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ABSTRACT

Cold atmospheric pressure plasma jets (APPJs) have a huge potential in a wide range
of applications including surface activation and modification, deposition of thin films, as
well as agriculture and biomedical applications, such as food decontamination, wound
healing, and cancer treatment. Modeling and simulation of APPJs can contribute to a
better understanding of the operation of pertinent devices and the design of new, more
advanced ones. Multidimensional, detailed, models are widely used for plasma
simulations and usually their solution entails a high computational cost (in time and
memory). The number of unknown variables, and as a consequence the computational
cost, further increases when the number of species being taken into account increases.
This is the case with APPJ devices, which are not enclosed: A large number of species
has to be taken into account in the reaction set due to the presence of air, containing
O, N2, and H,0, in the gas mixture.

In this thesis, instead of using detailed models with a high computational cost, a global
model is proposed for the simulation of APPJs; a global model is essentially a zero
dimensional model, i.e., no spatial variations of variables can be resolved. Instead,
spatially, volume, averaged quantities are used. In particular, a homemade code for
global modeling in low pressure plasma reactors, namely tlasma-R, is extended to
handle cases of APPJs. The model is formulated and solved at transient state; a fast
solver is utilized. By transforming the transient solution to a spatial solution (1d) through
the flow velocity, the extended model can calculate the active species densities and
electron temperature along the distance from the device exit in a very short amount of
time (several seconds).The model is not self-consistent: It requires several experimental
measurements such as the flow velocity along the distance from the device exit.

The results of the extended model are verified by a comparison with a seminal
simulation work for Ar APPJs from the literature; the reaction set consists of 846
reactions and the total number of species is 84.

Critical for the calculations of the extended model is the electron energy distribution
function (EEDF) which is either considered as Maxwellian or is calculated by a
Boltzmann equation solver, namely Bolsig+. The solver calculates the EEDF but only
for a limited number of conditions; to minimize the use of the Boltzmann equation solver
(which is external to the extended global model), the EEDF is considered constant in
spatial spaces along the jet. It is found that the use of Maxwellian EEDF instead of the
EEDF coming from the Boltzmann solver yields a significantly different electron
temperature; however, the differences for the calculated species densities along the jet
are less pronounced.

Finally, in an attempt to develop a self-consistent model for APPJs and eliminate the
need for inputs from experimental measurements, two dimensional fluid simulations of
the jet, decoupled from the plasma simulation, are made. The flow field and the species
(Ar, N2, O, and H,0) densities are calculated with various turbulent models; the results
show that there are slight discrepancies among the model results, mainly near the
nozzle exit.

SUBJECTAREA: simulation of atmospheric pressure plasma jet

KEYWORDS: plasma jet, global model, atmospheric pressure plasma, turbulent flow,
stiff differential equations



NEPIAHWH

To wuxpo MAGoua Totmou TCet o Atpoo@aipikf Mieon (MTTAIMM) TTapouoiddel peydAn
OUVAMIKN O€ €va PEYAANO €UPOG EQAPHUOYWYV, OTTWG N EVEPYOTTOINON KAl TPOTTOTTOINON
ETTIPAVEIWY, N aTTéOE0N UPEViwY, N aTTOAUPAVON TPOYIPNWY, N ETTOUAWGCN TTANYWYV Kal N
avTikapkivikr) Bepatreia. H trpocopoiwon Tou MTTAIT utropei va Ouvelio@EpEl OTNV
KAAUTEPN KaTavonaon TnG AEITOUPYIOG TWV OUOKEUWV TIOU TO TIAPAYOUV Kal OTO
OXEOIOOUO VEWV. AETTTOPEPN) MOVTEAQ TTOANATTAWY OIAOTACEWV £XOUV XPNOIKOTTOINBEI
EUPEWG  YIO  TTPOCOMOIWOEIG  TTAGOMATOG.  2uvriBwg ouvodelovtal aTrd  uwnAd
UTTOAOYIOTIKO KOOTOG (0€ XPOVO Kal UVAMN). To KOOTOG auTd augaveTal OTNV TTEPITITWON
aThoo@aIpikoU TTAAOPATOG £€QITiOg TNG TTApOUCiag agpa oTo Piyua agpiwv: To TTARB0og
TWV XNMIKWV CUCTATIKWY KAl dpa To TTANBOG TwV ayvwoTwy augaveTal eEaitiag Tng
O1GoTTa0NG TWV CUCTATIKWY TOUu atpoo@alpikou agpa [Ar, Nz, Oz, H,O (udpartuoi)] kai
TWV AQVTIOPACEWY PETAEU TWV DIOCTIAOUEVWY CUOTATIKWV.

2Ta TTAdiola TnG TTapouoag pyaaciag, yivetal xprion JovréAou undevikng didotaong (09,
global model), To oTT0i0 pEILVEI ONUAVTIKA TO UTTOAOYIOTIKO KOOTOG TWV AETTTOPEPWV
MovTéAwy, yia Tnv TTpooouoiwaon MTTAI. Zuykekpipéva, KWwOIKAG YIa TNV TTPOCONOoIwoN
TTAAOPATOG O€ AvTIdOPAOTAPESG XAMNAAG TTieong pe poviédo 00 (tmlasma-R) dieupuveTal
woTe va utropei va diaxelipidetal kar repImTTwoelg MTTAIM. To dieupupévo PovTEAO
OIATUTTWVETAI KAl ETTIAUETAI O€ PETARATIKI KATAOTACN WE XPEON ATTOdOTIKOU ETTIAUTH.
Mrtropei va dwaoel atroTeAéouata o€ TTOAU PIKPO XPOVO (HEPIKG OEUTEPOAETTTA) YIA TIG
OUYKEVTPWOEIG TWV XNUIKWYV CUCTOTIKWY KAl TN BEpPoKpacia Twv NAEKTpoviwv Katd
MAKOG TNG atmméoTacng atmod Tnv €000 TNG CUOKEUNG. AUTO gival EQIKTO yia €va JOVTEAO
00 pe METATPOTI TNG XPOVOEEOAPTWHEVNG AUONG O Xwpikh, 10, Auon péOw TNG
TaXuTnTag pong. To dieupupévo PovTéAo Bev eival autdvouo (self-consistent), agou yia
TNV €TTIAUCT] TOU XPEIACoVTal TTEIPAPATIKEG JETPAOEIG, OTTWG N TAXUTNTA PONG TOU TEET.

