almost two times larger than
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those in the base cask does not significantly change. FMs then form as a result of theimgtia
restrikes. Their characteristics are similar to those in the base case. Again, akin to the base case,
SIWs then form due to FMs charging the surface of the dielectric. The surface ionization waves
are difficult to discern in Fig. 3.10 (f), but arglicated by the ionization fronts shown in Fig. 3.11
(. lonization does occur between each row of dielectric rods [Fig. 3.11 (f)], however, this
ionization does not develop into either restrikes or FMs.

Overall, decreasing the separation betweemndtie changes neither the plasma modalities,
nor the breakdown mechanisms. However, the increased overlap of regions having electric field
enhancement due to polarization of the rods promotes the formation of microdischarges, while
delaying the onset ofl®/s. It appears that a threshold E/N of near 300 Td is required for the

establishment of FMs between the rods for these conditions.

3.33 Rotation of the Lattice

Electric field enhancement is maximum at the poles of the rods when the applied electric
field is perpendicular to the surface of the rod. The orientation of the applied electric field with
respect to the lattice may, therefore, impact the types of discharges that are produced. To
investigate these geometrical effects, the lattice from the basésaasated about the central rod
by 22.5 degrees. This angle is chosen because, in our geometry, a symmetric alignment with the
electric field occurs with every 15 degrees of rotati@2.5 degrees is halfway between two such
symmetric alignments. Thgeometry, along with the resulting initial reduced electric field, is
shown in Fig. 3.2 (d). Even for this moderate rotation, there is a significant change in the
orientation magnitude of the electric fields in the lattice.

The evolutions of the el@on density and electron impact ionization rate are shown in

72



Figs. 3.12 and 3.13. In the rotated lattice, the initiating streamer first strikes thghiopod,
which is physically closer but, more importantly, has a surface normal more closely ahigmed
the vacuum electric field. This better alignment results in an intense avalanche at the top surface
of the rod shown in Fig. 3.12 (a). The discharge is sustained by electron impact ionization, which
peaks &%t ndafl tdeGurface of thred [Fig. 3.13 (a)]. Secondary electron emission
and photoionization rates are both approximately two orders of magnitude lower than those of
electron impact ionization. The resulting conductive plasma column, with its low voltage drop,
then intensifieshe electric field in the vicinity of the teleft rod. Heated electrons near the pole
then lead to breakdown, and the discharge subsequently propagates in that direction, as shown in
Figs. 3.12 (b) and 13 (b).

In the base case, the top two rods argzontally aligned, which results in alignment of
the minima of electric field at their equators. This symmetry results in the vertical component of
the electric field between the top two rods at the equatod, E2 5 k V, greatly ex
horizontalcomponent, E& 1 0 0. W the notated lattice, the electric field located horizontally
between the top two rods is minimized, but to a lesser degree than in the base case due the equators
of the two rods not exactly aligning. There is now a sigafidiorizontal component to the electric
field(E5a 29 kVYEY & K.VThisalectric field results in the plasma propagating
towards the right via electron impact ionization [Fig. 3.13 (c)] between the central anghiop
rods, as shown ifig. 3.12 (c¢). The highest ionization rate occurs near the vertical pole of the
central rod. Charge separation occurs in the plasma in this region, and a positive restrike forms
between the central and the foght rods [Fig. 3.12 (c)]. The positivestrike is sustained by pre
ionization in its path and high electron impact ionization rates near the streamer head, peaking at

& 17 anbs?[Fig. 3.12 (d)].
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Due to the combined effects of surface charging and the orientation of the lattice with
respect to the applied electric field, an electric field parallel to the surface of thrggtdapod is
generated (E & 57 kV/cm, E/N & 240 Td). A su
by the ionization front on the surface of the-topst rod Fig. 3.13 (e)]. The electron density
resulting from the SIW is shown in Figs. 3.12f(Q . The SIW has a high E
ionization front, which then leads & 7 . 6 eddSanfdasmMt he SI W propagal
10’ cmst around the contour of the rod. The SIW is cathdidected, with a positive space
charge at the i oni2carf).i ThenSIW ipnization fr¢nf gains]in indensty T 1 0
as it propagates around the rod, reaching its peak electron density2&t before initiating a
positive streamer directed towards the cathode &5 ns.

As the plasma spreads around the central rod, the gaps between the center and bottom two
rods are no longer in shadow from the photons emitted from plasma highefattidtge These
gaps are then illuminated by the ionizing radiation producing a photoionization ratéof $ ¥ 1 0
cmi®s®. An avalanche is initiated in the gaps and, once the electron density reaches a threshold
value of approximatelygd 1 7¢&m?, El6ctron impact ionization surpasses photoionization as
the dominant ionization mechanism and a restrike develops. This threshold value of electron
density to surpass the seeding photoionization is nearly the same in all geometries investigated in
this work.

This sequence of seeding electrons in a region of high electric field, development of a
positive streamer, and FM, which then develops into an SIW, is then repeated between the lowest
rod and the center rod. This process is shown in Figs.(8)ff) and 3.12 (e)(f). Whenever a
conductive plasma column is produced, the electric field is then shorted out or reduced at that

height to some extent across the entire device. This reduction in electric fields extends to portions
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of the lattice at theame height in which there is not already plasma. Due to the combined effects
of the initial electric field enhancement produced by the orientation of the lattice, shadowing of
ionizing radiation from regions of high E/N by intervening rods, and shaofitige electric field

by plasma columns elsewhere in the lattice, plasma does not form in portions of the lattice. For
this particular orientation of the lattice, breakdown does not occur in the gaps between the three
left-most rods.

To summarize, raaydless of the orientation of the dielectric rods with respect to the electric
field, three main types of discharges occur in the PBR: positive restrikes, filamentary
microdischarges, and surface ionization waves. Which type of discharge is dominangrhowe
strongly depends on the topology of the dielectric rods. Several fadtwiading local electric
field strength, distance between rods, alignment of the electric field with respect to the surface of
the dielectric, and prmnizationi play imporant roles in determining the type of discharges that
dominate. Partial restrikes occur in regions of electric field enhancement. However, a threshold
E/N of approximately 300 Td is required for the formation of full restrikes and microdischarges
for our @mnditions. If the electric field has a component that is parallel to the surface of the
dielectric, where a filamentary microdischarge has occurred, surface ionization waves may form.
The SIWs then propagate along the curvature of the dielectric, enbblealectric field
enhancement at the ionization front. These processes allow for an increased production of reactive
species near the dielectric surfaces.

These results are sensitive to many parameters, including the secondary electron emission
coeffident and the dielectric constant of the rods. Photoionization also plays an important role in

discharge propagation through the lattice, as it seeds initial charge in regions of high electric field,
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regions that are difficult to access for electrons fribvd main streamer, and so can initiate

avalanches at remote locations. These dependencies will be discussed in a future publication.

3.34 Consequences on Production of Reactive Species

Four types of discharges occur in the investigated negative discharge Riid
subcritical or Townsentike discharges that may develop into negative streamers, positive
streamer restrikes, filamentary microdischarges, and surface ionization wawesopdgraphy
and layout of the dielectric rods determine the electric field enhancement (magnitude and
direction). The electric field enhancement, in turn, controls the types of discharges that are
produced. While FMs and subcritical discharges andtivegstreamers are stable and occupy
relatively large volumes, they do not necessarily dominantly contribute to ptdsmacal
processes. Their lesser role is due to their lower electron densities and electron temperatures. The
higher electron densitiesd temperatures in restrikes and SIWSs often produce significantly larger
inventories of reactive species, in spite of

The contributions of the different types of discharge to the production of reaptanies
during their initial propagation through the lattice are summarized in Fig. 3.14. The total
inventories of reactive species in the three geometries discussed above are shown as a function of
time. (The total inventory of species is the volumegnal of the density of that species.)
Discontinuous increases in inventories occur in all three configurations of the lattice, which can
be attributed to either restrikes or SIWs. For example, a spike in reactant inventory occurs in the
base casé shown in Fig. 3.14 (a) which corresponds to the formation and propagation of the
restrikes between bottemost and central rod at approximately 21 ns. Inventories for the lattice

having a smaller separation between the rods are shown in Fig. 3.14 (bjapithicreases in
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electron density and reactive species inventories at 14.5 ns and 20 ns coincide with development
of positive streamers between the central and outer rods. Following these events, the densities
continue to steadily increase at a lowdera

The lack of symmetry in the rotated lattice results in the formation of SIWs. The time
evolution of the total inventory of reactive species for the rotated lattice, shown in Fig. 3.14 (c),
has discontinuities at approximately 14 ns and 22 ns, wiutitides with the developments of
restrikes. However, unlike inventories for the symmetric lattices, the increases in densities
between the restrikes are significant. These continuous increases result from SIWs, which more
slowly propagate around thertour of the rods. In this particular case, the SIW making the largest
contribution to the inventories propagates on the surface of thadeprod.

The neutral reactant species experiencing the greatest increases during the discontinuous
spikesn production are those species whose precursor reactions directly depend on the density of
high energy electrons. Those species here are N, O, and OH. For example, N atom production
dominantly results from the dissociative excitation ef Which has a thshold energy of 12 eV.
Similarly, the threshold energy for production of O atoms is as low as 5 eV for dissociative
attachment. Both species experience discontinuous increases in inventories, but the production of
O atoms is less sensitive to the incee@sTe produced by the restrikes or SIWs due to lower
threshold energy. The production of OH also occurs through a single electron impact reaction
with H20. The production of species such asa@d NQ, requires thredody reactions or a
sequence of twody reactions, which take place on microsecond-soaes or longer. For this
reason, increases in densities of N, O, and OH shown in Figs. 3.14 (a)(b) are more impulsive and
more closely correlated with restrikes or SIWs on nanosecond timescalesittihamcreases of

NOy or Os. However, since NQand Q, alike, depend on the presence of O and N, increases in
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the production of all N©and Q can ultimately be traced to restrikes in these geometries.

The densities of N and O atoms between the betight and central rods of the base case
are shown in Fig. 3.14 as the discharge transitions from restrike and microdischarge to surface
ionization wave. These species are generated as direct electron impact dissociation products, and
so their productionsi a qualitative measure of the electron density and rate of collisions for high
threshold processes. The sequence shown in Fig. 3.14 is responsible for the spike in inventory
indicated in Fig. 3.14 a) after 20 ns. tAt 21.5 ns, the densities of bothesfes begin to rise as
the restrikes starts forming, producing a column of N and O atoms between the two rods. The
densities peak at 2x3m for N atoms and 3x28cm for O atoms. Betweer= 22.5 and =
27.5 ns, a surface ionization wave sweepsiad the surface of the rod, producing densities of [N]
= 5x10* cm?® and [0O] = 6x18° cmi®. During this time, the densities in the column of the
microdischarge do not significantly change, indicating that FMs play only a small role in the
production ofreactants. Rather, the large spikes in inventory shown in Fig. 3.14 result from the
positive restrike that seeded their formation. Even though the peak densities produced by the SIW
are higher than those produced by the restrike, the total inventorg atodfuced in the SIW is
smaller due to the small total volume of the SIW. However, these trends are-speciéis. For
example, at = 22.5 ns, N atoms are produced at a greater rate relative to their previous inventory
than are O atoms. This trengsults from the electreimpact dissociation of nitrogen having a
higher threshold energy (12 eV) than oxygen (5 eV). As a result, production of N atoms is more
sensitive to the formation of discharges with energetic electrensh as restrikes and S$WV

These results indicate that the production of reactant species in negative plasma PBRs may
not be due to enduring, stable discharges such as standing FMs or to the initial subcritical

discharges or negative streamers. Rather, the production cnteapecies is likely due to
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transient, shofterm events producing transient bursts of energetic electrons. Since geometry can
impact which types of discharges are favored, the orientation and packing of the dielectrics in

PBRs can have a significant et on the magnitude and reproducibility of reactant production.