Ta atmmoteAéopata Tou diEupuphévou PovTéEAOU eTTaAnBeUovTal HECW TNG OUYKPIOAHS TOUG
ME QUTA epyaciag OTTOU yiveTal TTPOCOMoiwon TAdopaTog (Apyou) TUTTOU TCET OF
aTMoo@aIpIK) TTiEon. To OUVOAIKO TTAABOC Twv XNUIKWY CUCTATIKWY €ival 84 kal TO
TARBog Twv avridpdoewv 846. Mia TOAU OnuUAvTIK TTAPAUETPOSG YIO  TOUG
UTTOAOYIOHMOUG TOU DIEUPUNEVOU POVTEAOU Eival N KATAVOUN EVEPYEIQG TWV NAEKTPOVIWV
(KEH), n otroia cite Bewpeital Maxwell €ite utroAoyiCetar ammd €mAUTN TNG £€iowong
Boltzmann (Bolsig+). O emAUTng utroAoyilel Tnv KEH aAAd poévo yia évav opiopévo
apIBud dlo@opeTIKWY ouvenkwv: MNa va Peiwbei n xprion Tou €1AUTN, O OTTOIOG Eival
eCwTePIKOG TOu dleupupévou povTtédou, N KEH Bewpeital otaBepr) o xwpikd diaoTtrpaTa
KAt pnRkog tou TCeT. Ta amoteAéoparta deixvouv 6T evw n Bewpnon KEH Maxwell
odnyei o€ Bepuokpaacia NAeKTpoviwv TTou dIaPEPEI TNPAVTIKA aTTO T BEpPOKpaaTia TTou
uttoAoyiCetal 6tav n KEH mrpoépxetal amd tnv emmiAuon Tng €iowong Boltzmann, ol
OI0POPEG OTIG OUYKEVTPWOEIG TWV OUCTATIKWY KATA PAKOG Tou TCeT degv gival 1O idIO
ONUAVTIKEG.

TéNOG, o€ yia TTpooTTdBeia va avatTuxBei autdvouo povtéAo yia MNTTAI, 1o otroio dev
Ba xpeIddeTal TTEIPAUATIKEG PETPNOEIS YIA TNV ETTIAUCH Tou, YivovTal 20 TTPOCOUOIWUCEIG
NG Pong armoouleuypéveg atto To TTAAOHA. To TTedio porg Kal Ol CUYKEVTPWOEIG TwV Ar,
N2, O, kai H,O utroAoyifovtal pe OIAQOPETIKA HOVTEAA TupPwOOUG PoNG Kal Ta
atroTeAéopaTa OeiXVOUV MIKPEG ATTOKAIOEIC UETAEU TwV MOVTEAWYV, KUPIWG KOVTA OTnv
€€0d0 NG didraéng.

OEMATIKH NMEPIOXH: NMpocoouoiwon TTAdouatog TUtTou 1T

AEZEIZ KAEIAIA: TTAGopa TOTTOU TCET, JOVTEAO PNOEVIKAG didoTaonG, TTAAo A
ATHOOQAIPIKAG TTiEONG, TUPPWANG POor), BUCKAUTITEG (Stiff)
OIAPOPIKES ECIOWOEIG
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Simulation of atmospheric pressure plasma jets with a global model

1. INTRODUCTION

1.1 Whatis plasma?

Plasmas are often called a fourth state of matter (Figure 1.1). A solid substance in
thermal equilibrium generally passes into a liquid state as the temperature is increased
at a fixed pressure. The liquid passes into a gas as the temperature is further increased.
At a sufficiently high temperature, the molecules in the gas decompose to form a gas of
atoms that move freely in random directions, except for infrequent collisions between
atoms. If the temperature is further increased then the atoms decompose into freely
moving charged particles (electrons and positive ions), and the substance enters the
plasma state. Besides heating, the application of electromagnetic fields can produce
plasmas; the latter is the origin of plasmas used for technological applications.

A plasma is a collection of free charged particles moving in random directions that is, on
the average, electrically neutral (Figure 1.2a). The fractional ionization of a plasma is
xi; = n;/(n; +ny) where n, is the neutral gas density and n; is the ions density. x;, is
near unity for fully ionized plasmas, and x;, < 1 for weakly ionized plasmas [1].

Solid Liquid Gas Plasma
: //W
Energy T 1 Energy
Example Example Example Example
Ice Water Steam lonised Gas

g0

q @
okl
@ Molecules ® @ lons * Electrons

ADD HEAT

Figure 1.1: The four states of matter [2].

1.2 Types of plasmas

Much of the matter in the universe is in the plasma state. This is true because stars, as
well as most interstellar matter, are plasmas. Although stars are plasmas in thermal
equilibrium  (Tejectron = Tion = Tyas), the light and heavy charged particles in many
laboratory discharges are almost never in thermal equilibrium (non-equilibrium
plasmas), either between themselves or with their surroundings. Because these
discharges are electrically driven and are weakly ionized, the applied power
preferentially heats the mobile electrons, while the heavy ions efficiently exchange
energy by collisions with the background gas. Hence, T.ctron = T. > T, foOr these
plasmas [1].

D. Passaras 14
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l Electrode

~ o

i

Figure 1.2: Schematic view of (a) a plasma and (b) an electrically driven discharge [1].

A simple discharge is shown schematically in Figure 1.2b. It consists of a voltage
source that drives current through a low-pressure gas between two parallel conducting
plates or electrodes. The gas “breaks down” to form a plasma, usually weakly ionized,
that is, the plasma density (electron density) is only a small fraction of the neutral gas

density.
25
Solid Si at
room temperature
4 3
En’nlDE{ 1
Laser
20 plasma | Focus |
High Shock
pressure tubes Theta
arcs pinches
Fusion
15 reactor
7
5 7/
= 7 Lows
= Alkali , pressure Fusion
[=)] .
8 metal experiments
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10 [ /
“. Glow
Flames discharges
Earth’s
phere Ape>Tem
51 Solar
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Interplanetary
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0 L | | | L |
-2 -1 0 1 2 3 4

l0g4g Te (V)

Figure 1.3: Space and laboratory plasmas [1].

Figure 1.3 identifies different kind of plasmas on a log(n) [log(n,)] versus log(T,)
diagram. There is an enormous range of densities and temperatures for both laboratory

D. Passaras
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and space plasmas. One important type of processing discharges is the low pressure
type of discharges. Low pressure discharges are characterized by T, =1 —10 eV,
T.,n < T, and plasma (electron) densities, n, ~ 10 — 103> cm™. These discharges are
used as miniature chemical factories in which feedstock gases are broken into positive
ions and chemically reactive etchants, deposition precursors and so on, which then flow
to and physically or chemically react at the substrate surface. While energy is delivered
to the substrate also, for example, in the form of bombarding ions, the energy flux is
there to promote the chemistry at the substrate, and not to heat the substrate. The gas
pressures for these discharges are low: p ~ 1073 — 1Torr. High pressure arc discharges
are also used for processing. These discharges have T, ~ 0.1 — 2 eV and n, ~ 10 —
10" ¢cm™, and the light and heavy particles are more nearly in thermal equilibrium, with
T,on < T,. These discharges are used mainly to deliver heat to the substrate, for
example, to increase surface reaction rates, to melt, sinter, or evaporate materials, or to
weld or cut refractory materials. Operating pressures are typically near atmospheric
pressure (760 Torr) [1]. Another very important type of high pressure discharges is the
cold atmospheric pressure plasma jets described in the following section.

1.3 Cold atmospheric pressure plasma jets

Atmospheric pressure plasma jets (APPJs) have T;,, and Ty, in the range of 300-1000

K, which is at least one order of magnitude lower than T,. APPJs operating in open air
at moderate gas temperatures (cold plasma jets) but nevertheless with high plasma-
chemical activity triggered a multiplicity of interesting applications. The capability of
producing charged particles, neutral metastable species, radicals and (V)UV (vacuum
ultraviolet) radiation at biologically tolerable gas temperatures, let those sources
become important for biomedical applications, like the inactivation of bacteria on heat
sensitive surfaces, wound healing or cancer treatment [3]. But also in the field of
surface activation and modification, agriculture as well as deposition of thin films, cold
APPJs have a huge potential [3].

Due to the high collision frequency between electrons and heavy particles (neutral
species and ions) at atmospheric pressure conditions, the electrons lose their energy in
a short period. If a molecular gas is present, the electrons could quickly transfer their
energy to molecular rotational and vibrational states because the energy levels of the
rotational and vibrational states of the molecules can be much lower than that of the
electrons’ excitation and ionization. This makes it a difficult task to obtain atmospheric-
pressure non-equilibrium plasmas with high electron energy [4]. Thus, the ionization
efficiency in such a case is low. Furthermore, when an electronegative gas, such as O
and SFg, is present, the electrons could be absorbed by the gas on a time scale of tens
of nanoseconds, or even shorter, which makes it even harder to obtain atmospheric
pressure non-equilibrium plasmas with electronegative gases. Nevertheless, for
traditional discharges, a plasma is generated as long as the applied electric field across
the discharge gap is high enough to initiate a breakdown. However, at a pressure of 1
atm, the electric field required to initiate the discharge is quite high. For example, when
air is used, the required electric field is about 30 kVecm™ [4]. That is why the discharge
gaps for most atmospheric pressure discharges are from mm to several cm. On the
other hand, from the applications point of view, the short discharge gaps significantly
limit the size of the objects to be treated if direct treatment (when the object is placed
between the gaps) is desired. If indirect treatment (the object is placed next to the gaps
and the active radicals of the plasma reach the object by flowing with the gas) is
applied, active radicals with short lifetimes and charged particles may already disappear
before reaching the sample to be treated. To overcome the shortcomings of the

D. Passaras 16



Simulation of atmospheric pressure plasma jets with a global model

traditional atmospheric pressure non-equilibrium plasmas, plasmas generated in open
space rather than in a confined discharge gap are needed. However, when a plasma is
to be launched in open space where the applied electric field is normally quite low, it is
extremely difficult to sustain the existence of the plasma. Various methods were
developed to overcome these challenges and several sources based on different
designs were subsequently reported [4].

Most of the non-equilibrium or cold APPJs are working with a noble gas mixed with a
small percentage of reactive gases, such as O,. APPJs operating with noble gases can
be classified into four categories, i.e. dielectric-free electrode (DFE) jets, dielectric
barrier discharge (DBD) jets, DBD-like jets, and single electrode (SE) jets [4].

For DBD jets, as shown in Figure 1.4, there are many different configurations. As shown
in Figure 1.4a [5] the jet consists of a dielectric tube with two metal ring electrodes on
the outer side of the tube. When a working gas (He, Ar) flows through the dielectric tube
and kHz high-voltage (HV) power supply is turned on, a cold plasma jet is generated in
the surrounding air. The plasma jet only consumes a power of several watts. The gas
temperature of the plasma is close to room temperature. The gas flow velocity is ~20
m/s. The plasma jet, which looks homogeneous to the naked eye, is actually a ‘bullet’-
like plasma volume with a propagation speed of more than 10 km/s [4]. It is believed
that the applied electric field plays an important role in the propagation of the plasma
bullet.
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Figure 1.4: DBD plasma jets [4].

In Figure 1.4b [6] the one ring electrode is eliminated, so the discharge inside the
dielectric tube is weakened. In Figure 1.4c [7] the HV ring electrode is replaced with a
centered pin electrode, which is covered by a dielectric tube with one end closed. With
this configuration, the electric field along the plasma plume is enhanced. A high electric
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field along the plasma plume is favorable for generating long plasma plumes and more
active plasma chemistry [8]. In Figure 1.4d [9] the ground ring electrode of Figure 1.4c
is removed, so the discharge inside the tube is also weakened. On the other hand, a
stronger discharge inside the discharge tube (as in the case of Figures 1.4a and 1.4c)
helps the generation of more reactive species. With the gas flow, the reactive species
with relatively long lifetimes may also play an important role in various applications. The
configuration of Figure 1.4e [10] is different from the previous four DBD jet devices. The
two ring electrodes are attached to the surface of two centrally perforated dielectric
disks. The holes in the center of the disks are about 3mm in diameter. The distance
between the two dielectric disks is about 5mm. With this device, a plasma plume of up
to several centimeters in length can be obtained. All the DBD jet devices discussed
above can be operated either by kHz ac power or by pulsed dc power. The length of the
plasma jet can easily reach several centimeters or even longer than 10 cm. This
capability makes the operation of these plasma jets easy and practical. There are
several other advantages of the DBD jets. Firstly, due to the low power density
delivered to the plasma, the gas temperature of the plasma remains close to the room
temperature. Secondly, because of the use of the dielectric, there is no risk of arcing
whether the object to be treated is placed far away or close to the nozzle. These two
characteristics are very important for applications such as plasma medicine, where
safety is a strict requirement [4].
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Figure 1.5: DBD-like plasma jets [4].

All the plasma jet devices shown in Figure 1.5 are named DBD-like jets. This is based
on the following facts. When the plasma plume is not in contact with any object, the
discharge is more or less like a DBD. However, when the plasma plume is in contact
with an electrically conducting (a non-dielectric material) object, especially a ground
conductor, the discharge is actually running between the HV electrode and the object to
be treated (ground conductor). For such a circumstance, it no longer operates as a
DBD. The devices shown in Figure 1.5 can be driven by kHz ac power, by RF power or
by pulsed dc power. In Figure 1.5b the solid HV electrode of Figure 1.5a is replaced
with a hollow electrode [11, 12]. The benefit of this kind of configuration is that two
different gases can be mixed in the device. Normally, gas inlet 2 is used for a reactive
gas such as O, flow, and gas inlet 1 is for a noble gas. It was found that the plasma
plume is much longer with this kind of gas control than that using a pre-mix gas mixture
with the same percentage. The role (and advantage) of the ring electrode in Figures
1.5a and 1.5b is the same as in the case of DBD jets. When the DBD-like plasma jets
are used for plasma medicine applications, the object to be treated could be cells or
whole tissue. In this case, these types of jet devices should be used carefully because
of the risk of arcing. On the other hand, if it is used for treatment of conductive
materials, since there is no dielectric, more power can easily be delivered to the
plasma. So, as long as arcing is carefully avoided, the DBD-like jets have their own
advantages [4].
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Figure 1.6: Schematic of a dielectric-free electrode (DFE) jet [4].