3.35 Variations in Pressures
Discharge formation in the PBRs at 1 atm is typically highly localized, propagating through
the medium essentially as a sequence of ionization waves within(lgle)sor along surfaces
(SIW). The geometry used for the simulations is a gfadt reproduction of the experiment and
is shown in Fig. 3.2. The numerical mesh uses 12746 nodes, with a resolution varying from 0.14
cm to 30 e&m. Sewedidmetecsrpnt di Skssmwanhd sep
are placed between the electrodes in a symmetric pattern. The geometry is given a depth of 0.5
cm to allow for volumetric calculations. The gas is humid aif@NH>O = 78/21/1) at the initial
temperature of 300 K. Pressures of 760, 200, 100, and 50 Torr are simulated with potential applied
to the top electrode, while the bottom electrode is grounded. The applied voltages are +40 kV for
the 760 Torr cases, and +24 kV for the {pressures. Thesalues are double of the experimental
voltages to account for theddmensional effects of electric field enhancement at sharp edges of
electrodes not captured in thednensional model. The gas is uniformly jwaized to an
electron density of 1xf@m? (balanced by & and N*) at 760 Torr. The magnitude of the pre
ionization is then scaled down for the l@ressure cases to maintain a constardigrization
fraction. A plasma seed with the diameter of 0.05 cm and peak density? ofrilis also paced
at the tip of the top electrode to provide a consistent starting location of the positive streamers.
The base case is a discharge at atmospheric pressure with dielectric disks having the

relative per mi=t t4a0). tThe restihg discharge tewlutiprils shown in Fig.
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3.15. Upon the application of the potential to the top electrode, the plasma seed avalanches. The
discharge initiated at the tip propagates similarly to a positive streamer, with its propagation
depending on phioionization seeding electrons in front of the streamer head. The electrons are
then accelerated towards the positive space charge in the head of the streamer, leaving behind
positive ions which then become the new streamer head. The electron denbgyinitial
streamer (Fig. 3.%c®3 whje)the phetaidnigatioa sourée @erm neat the
head of the streamer has a value of 1.2 % ¢@3-s®. At this time, the streamer continues to
propagate downwards towards the ground.

Owing toits high conductivity, as the plasma expands through the assembly, the size of
the spatial region over which the applied voltage drops decreases with time. This results in an
increase in the peak reduced electric field (E/N, or the electric field peigdetween the disks.
The E/N between the bottemo st di sks and the grounded el ect
to 4500 Td in Fig. 3.15 b). I n the gap bet we
from 84290 Td t o ctdc4ieldd arelstrang enolidh¢osabow foil thee formation of
discharges in between the disks themselves (Figs. 3-@l).b)A similar process then occurs
between the middle and bottom row of disks (Figs. 3.4))) The discharges initially take the
form of positive streamers propagating through the gaps. Once the gaps are bridged, stable
microdischarges form. This mechanism of plasma formation is the same as that seen in negative
discharges described in our previous widi%]. In both cases, ¢éhelectric field enhancement due
to the presence of the dielectric disks produces the formation of positive, cdtrexded
streamers (or restrikes), which are the seed for the formation of microdischarges.

The electron densities in the microdischarges maximum near the surfaces, and they

have peak val ue $°cnap phe disclatyé aolgmn dfetHe Imicrodischarges is
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relatively neutral, with space h ar ge v al u e%C-caorf Sidultan8ousy, the pldsda
continues to chargethersdi aces of the disks, evé&@add.ahd y rea
charge deposition causes the formation of electric field vectors parallel to the surfaces of the
dielectric, which then results in the formation of the surface ionization wawgsexgmple, the
electron density, electron temperature, surface charge, and electric field are shown in Fig. 3.16 on
the surface of disk 1. The magnitude of the electric field is shown by the contours, while the
arrows show the direction of the electrield. As the surface charges and a surfzaallel
electric field vectors form, electrons accelerate along the dielectric. The surface charge shields the
potential at the surface of the dielectric, while the volume charge in thghgae produces a pea
in the electric field of 200 k\¢mt or E/N = 1,000 Td. This local maximum results in electron
densities of up to 4 x#®cm3. At the head of the SIW propagating in both directions, electric
fields in excess of 850 Td produce a local maximum electnmperature of & 9. 0 e V.

The electron density in the-R-PBR f or the permittF2v0 ty of
corresponding to zirconia is shown in Fig. 3.17. The asymmetry in the electron density is due to
the high sensitivity of the model to small @ifénces in the distribution of mesh nodes. Since the
mesh between individual disks is not exactly alike, a small degree of asymmetry is expected.
Similar to the experimental results, the computed trends for zirconia are similar to those for quartz.
Theinitial streamer starts at the tip of the electrode and connects with theosifielectric disks.
Breakdown between the dielectric disks then follows, resulting in the formation of FM. The time
required for breakdown b&tweehonl udisksdideks
the increased field enhancement provided by zirconia. The plasma between thenbogtaiisks

and the grounded electrode forms at an earlier time than does quartz. This behavior mirrors the
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experimental results, dnt is due to the additional field enhancement resulting from the higher
dielectric constant.