One of the early APPJs is a DFE jet, as shown in Figure 1.6 [13]. The jet is driven by a
radio frequency (RF) power source at 13.56 MHz. It consists of an inner electrode,
which is coupled to the power source, and a grounded outer electrode. A mixture of an
inert gas with reactive gases is fed into the annular space between the two electrodes.
Cooling water is needed to keep the jet from overheating and the gas temperature of
the plasma jet varies from 50 to 300 °C, depending on the RF power [4]. Notable
characteristics of the DFE jet (Figure 1.6) are, firstly, that arcing is unavoidable when
the stable operation conditions are not met. Secondly, compared with DBD and DBD-
like jets the power delivered to the plasma for the DFE jet is much higher. Thirdly, due
to the high power delivered, the gas temperature of the plasma is quite high and out of
the acceptable range for biomedical applications. Fourthly, for this DFE jet, which is
driven by an RF power supply, the peak voltage is only a few hundred volts, so the
electric field within the discharge gap is relatively low and its direction is radial
(perpendicular to the gas flow direction). The electric field in the plasma plume region is
even lower, especially along the plasma plume propagation direction (gas flow
direction). Finally, since the electric field along the plasma plume propagation direction
is very low, the generation of this plasma plume is probably gas flow driven rather than
electrically driven. On the other hand, because a relatively high power can be delivered
to the plasma and the gas temperature is relatively high, the plasma is very reactive.
This kind of plasma jet is suitable for applications such as material treatment as long as
the material to be treated is not very sensitive to high temperatures [4].

The schematics of single electrode (SE) jets are shown in Figures 1.7a—c. Figures 1.7a
and 1.7b are similar to the DBD-like jets except there is no ring electrode on the outside
of the dielectric tube. The dielectric tube only plays the role of guiding the gas flow.
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Figure 1.7: SE plasma jets [4].
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These two jets (in Figures 1.7a and 1.7b) can be driven by dc, kHz ac, RF or pulsed dc
power. Because of the risk of arcing, the plasma plumes generated by the jets in
Figures 1.7a and 1.7b are not the best for biomedical applications due to safety issues
[14]. In order to overcome this problem, a similar SE jet was developed, as shown in
Figure 1.7c [15]; the capacitance C and resistance R are about 50 pF and 60 kQ,
respectively. The resistor and capacitor are used for controlling the discharge current
and voltage on the hollow electrode (needle). This jet is driven by a pulsed dc power
supply with a pulse width of 500 ns, repetition frequency of 10 kHz and amplitude of 8
kV. The advantage of this jet is that the plasma plume or even the hollow electrode can
be touched without any risk of injury, making it suitable for plasma medicine
applications. One of the potential applications is in dentistry, such as root canal
treatment. Due to the narrow channel geometry of a root canal, which typically has a
length of few centimeters and a diameter of one millimeter or less, the plasma
generated by a plasma jet is not efficient to deliver reactive agents into the root canal
for disinfection. Therefore, to have a better killing efficacy, a plasma needs to be
generated inside the root canal, whereupon reactive agents, including the short-lifetime
species, such as charged particles, could play some role in the killing of bacteria. Using
the device of Figure 1.7c, a cold plasma could be generated inside a root canal [4].
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Figure 1.8: N, plasma jets [4].

All the devices described so far use a noble gas as feed. Due to its reactive nature and
the importance of the chemical species that can generate, Nitrogen (N,) can be very
useful as feed gas. However, it is difficult to generate APPJs with N, as the feed gas.
The reason for this, is the fact that despite having significantly lower ionization energy
compared to He, with N, the electrons could quickly transfer their energy to molecular
rotational and vibrational states because the energy levels of the rotational and
vibrational states of the molecules can be much lower than that of the electrons’
excitation and ionization. So the electrons in He discharges have larger energy than
they have in N, discharges under similar conditions and the difference in this mean
energy overcomes the difference in their ionization energy [4]. Figure 1.8 shows the
schematic of two N, plasma jets. In Figure 1.8a [16], a 20 kHz ac power supply is
connected to two electrodes of thickness 3mm and a center hole of diameter 500um.
The two electrodes are separated by a dielectric disk with a center hole of the same
diameter. With this configuration, a N, plasma up to 6.5 cm long can be generated.
When the N, gas flow rate is 6.3 sIm (standard liters per minute), the gas is ejected out
from the hole at a speed of about 535 m/s. The gas temperature of the plasma plume at
2 cm from the nozzle is below 300K. Figure 1.8b [17] shows a slightly different N,
plasma jet device, which replaces the inner perforated HV electrode of Figure 1.8a by a
pin electrode. The inner electrode can also be replaced by a tube [4].

Due to the presence of electronegative oxygen, O, in air it is difficult to sustain an
APPJ without a different feed gas. Nevertheless, several different air plasma jets have
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been reported [4]. In Figure 1.9a [18], a discharge channel through an insulator with a
thickness of about 0.2—-0.5mm and a diameter of 0.2-0.8mm separates the anode and
the cathode, which have a center hole of the same diameter. The ballast resistor is 51
kQ. When air flows through the hole and a dc voltage of a few hundred volts (up to a
kV) is applied between the anode and cathode (depending on the thickness of the
insulator separating the electrodes), a relatively low temperature air plasma is
generated in the surrounding air with length up to 1 cm, depending on the gas flow rate
and discharge current. However, the gas temperature of the plasma can still be quite
high. The gas temperature within the micro-gap is about 1000K. However, it drops
quickly as it propagates in the surrounding air. It is about 323 K at 5Smm away from the
nozzle for an air flow rate of 200 ml/min and discharge current of 19 mA. In Figure 1.9b
[19], a porous alumina dielectric is used to separate the HV stainless steel (typical
injection needle) electrode and the outer ground electrode [4].
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Figure 1.9: Air plasma jets [4].

The alumina used in this device has approximately 30 vol% porosity and has an
average pore diameter of 100um. The ground electrode is fabricated from stainless
steel and has a centrally perforated hole of 1Imm diameter through which the plasma jet
is ejected to the surrounding ambient air. When 60Hz HV power supply is applied and
the flow rate of air is at several sim, an APPJ up to about 2 cm is generated in the
surrounding air. During one voltage cycle, there are multiple discharges. The increase
in the input power results in more current pulses. The shortcoming of this device is that
the gas temperature of the plasma is quite high. It is about 60°C at 10mm away from
the nozzle for an air flow rate of 5 sIm. For lower flow rates, the gas temperature is even
higher. Figures 1.9c and 1.9d [20, 21] are the schematics of two ‘floating’ electrode air
plasma jets. Strictly, they are not plasma jets since the plasmas are generated within a
gap. However, because the secondary electrode (ground electrode) can be a human
body, they are categorized as plasma jets. Both jets could generate room temperature
air plasmas. They are completely safe from the electrical perspective and non-
damaging to animals or human beings. For Figure 1.9c, kHz ac or pulsed dc voltage
with an amplitude of 10-30 kV is used to drive the device. The discharge ignites when
the powered electrode approaches the surface to be treated at a distance (discharge
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gap) of less than about 3mm, depending on the form, duration and polarity of the driving
voltage. This jet is suitable for large smooth surface treatment. In contrast, the jet
shown in Figure 1.9d is more suitable for localized three-dimensional treatments. The
output voltage of the power supply can be adjusted up to 20 kV. The output of the
power supply is connected to a stainless steel needle (typical injection needle)
electrode through a resistor R of 120MQ, which is several orders of magnitude higher
than those reported. When a counter-electrode, such as a finger, is placed close to the
needle, a plasma is generated. The plasma is similar to the positive corona discharge.
However, this jet can be touched by the human body directly, which is not the case for
the traditional corona discharge. The jet has no risk of glow—arc transition. The
maximum length of the plasma is about 2 cm. The gas temperature of the plasma is
kept at room temperature. It is interesting to point out that the discharge is actually
pulsed. It appears periodically with a pulse frequency of tens of kHz, depending on the
applied voltage and distance between the tip of the needle and the object to be treated.
It should be pointed out that all these air plasma jets (Figures 1.9a-d) can also be
operated with N, gas. On the other hand, the device shown in Figure 1.8a can be
operated with air too. But the maximum length of the air plasma plume operated with
the jet shown in Figure 1.8a is about 2 cm. In addition, the jet shown in Figure 1.7c can
be operated with air as a working gas [22]. But the length of the plasma is only several
millimeters [4].
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Figure 1.10: Plasma jets used by van Gessel et al [24].