The initial (t=0 s) E/N in the regions of field enhancement between disks increases from
4290 Td to a350 Td with the himpérlgsimudaneedse ct r i
breakdown and formation of FM throughout the lattice. The propagation of the initial ionization
wave is therefore obstructed, which may explain the change in the mode of propagation
experimentally observed. The experimental imagimgws that, with quartz disks, a sequential
breakdown progresses from the anode to the ground (Fig. 3.18). When the packing material is
changed to zirconia (Fig. 3.19), a more stochastic behavior takes place, with plasma forming
randomly between disks.

The higher electric field between the individual disks with zirconia leads to the formation
of higherdensity FM. For example, the electron density in the center of the plasma column
between disks 6 and 7 increases frgdn 3 . $cimiviith quartz diskdo ned 2 . 2cmi 0
with zirconia disks. With the capacitance of disk being directly proportional to permittivity, a
larger amount of charge can be stored on the surfaces of the zirconia disks before the SIWs, which
then occurs at a later time,@smpared to quartz, allowing for a longer time for the FM to develop.

For example, with quartz disks, the surface of disk 7 charged to 126%tén? before a SIW

begins propagating. This value increases to 2.9>x@@ni? with zirconia disks. With the
capacitance of the quartz disks smaller than that of zirconia, the time required to fully charge the
quartz surfaces is shorter, which then enables the SIWs to propagate at a higher speed, in addition
to starting at an earlier time. Since the experimemtaging integrates emission (even over the

5-ns observation window), the surface discharges and then appears less intense with quartz disks.
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3.3.6 Impact of Packing Material: Quartz and Zirconia

Discharges through air at pressures of 50 Torr, 100 Torr, &hd@® are simulated for
guartz and zirconia disks. To approximate the ICCD imaging, two decades of the densities of
No(b™®) , t he pr i maenggy ghatons ih ther simaldtion) acevghown in Fig. 3.20 for
each pressure. The times for frameschsen to show the approximate moment when breakdown
occurs between all dielectric disks. The simulated emission indicates that a mode transition occurs
from emission dominated by distinct FM at high pressures to emission dominated by volumetric
and surfae discharges at low pressures. In both the experiment and simulations, this transition
occurs at approximately 200 Torr. With low dielectric constamind, particularly, at lower
pressures the microdischarges do not necessarily follow the vectorraldald having the
largest intensity. For example, with zirconia disks at 200 Torr (bottom frame in Fig. 3.20 b)), the
emission from the microdischarges is nearly normal to the surface of the disks, where the electric
field enhancement is largest. Wigjuartz disks at 50 Torr (top frame in Fig. 3.20 a)), optical
emission is diffuse and volumetric, or produced by SIWs.

At low pressures and low dielectric constants, optical emission is eventually observed in
regions of relatively low fieleenhancemerit such as the void between disks 1, 7, and 6. As the
pressure decreases and the mean free path of ionizing radiation increases, seed electrons are
produced in regions of low electric field enhancement. Since the radiation transport is isotropic,
intense SIVs can produce seed electrons behind the ionization front, as well as ahead of the
ionization front, thereby providing an external source of ionization in the low electric field regions.
The discharges then appear more diffuse. These longer mean friedquétoth radiation and
charge transport result in the thickness of SIWs increasing with decreasing pressure, as shown in

Fig. 3.20.
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Although the optical emission undergoes a mode transition, closer examination indicates
that the discharges develop irtsame way, regardless of pressure. For example, in Fig. 3.21, the
electron density and electron impact ionization source term are shown for three times during a
discharge between zirconia disks at 50 Torr. As the voltage is applied, plasma is fusegdrod
the electric field enhanced regions between the dliglist as is the case at atmospheric pressure.
However, due to the high E/N throughout the lattice and long mean free paths for electrons and
ionizing photons, the ionization is not restrictecbnly between the gaps. Plaiite ionization
waves propagate downwards throughout the lattice, similar to the initial streamers that form FM
at higher pressures, but less localized. The modeling results predict that the diffuse
microdischarges abowhe surfaces of the dielectrics have electron densities of 1:3erf8 and
similar spatial distributions as the masked experimental images shown in Fig. 3.22. The
experimental observation is that the surface discharges are far more intense at 58eTlig. (s
3.22), which is corroborated by the large density of excited states shown in Fig. 3.20. When
propagation of the ionization front becomes restricted to the surfaces of the zirconia disks (t = 3.9
ns in Fig. 3.21 b)), the electron densities exceed®° cm?® (t = 3.9 ns in Fig. 3.21 a)). These
surface regions then dominate the experimental optical images due to the ICCD programmed

contrast.

3.3.7 Summary i Hexagonal PBR

The propagation of negative discharges in humid air through an idealieteRBsonal
PBR have been computationally and experimentally investigated. The primary means of discharge
propagation through the dielectric lattice is breakdown between the dielectric rods driven by

electric field enhancement. Surface charging and subsegjeetric field enhancement results in
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the formation of positive streamers between dielectric surfaces. These streamers then evolve into
standing filamentary microdischarges that bridge the gaps between the dielectric rods. Eventually,
surface charging & the feet of the microdischarges results in the formation of surface ionization
waves. Decreasing the distance between the rods resulted in an increase in peak and average
electric fields throughout the lattice. While this leads to an increase inmfigen of and intensity

of the filamentary discharges, it does not change the breakdown mechanisms. Rotating the lattice
results in the development of intense surface ionization waves due to the asymmetry of electric
field with respect to the lattice. Mibgroduction of reactive species takes place near the surfaces

of the rods, particularly in the proximity of either the filaments or surface ionization waves. The
total inventory of reactive species increased during short, transient events, correlatéaewit
propagation of positive streamers (restrikes) or development of an SIW. These waves are
characterized by high densities of energetic electrons, leading to increased production of reactants

in spite of their small volumes.

3.4 Plasma Properties in Patérned Dielectric Barrier Discharge Reactors
34.1 Base Case: Patterned DBD

The base case for thel2modeling uses a 26fs voltage pulse of +6 kV, with ars rise
time and a &s fall time, followed by 600 ns of a voltagéf period. With the simulations being
performed in 2dimensions, higher voltages are required to rep@diae same phenomena as in
the experiments. This disparity in voltage is due to the larger electric enhancement that occurs at
the apexes of the-@mensional semmspherical domes and hemispherical ionization fronts in the
experiment, as compared to thalithensional representation of these structures as cylinders or

rods in the model. Although the majority of the experimental phenomena are reproduced and
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explained by the model, the applied voltages at which these phenomena occur are larger in the
model,which then reduces their timescale.

The electron impact ionization source term and electron density during the base case
discharge are shown in Fig. 3.23. As a positive potential is applied to the top electrode, electrons
quickly respond to the electtield, drift upwards, and deposit charge on the top dielectric. Heavy
ions are left behind in the ggsip, resulting in the formation of positive spatarge with a peak
positive space&harge density of 3.7 r@m3. The production of positive charge bfes the
formation of positive streamers between each of the domes and the top dielectric, shown att = 35
ns in Fig. 10a and t = 37 ns in Fig. 3.23 b). The electrons in the streamer head have temperatures
ofTtd& 6.0 eV, resul tizatpn peakingalFpec? Ixh0H cmid-gtp@ncet i oni
the streamers breach the gmp, microdischarges form (Fig. 3.23 b), t = 62 ns). Filamentary
microdischarges between the domes and the top dielectric are the initiating discharges seen in the
experimetal results in Fig. 3.24 and identified as 1. Once plasma forms in these regions, the high
conductivity reduces the E/N (electric field/gas number density), which produces lower electron
temper at urTe@ 4.03 le \&)V. -ipattliosizatotinghe tegiom fargely ceases
(-1.6x16G°cm3-s10 ei®pactO  + 1 . BcemP-st)ladd only remnant plasma remains, as shown
in Fig. 3.23 a), t = 60 ns.

As plasma charges the dielectric domes, electric fields parallel to the surface form, leading
to the development of surface ionization waves (SIWs), shown att = 60 ns and t = 62 ns in Fig.
3.23. The electrons in the ionization fronts of the SIWs have electron temperatures peaking at 7.3
eV, which lead to high rates of ionization (6%36m3-s?), aswell as high densities of excited and
light-emitting species (2x$0cm®). This stage of the discharge corresponds to that identified as

2 in Fig. 3.24 (from the side) at 5 ps. While light emitting species are still present in the bulk
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plasma, their desities are 3 orders of magnitude lower than those in the SIW fronts near the
surfaces, and so emission from the SIWs dominates. As the SIWs spread, ionization in the bulk
gas ceases (Fig. 3.23 a) at t = 189 ns) as the high conductivity plasma in thiasoil& lowers

the local E/N. As in the experiments, the SIWs across the domes merge at the contact points where
the highest electron density occurs, 6 ¥*1n3. The thinness of the dielectric in these regions
produces high capacitance, whilpports a high surface charge density (peaking at 20etmC

2). These computed results correspond well with the experimental results shown in Fig. 3.24,
where the brightest optical emission occurs from contact points between domes when SIWs merge.
With the voltage pulse ending at t = 205 ns, the charge deposited on the dielectric leads to restrikes,
as shown in Fig. 3.23 a) att = 209 ns, and an increase in the electron density in the microdischarges
shown in Fig. 3.23 b) at t = 211 ns. While not shawhRig. 3.24, this process also occurs in the

experiments when the polarity of the voltage is reversed.

3.4.2 Positive Polarity Voltage Amplitude

The base case is repeated with the positive voltage varied between +4 kV and +8 kV. No
breakdown occurs at +4k\At V = +5 kV, only microdischarges develop at the apex of the domes,
as shown in Fig. 3.25 a). These structures are similar to the experimental trends observed. While
SIWs begin to form, the plasma densities in tHd[Bs are relatively low (peaked 510" cnr
%), leading to a low rate of charging of the dielectric domes (peaking at Sceni@t the end of
the pulseé’ approximately 5 times lower than in the +6 kV base case). This low rate of surface
charging does not produce a large enough pacataponent of the electric field (peaking at 13.2
kV/cm) to support the propagation of SIWs while the voltage is on.

Discharges at higher voltagesp(¥ +7 kV and +8 kV) generally follow the same discharge
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sequence as the base case, and so only the fesMts= + 8 kV will be discussed in detail. (See

Fig. 3.26.) The discharge is initiated by a positive streamer beginning on the axis above the apex
of each dome, which evolves into aD. However, due to higher applied voltage, the electron
temperattes in the streamer head arelargerd 6. 8 eV compared to 6.0
and the resulting electron densities double from (base case) 8:bcxdo 1.6 x 16°cm?®. The

time required for the plasma to breach the gas gap decreasefimrimately 41 ns to 18 ns.
Similar behavior is observed in experimentally measured discharge current (Fig. 3.27) and space
resolved emission (Fig. 3.28), where, with an increase in applied voltage from 1.9 to 3.8 kV, the
FFMD (1) i niti art &e indieaskDin eDesgiee and densities enable the SIWs to
develop and propagate more quickly.