The device used by van Gessel et al [24] (Figure 1.10) are DBD plasma jets with (a)
being the type of Figure 1.4c and (b) the type of Figure 1.5a. The Kinpen jet (Figure
1.11) belongs to the plasma jets category of Figure 1.4c and the device of Figure 1.12
resembles the device of Figure 1.5a but with a different geometry of the HV electrode.
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Figure 1.12: Device used by lonita et al. [25].
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1.4 Simulation of atmospheric pressure plasma jets

Nowadays, with the increase of the computational power of modern computer systems,
it is possible to simulate plasma reactors and devices with detailed models (thermal,
electromagnetic, convective and reaction chemistry/kinetics phenomena solved self-
consistently). This is very common in practice, especially with low pressure plasma
reactors which are used widely for micro- and nano-manufacturing.

Atmospheric plasma jet devices operate in open atmosphere (no enclosure, in contrast
with low pressure plasma devices) where atmospheric air can enter the device and the
jet. The presence of atmospheric air leads to large reaction sets that it can be
computationally very costly to be simulated using detailed 3d or 2d models, even with
the aid of advanced computer systems. The models for atmospheric plasma jet devices
typically include kinetics for hundreds of species and thousands of reactions [26-31].The
number of species and reactions is much higher compared to low pressure plasma
reactors. Reduced chemistry set atmospheric plasma jet models could be used for
simulation but they may lack the accuracy required for certain applications.

For the description of spatial distributions of the generated reactive species, 2d or 1d
models are used. 2d models give information on the distributions of the produced
reactive species both along and across planar or cylindrical plasma jets. In [26], 2d
simulations were performed with the fluid dynamics code nonPDPSIM which has been
originally designed and realized by Kushner and co-workers [32]. The feed gas (He)
flows between two closely spaced stainless steel electrodes driven at 13.56MHz radio-
frequency in a parallel plate configuration. Electrodes, plasma volume and effluent are
enclosed by quartz windows, giving direct optical access to the plasma itself and the
effluent volume behind the electrodes. The presented jet configuration features a
dielectric extension of the gas channel to assure controlled gas flow in the effluent
behind the plasma. Typical gas velocities are around 100 m/s and 160 reactions are
included in the model. The device resembles the DFE jet shown in Figure 1.6.

In [27], 2d simulations were performed with the commercial code Comsol. The micro-
plasma jet consists of two parallel stainless steel electrodes (30mm long, 1mm thick)
separated by a gap of Imm. One electrode is powered by an RF power supply (13.56
MHz, absorbed power <1W), while the other one is grounded. The gas flow is 1.4 sim
He with a small admixture of O, (<1.6%) with 10 reactions included in the model. The
device resembles the DFE jet shown in Figure 1.6.

In [31], 1d simulations were performed with Comsol and Matlab. The setup of the
investigated pAPPJ consists of two planar stainless steel electrodes of tens of
millimeters in length, 1mm thickness and 1mm distance. One electrode is grounded and
the other one is driven at 13.56MHz. The discharge channel of 1x1 mm? cross section is
guided by the electrodes. Both front and back of the entire channel are covered by
guartz windows. The gas velocity is 10 m/s with a gas composition of helium/oxygen
(1000:5) and a reaction set of 116 reactions. The device resembles the DFE jet shown
in Figure 1.6.

In [29], 1d simulations were performed with Comsol. The setup consists of two plane
parallel stainless steel electrodes. Quartz windows enclose the discharge region along
the sides. The core plasma channel has a cross-section of 1mm x 1mm over a length of
30mm. Typical operational parameters are a helium feed gas flow up to 2 sim (mean
gas velocity of about 17m/s) with a molecular oxygen admixture of 0.5%. One electrode
is driven at 13.56MHz while the other one is grounded. 184 reactions are included in the
model. The device resembles the DFE jet shown in Figure 1.6. In [30], Od simulations
were performed with the Global Kin code developed by Dorai and Kushner [33]. The
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plasma source consists of an RF-driven tungsten needle with a diameter of 1mm and a
sharpened tip surrounded by a glass tube with a 3mm outer and a 1.5mm inner
diameter. A gas flow of Ar is applied through the tube. The gas flow is kept constant at 2
slm. The setup is not in a vacuum vessel and thus open to air. A grounded copper
electrode is positioned at a distance of 5mm from the needle. It has a hole with a
diameter of 5mm through which the plasma can penetrate. The RF frequency is 11.7
MHz. The electrical field and the gas flow have the same direction. 1880 reactions are
included in the model. The device resembles the DBD jet shown in Figure 1.4c.

In [28], 0d simulations were also performed simulating a device consisting of two
circular electrodes with radius of 1 cm, separated by a gap of 500 um. The gas flow
(He+H,0) is 100 sccm and 577 reactions are included in the model. The device
resembles the DFE jet shown in Figure 1.6.

1.5 Aim and structure of this work

1rlasma-R [34] is a code used for the simulation of low pressure plasma reactors: Global
modeling is implemented by a user-friendly graphical user interface (Figure 1.13). The
user can define the sets for reactions in the bulk plasma and on the reactor walls, as
well as the operating parameters in a text file and 1lasma-R formulates the balances
and solves the system of equations. The model computes the density of the species
and the temperature of the electrons.

The aim of this work is to extend trlasma-R in order to simulate APPJs. In particular, the
model is formulated at transient state, and a fast solver for stiff problems, namely
LSODA, is integrated for the numerical solution. By transforming the transient solution
to a spatial solution (1d) through the flow velocity, the extended model will calculate the
active species densities and electron temperature along the distance from the device
exit. The extended model is not self-consistent: It requires several experimental
measurements such as the flow velocity along the distance from the device exit for the
numerical solution.

The work of Gaensé&Bogaerts [30] which a simulation of an APPJ device (used for
biomedical applications with Ar as the feed gas) [35], is used as a benchmark in order
to verify the results of the extended model. In order to investigate the effect of the
electron energy distribution function (EEDF) on the results the calculations are
performed by both a Maxwellian EEDF and an EEDF coming from a Boltzmann
equation solver, namely Bolsig+ [36]; the solver calculates the EEDF but only for a
limited number of conditions. To minimize the use of the Boltzmann equation solver
(which is external to the extended global model), the EEDF is considered constant in
spatial spaces along the jet.

Finally, in an attempt to develop a self-consistent model for APPJs and eliminate the
need for inputs from experimental measurements, 2d fluid simulations of the jet,
decoupled from the plasma simulation, are made with Comsol by using both laminar
and several turbulent models.