With an applied voltage of +8 kV, plasma nearly fully covers the domes by t = 50 ns, as
shown in Fig. 3.26. As the surface of the dome charges, theipblieiets are bent (Fig. 3.26 b)),
leading to electric field enhancement and larger E/N, which supports an electron temegature
8.5 eV, and electron impact ionization source peakingiapxd 1 Zlcm®isdin the head of
the SIW. Due to theesulting high electron densities (peaking at 1% ¢6r3, Fig. 3.26 c)), when
the SIWs reach the contact points between the domes, the capacitance of the surface is quickly
charged and the discharge extinguishes. This sequence is not observed etqibrifiterly due
to the applied voltage being lower. In the model, once the capacitance of the contact points is fully
charged, plasma acts as a conductive sheet on top of the domes. At this time, the potential at the
top of the domes becomes nearly &dgo the potential at the contact points. This equality leads
to an increase in electric field and ionization rate in the bulk plasma, as shown in Figs. 3.26 b) and
3.26 e), where electron impact ionization sources are shown directly before and a&B¢he

merge. As aresult, a shdirted burst in bulk ionization takes place (Fig. 3.26 e)).
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3.4.3 Negative Polarity Voltage Amplitude

A voltage sweep is also performed for negative polaritykly to -8 kV). No discharge
occurs at4 kV, as this voltage i®wer than the breakdown field of helium. AtkV, only the F
MD forms, as shown in Fig. 3.25 b). The discharge evolutioréfé/ is shown in Fig. 3.29 in
the same format as the positive base case. In a similar fashion to positive polarity, drgelisch
begins with electrons moving away from the cathode and charging the dielectric domes. A positive
streamer develops as positive spabarge is left behind in the ggap (shown in Fig. 3.29 att =
35 and 37 ns). The resulting microdischarges is mifftese than those at +6kV, which is typical
of negative dischargd&l]. As the microdischarges charge the top dielectric, surface ionizations
form (Fig. 3.29 at t = 83 and 85 ns). The structure is similar to the experimesnttis from the
side in Fig. 3.24 at 4, 9, and 10 ps. The SIWs over the top dielectric are less indarnse<5.6
x 10 cm3-s1) than those on the surfaces of the domes (823x10°-s?) due to the topology.
The top dielectric surface is permlicular to the applied electric field, requiring parallel electric
fields to sustain SIWs to be produced dominantly by surface charging. The electric field at the
surfaces of the domes has a component parallel to the surface, which enhances initiation and
propagation of SIWs.

In the negative voltage base case, electrons spread across the surfaces of the domes, but
their density is relatively low, peaking as& 5 ¥ dn@® (Fig. 3.29 at t = 149 ns and 150 ns).
The electrons along the surface are notgelpagating ionization fronts. Rather, they are due to
electron transport along the electric field lines. The surfaces of the domes ch&g&tom?,

while the top délectric reaches +34 r€@n2. Once the applied voltage is turned off, this surface

charge results in a -cpg which is $uficient for breaktlowe dnditheo f & 1
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formation of a restrike, as shown in Fig. 3.29 at t = 205 ns and 2Ilhese trends are similar to

the experimental results in Fig. 3.24 (negative half) at 14 and 18 us. The difference in location of
the restrikes between the model and experiment could be explained by the fact that, in the
experiment, the SIWs over the fldielectric merge at a location above the contact point. The F
MD or re-strike occurs at the same location. However, in the simulation during this time, the SIWs
from the two sides do not merge together and, therefore, the restrike is near the cdmer of t
dielectric structures.

In general, increasing the magnitude of the voltage results in similar trends, regardless of
polarity. The evolution of E/N, electron impact ionization source term with equipotential lines
and electron density, is shown fe8 kV in Fig. 3.30. Following the initial upwardirected
positive streamer, plasma spreads across the domes, while an intense SIW propagates along the
top dielectric (Fig. 3.3®) and c)). Since the electrons near the domes follow the electric field
lines,a region of | ow!!ent®dantsatahe topl af thesdorheg, (F{g.a3B0 f)).

The plasma here is, therefore, less conductive than with the positive polarity pulse. As a result,
the potential does not redistribute, and the burst of ionizdtiat occurs with +8 kV does not
form. This sequence is shown in Fig. 3.30 e).

The sums of the densities of species that emit in the visible spectrum at t = 800 ns are
shown in Fig. 3.31 for each of the applied voltages. These states include He (@), ldad
He(2'P). At +5kV, only a microdischarge between the domes and the top dielectric form. Surface
ionization waves form, but the pulse length is too short to allow for their propagation along the
entirety of the dielectric. At higher voltage nmétgdes, plasma covers the entirety of the domes,
and the highest densities of lighitting species are found at the top dielectric layer during

negative pulses [Fig. 3.31-d)] and at contact points between the domes when the applied voltage
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is positive [Fig. 3.31 eh)]. The highest densities of excited He species occurs at +8 kV, with
peak value of 6.9 x 1Hcm? at t = 55 ns, which then decreases to 3.7 % @@ at t = 800 ns.
Of the lightemitting species, HetP) and He(3P) have the highesndities, peaking at 2.7 x %0
cmi®and 3.7 x 18 cm®, respectively, att = 55 ns. Their densities decrease to 3.8 enidand
6.0 x 162 cm® at t = 800 ns, indicating that the He(3P) state is the main source of visible light.
The structure of thplasma also varies as the polarity reverses at a given voltage amplitude.
When the applied voltage is negative, the plasma is largely diffuse and fills a greater fraction of
the volume of the reactor. However, the peak densities ofdigiitting specis are greater during
a positivepolarity pulse. These trends are due to the topology of the dielectric with respect to the
applied electric field. The curvature of the domes enables the applied electric field to have
components parallel to the surfac&/hen the applied voltage is negative, the direction of the
vector electric field enables electrons to drift downward and along the curvature of the domes,
diffusing into regions further away from the initiating microdischarge. Conversely, during a
positive polarity pulse, the electrons move towards the flat dielectric layer at the top of the reactor

and the plasma remains more compact.