The structure of this thesis follows: In Chapter 2, the mathematical formulation of the
global model is described (for low pressure plasma discharges and for plasma jets) and
various methods of solving ordinary differential equations are presented with focus on
the LSODA solver. In Chapter 3, the results of the simulation of a plasma jet device [35]
using a global model are presented along with the effects of various EEDFs on the
results. In Chapter 4, a short description of turbulence (and turbulence modeling) is
presented and the results of a 2d fluid flow simulation with Comsol are discussed. The
conclusions are described in Chapter 5.
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Figure 1.13: A snapshot of the rlasma-R editor, used to define the reaction set and the operating
parameters.
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2. MODEL

2.1 Introduction

Multidimensional detailed models are widely used for plasma simulations and usually
their solution entails a high computational cost (in time and memory). The number of
unknown variables, and as a consequence the computational cost, further increases
when the number of species being taken into account increases. This is the case with
atmospheric plasma jet devices, which are not enclosed: A large number of species
have to be taken into account in the reaction set due to the presence of air containing
02, N, and H,O. Instead of using computationally costly detailed models, a global
model is proposed for the simulation of such systems. In particular, a homemade code
for global modeling in low pressure plasma reactors, namely lasma-R [34], is extended
to handle cases of atmospheric pressure plasma jets.

2.2 Global model for low pressure plasma reactors [34]

A global model is essentially a zero dimensional model (0d model), i.e. no spatial
variations of variables can be resolved. Instead, spatially, volume averaged quantities
are used. Global models can be solved at steady or transient state. They can give
results in a very short amount of time and consist of species mass equations and an
electron energy balance in 0d (volume averaged balances).

The generic mass balance for species i in the gas phase (neutral or charged except for
electrons) in a low pressure plasma reactor is formulated as:

d Q S r bulk Ny Nr,surf ,m

n; fii z bulk Z z surf m
ke R VR R RAUE 4+ — % 4 R? Eq.2.1
dt  VkgT, L L (Eq.2.1)

where n; and Qy; is the number density (m?) and the feed (m®Pa/s) of species i. V is
the volume of the reactor (m®) and S, is the volumetric flow (m3/s) at the outlet. kj is the

Boltzmann constant and T, is a reference temperature (293 K). N, is the number of
surfaces in the reactor and 4,, is the area of surface m. N, ., is the number of the gas
phase reactions. N, q,r . iS the number of surface reactions on a surface m of the

reactor. Rff}-‘lk is the production rate of species i by reaction j in the gas phase and
Rizrf'm is the production rate of species i by reaction k on surface m. The reactions in
the gas phase and on the surface are considered as elementary; thus, the reaction
rates, and as a consequence R/} and Rsurf ™ come from the law of mass action. The
generic surface site balance for a species i on the surface reads:

Nr,surf ,m
deim surf m
— = E Eq.2.2
Um dt & ( q )

where A,, is the area (m?) of the inner surface m and g, is the surface density of sites
(m™) on surface m. 8; m is the surface coverage of surface m by species i.
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The generic energy balance for electrons reads:

d p Ny bulk 1 Ny Ny surf
E(nege) = (;15 - z R(Ie),l]l'lk 8th,j _V Z Am Z Rj-l,t]:f’m (Se,surf + g+,surf)
j=1 m=1 k=1
Ny
Sp
v n.&, + z n;+&4 | (Eq.2.3)
=1

where n, is the electron density (m™®). N, is the number of positive ions, P,, is the
adsorbed power by the plasma (Watts) and e, ; is the energy loss of the electrons by

(electron impact, see the index “e”) reaction j (eV). In the case of an elastic collision:

me
Ep = ZHQ (Eq.2.4)

i

where m, and m; are the masses of the electron and the neutral species i joining the
elastic collision. e, is the electron energy (eV) which is related to the electron
temperature, T,(eV),

3
e = 5T, (Eq.25)

ey is the ion energy (eV) which is related to the ion temperature T, (eV)

3
e =Ty (Eq.2.6)

T, is calculated by the equation proposed by Lee and Liebermann [34]

05— 1?255 Tyas
0.5, else

where p is the pressure in the reactor in mTorr and T, is the gas temperature (K).
& surf 1S the energy lost (eV) per electron lost to the inner surfaces of the reactor and
reads [37]

Eesurf = ZTe (Eq- 28)

&y surf 1S the energy lost (eV) per ion lost to the inner surfaces of the reactor and is
typically between 5 and 8 eV in high density sources [37]. We choose

&4 qurf = 6.5T, (Eq.2.9)

Finally, the electron density is calculated by the charge neutrality of the plasma.

Regarding the reaction rate coefficients, for electron impact reactions the coefficients
are coming from integration of the pertinent cross sections over the electron energy
distribution function; they are usually fitted to the following formulas. The first is

C D E
kge =exp| A+ BInT, + —+ — + — | (Eq.2.10)
' T, T2 T
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and the second formula is

C
ke = ATBexp (— T_) (Eq.2.11)

e

Regarding the gas phase reactions between neutral species, the reaction rate
coefficients are expressed by the Arrhenius formula, i.e.

C
ken = ATgysexp <_T ) (Eq.2.12)

gas

The general form of a rate coefficient of a reaction on surface m which a neutral species
i joins is:

Uth,i

An Eq.2.13
4 V (q' . )

kS,m,n = (Si,morkrec,i,m)
where s; ,, is the sticking probability on surface m, given that surface m is clean. k... ;

is the recombination probability of i on surface m, given that it is fully covered by the
“parter”-species of i in the recombination. u,, ; is the thermal velocity of i.

The general form of a rate coefficient of a rate coefficient of a reaction on surface m
which an ion i joins is:

na

Uy,

Ksme = > iy (Eq.2.14)
m=1

where U, ; is the Bohm velocity of ion i. h,,; is the ratio of the sheath (formed before
surface A4,,) edge density to the average bulk density of ion i. h,,; depends on several
guantities such as the ratio of negative ion density to electron density, ratio of ion
temperature to electron temperature, the dimensions of the reactor, and is
approximated by the equations described in the work of Lee and Lieberman [34]:

: +3a% -0 (A,,notcylindrical)
1+ aavg <3 L Ly (0.86LUb’i)2)0'5' m1otey
22 mDg
R e 0.8 (Eq.2.15)
L o (4 + Ry ( 0.8RU,, >2)0-5 » (Amcylindrical)
\ A \2.405(J1(2.405))D,

where a,,, is the ratio of the density of negative ions to the density of electrons, i.e.

Agvg = l_n— (Eq.2.16)

e

y is the ratio of electron temperature over the ion temperature, i.e.

T,
V=7 (Eq.2.17)

e
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A is the mean free path (m) of ion-neutral collisions, i.e.
1
o) Zi;ll Nin

where N,, is the number of neutral species and g, is the cross section for ion-neutral
collisions (m?). D, is the ambipolar diffusion coefficient (m%/s)

D = /*‘+De + .ueD+

Eq.2.19
¢ T (Eq )

where T, is in K. u, is the mobility of electrons which is calculated as

lql
Ue = (Eq.2.20)

e m,e

where m, is the electron mass. v, . is the frequency of electron-neutral collisions which
is calculated as

Ny buik

1
Ve = — — .Ré’f;”‘ (Eq.2.21)
e = e,

where v, ; is the stoichiometric coefficient of electrons in reaction ;.