3.4.4 Summary 1 Patterned DBD

In summary, the simulation produces qualitatively similar phenomena to the experiment.
Experimens and simulations indicate that the discharge is sustained firsMiysk-followed by
the SIWs and $/Ds at the contact points and\fD after the first two mechanisms. With these
experimental and computational results as a background, the dischargecdytamnmg positive
and negative voltage are summarized in Fig. 3.32. Discharges with both negative and positive

polarities begin with a positive streamer directed towards the cathode. This is the precursor to the
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formation of filamentary microdischargé/sMDs) across the gap at the apex of the domes, which

is the minimum gap between the two dielectrics. While similar combinations of positive streamer
and filamentary microdischarges generate plasma in conventional parallel plate DBDs, in the case
of the packed DBD, the generation of the streamer adIs are always at the location of the
minimum gap and only happens once during each half cycle. This phase is followed by the SIW
travelling over the dielectric surface from the center of the dome (olotiagion on the flat
dielectric facing the dome) towards the side. With a positive polarity, the SIW propagates over
the curved dielectric and, in the negative cycle, the SIW propagates over the plane dielectric. There
is a weaker SIW on the opposite ldigric for both polarities, on the flat and curved dielectrics
during the positive and negative polarity, respectively. SIWs on adjacent domes may merge before
reaching the contact point. For both polarities, the SIW from the sides resiMtine®herat the

contact point or at the location on the flat dielectric axially opposite the contact point. The second
current pulse starts as SIWs propagate across the dielectric, and current peaks when the opposing
SIWs merge at the contact point. For suffithg high voltage, multiple current pulses may be
generated with the number of current pulses increasing with voltage. Each current pulse results
from microdischarges either asMDs or a combination of $1Ds and FMDs. These $MDs and

or FMDs could bemore intense at the edges or in the center depending on conditions.

The sensitivity of plasma structures and discharge types on applied voltage shown here can
have important broader implications. For example, formation of SIWs leads to higher electron
temperatures and, therefore, higher rates of ionization and dissociation of sirondisd
molecules such as>N Controlling the formation of SIWs is thus an additional pathway to
selectivity. The proximity of SIWs to catalysts enables plaprmduced reaive species with

short diffusion lengths and lifetimes to interact with surface sites at a greater rate. Careful packing
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design is also shown to be of importance. The topology of the packing material can determine the
direction, morphology, and intemgiof plasma discharges. These factors, then, impact energy

efficiency, selectivity, and throughput of commercial plasma packed bed reactors.

3.5 Concluding Remarks

Modeling of dielectric barrier reactors has been qualitatively validated through
experimentgor different gases, geometries, pressures, voltages, and matéeiadsng credence
to nonPDPSIMas a modeling platform. Furthermore, in all investigated cases, we find the same
plasma formation phenomena. The discharge initiates as a positive stbedween the apex of
dielectric structure and opposite dielectric plate (at the location of minimum distance), which
transforms into a filamentary microdischarge in the gap. The surface charging of the dielectric
generates surfagaarallel electric field, which propagates surface ionization waves (SIWs) from
the apex of the dielectric structure towards the contact points (for the positive polarity). The SIWs
across the domes merge at the contact points, where the highest electron density is produced, as
the lower dielectric thickness at the contact point produces a high capacitance that supports a high
surface charge density. The SIW is followed by a restrike-DFdue to high surface charge
resulting in an electric field sufficient for breakdown. eTtypes of plasmas developing then
impact the reactive species being transferred into the gas, and therefore the extent efgdasma
activation. It is especially interesting to note that thésenation modalities were observed in
both: complex gas mixtas (humid air) and in a pure noble gas case (helium). Noble gases lack
metastable states which act as ggesinks. As a result, at a given set of system parameters
(voltage, pressure, systeasritical dimensiorn), discharges in noble gases tend tartmee diffuse

and glowlike. Yet the restrikd-M-SIW steps were observed in DBDs of both kinds.
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3.6 Figures
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Fig. 3.1 (a) Experimental setup for the timesolved microdischarge imaging. (a)
Schematic oapparatus. (b) Tepgiew of reaction chamber with media
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Fig. 3.2 Initial conditions for simulations: (a) base case geometry and (b) base case
reduced electric field, E/N. (c) Initial E/N for smaller separatiamvben the rods and fol
(d) rotated lattice. E/N is plotted on a linear scalei, 270 Td for total voltage drop of