Getting back to Eqg.2.15, J; is the Bessel function of the first order, R and L are the
radius and the length of the source tube or the main chamber depending on the
cylindrical chamber which A4,, belongs to. The Eq. 2.15 was the result of a heuristic
matching of equations for the loss of ions at walls in electronegative and electropositive
discharges, and can be used for transitions from low to high pressure and
electropositive to electronegative regimes. It was originally proposed for an inductively
coupled reactor with one chamber and its derivation was based on the assumption that
there was only one positive ion.

The inputs of the model are the adsorbed power (P,;), the pressure in the reactor
before the discharge (p,sf), the feed of the reactor (Q) and the gas temperature (T, ).

Additionally, the cross section for ion-neutral collisions (o;) is required as well as the
temperature of the gas before the discharge (Tyf). It is assumed that Torr = Tyqs. Topf
and p,s are required for the calculation of the volumetric flow rate at the outlet:

T
_ Y Loy (Eq.2.22)

S
Posr To

p

The set of inputs includes also the reactions sets and the reactor dimensions. The
outputs of the model are the densities of neutral and charged species and electrons, the
surface coverage, and the temperature of electrons.

Applications of the first versions of rlasma-R in low pressure plasma reactors are
included in references [38-40].
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2.3 Global (0d) model for plasma jets

The focus of this work is on plasma jet devices and in particular, needle tip jet devices
where a metallic needle with a sharpened tip becomes the high voltage electrode and
the other electrode (ground) is a metallic surface with a hole to allow the passage of the
jet stream. Such a device is shown in Figure 2.1.

needle electrode ground electrode

Figure 2.1: Needle tip plasma jet device [35].

When developing plasma jet models, a very important aspect, as far as the results are
concerned, is the densities of the various species as a function of the distance from the
device. Since global models solve for spatially averaged quantities (uniformity), it is
impossible to calculate differences in the quantities along a dimension with such a
model. In order to include such information in the solution of a global model an
approximation called the ‘pseudo-1D plug flow’ is used. In this way, it is possible to
represent the time dependent evolution of species densities (as is typically the case in a
0d model) as a spatial dependence and the transient solution (vs time) of the global
model is transformed into a solution vs distance [30].

First of all, it is assumed that the tube of the plasma jet device, the plasma jet itself and
the afterglow region in the far effluent can be represented by a long cylinder (Figure
2.2), where constant atmospheric conditions rule. The magnitude of the flow velocity
determines the position of a volume averaged (0d) plug element, i.e. a cylindrical
segment, along the jet stream (Figure 2.2).

X1
| — |.
6]

Needle Nozzle exit
tip

(x: distance from nozzle exit)

Figure 2.2: Cylinder representing the three regions of interest and the motion of the plug element.

The velocity along the cylinder is not a linear function of distance from the device. The
velocity relation is

dx 1 1
u=— => dt=——dx => f dt = ﬁdx (Eq.2.23)

Eq. 2.23 allows the transformation of time into distance and vice versa. The ‘pseudo-1D
plug flow’ approximation is valid when some assumptions are made. First of all, it is
assumed that axial diffusion of mass and energy is negligible in comparison with axial
transport by convection. This means that the conditions in a cylindrical segment do not
affect the cylindrical segments before it. Furthermore, no species transport in the radial
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direction is considered in this approach. Again, this seems acceptable for the first few
centimeters after the nozzle exit due to the very high axial flow speed compared with
the radial flow speed. Transport in the radial direction is indirectly included and only for
the species Ar, N2, O, H,0 (these species are inputs) [41].

In order to describe the problem of a plasma jet using the global model, some
modifications of the equations used for the global model of plasma reactors need to
take place. The main difference is the absence of wall surfaces for a plasma jet and as
a result, every term of the equations for plasma reactors that includes surfaces is not
present in the formulation of the global model for plasma jets. In addition, there are no
gas feed terms (although there is an equivalent) or outlet. The model needs to be
solved at transient state (as a function of time) since the transient solution is
transformed into the solution vs distance (plug flow approximation).

The mass balance for a heavy species i in the gas phase (neutral or charged species)
becomes

Ny
dnl’
j=1

[ # feedgas, N,, 0,0rH,0

where n; is the density of species i, N, is the number of gas phase reactions and R, ; is

the production rate of species i in reaction j. No losses of mass are considered for the
walls of the cylindrical segment.

The electron energy balance becomes:

N,

d /3 Py

%<EneTe) = v —ZRe,jeth,j (Eq.2.25)
j=1

where n, is the electron density, T, is the electron temperature, P, /V is the adsorbed
power density, & ; is the threshold energy of reaction j and R, ; are the electron impact
reaction rates (elastic and inelastic). No losses of energy are considered for the walls of
the cylindrical segment.

Finally, the electron density is calculated by the charge neutrality of the plasma.

The inputs of the model are the densities of the feed gas, N,, 0, and H,0, the gas
temperature, the power density and the flow velocity versus the distance from the
nozzle. The outputs are the species densities and the electron temperature versus the
distance from the nozzle (Figure 2.3). The plug flow velocity is used to convert the input
functions of x (distance) to functions of t (time) as well as to convert the densities’ and
electron temperature profiles versus t to profiles versus x. The model's equations are
solved inside the cylindrical segment (time domain). The inputs (average values) inside
the segment are used to produce the outputs for different time instances. The time
instances can then be transformed to distances by using the flow velocity (Eq. 2.23).
Eq. 2.23 produces a relation t = f(x). If u(x) is selected carefully (e.g. Ae~5%), the
relation t = f(x) can be easily solved for x (x = g(t)).
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INPUTS: Feed gas (x), O,(x .
(extracted from N E(;X) |E| )6()5( ) Power density (x)
experimental 2V 112
measurementsor - ___ _ ___dA________\_______d Plug flow
2d simulations) Velocity )
Feed gas(t), O,(1), m Power density (t)
N(t), H,0(t)
global model at
transient state
________________ Plug flow
velocity (x)

Species concentrations and T,

OUTPUTS: vs. distance from the nozzle exit

Figure 2.3: Inputs and outputs of the plasma jet global model.

In an experimental setup, the value of the electric field throughout the plasma jet is
significantly dependent on the applied electrode voltage, the electrode configuration,
etc. Moreover, it fluctuates in time. Unfortunately, this complexity cannot be captured by
a 0d kinetics model. Therefore, the Joule heating term is determined by an estimated
power deposition density (Wm™2) profile used as input in the model. This profile entails a
maximum power density at the needle electrode tip and a linear decrease of power
density along the plasma jet flow [30, 41]. To measure the power deposition profile
further from the needle tip is highly non-trivial. It is known, however, from the literature
that plasma jets typically show UV-vis light emission over a distance in the order of
maximum a few centimeters. Processes that can generate extra electrons, for example
secondary electron emission at the needle electrode tip, cannot be included in this
simple model. Finally, propagating ionization wave fronts, created by electron
avalanches due to photo-ionization processes, cannot be taken into account either, but
might result in a higher electron density as well.