T30kV in humid air.
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Fig. 3.3 Experimental setup with a patterned DBD. (left) Schematiqiaglitt) CCD
camera image of the (a) top view and (b) side view.
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Fig. 3.4 Computational geometry. a) Schematic ofrsector having a height of 10 mm
width of 76 mmand a depth of 5 mm. Both electrodes@reered bya layer of dielectric
0.2 mm thick. b) Computationatesh. c) Electri¢ield contours resulting from aapplied
voltage of 6 kV. The peak electiields occurbetween the top dielectric layer and the
apexes of théielectric domes. d) Electrigeld streamlines alonthe surface of the dome
and relative reduced capacitance. Angle between applied efegdttivectorsand surface
of the dome decreases towards the-tzmh points. Capacitance is lowest near the top

thedomes
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Fig. 3.5 Electron density at different times during propagation of the discharge thra
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Fig. 3.6 Electron impact ionization rate at different times during propagation of th
di scharge through the PBR for the bas
Rates are plotted ordadecade log scale with the maximum value'@&sh) indicated in

each frame.
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Fig. 3.7 Comparison of modeling and experimental imaging of a microdischarge &
SIW in a 2D PBR. The computed values are for the base case tondo n s
air, 700 um bead separation). (a) Time integrated computed densities of excited nit
Densi t i e-decade|la sqalé. (b} t
Experimental fast camera imaging of visible emission usiid @us gate.
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ICCD imaging, 760 Torr, Zirconia (g, = 26.6), 760 Torr, +20 kV
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Fig. 3.8 Transition from microdischarges to surface ionization waves between disks
and 6 and at sequential times. (top) Experimental ICCD imaging and (bottom) com
densities ofight-emitting species from the model (bottom). The disparity in time betw

the model and the experiment arises from the different voltages being applied.
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Fig. 3.9 Time evolution of (a) reduced electric field and éBctron temperature during
propagation of an SIW propagation for the base case conditions. E/N is plotted on ¢
scale, 7700 Td. Eis plotted on a linear scale, D9eV. The location is between the

center rod and the low4eft rod.
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Fig. 3. 10 Electron density at different times during propagation of the discharge thr¢
the PBR for smaller separation betw
separation). Densities are plotted onde¢ade log scale with maximum value (&m
indicated ineach frame.
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Fig. 3.11 Electron impact ionization rate at different times during propagation of tt
di scharge through the PBR for smalle
700 um rod separation). Rates are plotted ordachde log scale with the maximum
value (cm3s §indicated in each frame.
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Fig. 3.12 Electron density at different times during propagation of the discharge thr

the PBR for the rotated |l attice (130Kk

Densities are plotted on a-decade log scale with maximum value (ési!) indicated in
each frame.
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Fig. 3.13 Electron impact ionization rate at different times during propagation of tt
discharge through the PBR fortherotate | at t i c e . (1T30kYV,
separation, 22.5° rotation). Rates are plotted omlecéde log scale with the maximun
value (cm?3s'1) indicated in each frame.
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LN JYER

Fig. 3.15 Time evolution of electron density in quartz lattice at 760 Torr with a +40
pulse. (a) 5 ns, (b), 6.6 ns, (c), 7.3 ns and (d) 8.0 ns. Log scale over 4 decades,
maximum value noted in each frame.
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Fig. 3.16 Plasma properties in the vicinity of disk 7 during the propagation of a surf
ionization wave (t= 8 ns). a) Electron density (log scale, 4 deche®d? cn®
maximum),b) electron temperaturgd to 9 eV, c) surface charg@log scale 4 decades
2.7x10* C-cn? maximum) andl) electric field amplitude (contost0 to 200 k\écni?)
and the electric field vectars
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Fig. 3.17 Time evolution of electron density in zirconia lattice at 760 Torr with a +40
pulse. (a) 3.7 ns, (b), 5.1 ns, (c), 5.3 ns and (d) 5.7 ns. Log scale over 4 decades
maximum value noted in each frame.
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Fig. 3.18 Time-resolved imaging of theRD-PBR dischargahroughquartz disksat 1 atm
integrated over 5 ns. (a)®ns, (b), 1€15 ns, (c) 1820 ns, (d), 225 ns (e) 2530 ns
and (f) 3540 ns
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Fig. 3.19 Time-resolved imaging of theD-PBR dischargehrough zirconialisksat 1
atm integrated over 5 ns. (ap(s, (b), 1615 ns, (c) 180 ns, (d), 385 ns (e) 4645
ns and (f) 450 ns.
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Fig. 3.20 Densities of lightemitting species for different pressures and a 24 kV pul:
with a) quartz and b) zirconia dielectric disks. Log scale over 4 decadesmaxtimum
value indicated in figure.
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Fig. 3.21 Densities of lightemitting species for different pressures and a 24 kV pul:
with a) quartz and b) zirconia dielectric disks. Log scale over 4 decadesmaxtimum
value indicated in figure.
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Fig. 3.22Imaging of discharges through zirconia disks at 50 Torr (5 ns exposure)
and without masking. The masking blocked emission from the surface ionization w
(a) Without mas, 4.0 ns, (b) with mask,-20 ns, (c) without mask, 285 ns ad (d) with

mask 2625 ns.
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Fig. 3.23 Evolution of a) electron impact ionization source and b) electron density d
the discharge in the base case (+6 #igplayed using log scale3imes and peaglotted
values are noted in the figures
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Fig. 3.24 Time-resolved images of the He’@&) emission for thgositive (left) and
negative(right) half cycle for an applied voltage amplitude of 3 kWhe images are
recorded with an integration time and time shift of 1 us.
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Fig. 3.25 Evolution of electron density, equipotential lines (left) and reduced elect
field (right) for a) +5 kV and b)5 kV voltagepulses. Formation of positive streamers
filamentary micredischarges and surface ionization waves are shown at times note

thefigure. Each equipotential line represents a potential change of 5@eé¢tron

densities are plotted on a lsgale.
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Fig. 3.26 Reduced electric fiel(E/N), electron impact ionization source terectron
densityfor +8 kV applied voltageElectric potential lines are overlamh electron impact
ionization source term contour plots, with each line representing a 1 k'gehtimes

and peak plotted values are noted in the figures.
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