The gas temperature is very important for the formation of biomedically important
species from humid air species. In a needle type plasma jet the gas temperature
typically varies largely, both in the radial and axial direction. In fact, the gas temperature
can be—in terms of biomedical applications—quite high close to the needle tip.
Nevertheless, it will also drop quickly in the next few millimeters. The gas temperature is
also an input to the problem (from experiment or 2d simulations) [30].

The model adjusts the gas species densities for gas temperature changes while
maintaining constant pressure, assuming ideal gas law. Since the focus of interest is on
the biomedically active components, often present at ppm levels or even lower, a very
large chemistry set has to be taken into account. However, at some point a decision has
to be made about which species should be included and which will be neglected [30].

2.4 Numerical solution of global models— LSODA

The solution of the global model at transient state entails the numerical solution of a
system of ordinary differential equations (ODEs). The total number of the equations is
the number of mass balances (or the number of species joining the reaction set) plus
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one which is the energy balance. The necessity of efficient numerical methods for
differential equations arises. In this work, an efficient solver for stiff problems, namely
LSODA (Livermore Solver for Ordinary Differential equations Automatic) [42], is utilized
for the numerical solution of the system of ODEs coming from the global model
eqguations.

Before discussing the capabilities of the LSODA solver, a short description of the
different numerical methods for the solution of ODEs can be very useful, from the
simplest to the more advanced. This analysis makes the comparison among the
different methods more obvious, and their advantages and disadvantages become
clear.

The methods described in this section solve numerically the initial value problem:

vy (@ =f(t,y®) , y(ty) =y (Eq.2.26)

Despite the fact that this is only a first order ordinary differential equation, any ODE of
order N can be represented as a system of first-order ODEs (see Appendix A). In the
following paragraphs, a series of methods is presented, their stability is discussed, and
finally LSODA is described and applied in test problems.

2.4.1 Euler method [43]

The simplest method for the solution of ODEs is the Euler method. A value for the step
size h is chosen for every step and t, =ty +nh is set. The method assumes that
y'(t,) = Wny1 — ¥ /h and the method proceeds with y,, .1 =y, + hf (t,, ). The value
of y,, is an approximation of the solution to the ODE at time t,,: y,, = y(t,) [44].

There are two categories of numerical methods for ODEs, the explicit and the implicit
methods. Explicit methods calculate the state of a system at a later time from the state
of the system at the current time, while implicit methods find a solution by solving an
eqguation involving both the current state of the system and the later one. An implicit
version of the Euler method is y,.1 =y, +hf(tn+1,y(tn+1)). Implicit methods require
an extra computation (solving the equation), and they can be much harder to
implement. An important characteristic of a numerical method is the error in respect of
the exact solution. The local truncation error of the Euler method is the error made in a
single step. It is the difference between the numerical solution after one step, y;, and
the exact solution at time t; = t, + h. The local truncation error of the Euler method is
approximately proportional to h? (for small k). The global truncation error is the error at
a fixed time t, after however many steps the methods needs to take to reach that time
from the initial time. The global truncation error is the cumulative effect of the local
truncation errors committed in each step. The global truncation error of the Euler
method is (approximately) proportional to h (this is why it is said to be a first order
method). As a result, the Euler method is not an accurate method when compared with
other methods of higher order, where the global truncation error is proportional to a
higher power of the time step, h [45]. There are two main reasons why Euler method is
not generally used in scientific computing. Firstly, the truncation error per step
associated with this method is far larger than those associated with other, more
advanced methods (for a given value of h). Secondly, Euler method is too prone to
numerical instabilities (see section 2.4.4).
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2.4.2 Runge-Kutta methods [46, 47]

The main reason that Euler method has such a large truncation error per step is that in
evolving the solution from ¢, to t,,; the method only evaluates derivatives at the
beginning of the interval, i.e. at t,. The method is, therefore, very asymmetric with
respect to the beginning and the end of the interval. A more symmetric integration
method can be constructed by making an Euler-like trial step to the midpoint of the
interval, and then using the values of both t and y at the midpoint to make the real step
across the interval. To be more exact,

by = hf (tnyn) (Eq.2.27)

h ky
kz = hf (tn +§,yn +?> (Eq228)

Yni1 = Yu + ko + 0(R3) (Eq.2.29)

As indicated in the error term, this symmetrization cancels out the first-order error,
making the method second-order. In fact, the above method is generally known as a
second-order Runge-Kutta method. Euler method can be thought of as a first-order
Runge-Kutta method. By using two trial steps per interval, it is possible to cancel out
both the first and second-order error terms, and, thereby, construct a third-order Runge-
Kutta method. Likewise, three trial steps per interval yield a fourth-order method, and so
on. As the order of the method further increases there is a point where the accuracy
benefits due to the large order are more than offset by the computational cost involved
in the necessary additional evaluation of f(t,y) per step. In most situations of interest a
fourth-order Runge-Kutta integration method represents an appropriate compromise
between the competing requirements of a low truncation error per step and a low
computational cost per step [48, 49]. The standard fourth-order Runge-Kutta (RK4)
method takes the form:

h
Yo+l = Vn + g(kl + 2k2 + 2k3 + k4) (Eq 230)
t,o1=t, +h(Eq.2.31)

ki = f(tn, yn) (Eq.2.32)

h h

h h
ky = f(t, + h,y, + hks) (Eq.2.35)

Here, v, is the RK4 approximation of y(t, 1), and the next value (v, ,1) is determined
by the present value (y,) plus the weighted average of four increments, where each
increment is the product of the size of the interval, h, and an estimated slope specified
by function f on the right-hand side of the differential equation. k; is the increment
based on the slope at the beginning of the interval using y (Euler), k, is the increment
based on the slope at the midpoint of the interval, using y + hk,/2, k3 is again the
increment based on the slope at the midpoint, but now using y + hk,/2, k4 is the
increment based on the slope at the end of the interval, using y + hks. In averaging the
four increments, greater weight is given to the increments at the midpoint. The RK4
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method is a fourth-order method, meaning that the local truncation error is on the order
of O(h®), while the total accumulated error is order O(h*) (see Appendix A).

2.4.3 Linear multistep methods [44]

As discussed, a numerical method starts from an initial point and then takes a short
step forward in time to find the next solution point. The process continues with
subsequent steps to map out the solution. Single-step methods (such as Euler's
method) refer to only one previous point and its derivative to determine the current
value. Methods such as Runge—Kutta take some intermediate steps (for example, a
half-step) to obtain a higher order method, but then discard all previous information
before taking a second step. Multistep methods attempt to gain efficiency by keeping
and using the information from previous steps rather than discarding it. Consequently,
multistep methods refer to several previous points and derivative values. In the case of
linear multistep methods, a linear combination of the previous points and derivative
values is used. In particular, a linear multistep method uses a linear combination of y;
and f(t;,y;) to calculate the value of y for the desired current step. Thus, a linear
multistep method is a method of the form:

Ynt+s T As—1Yn4s-1 + Qs2Ynts—2 "+ QoYn
= h(bsf(tn+s: yn+s) + bs—lf(tn+s—1l yn+s—1) + ot bOf(tn' yn)) (Eq.2.36)

The coefficients ay, ..., a;,_; and by, ..., by determine the method. The designer of the
method chooses the coefficients, balancing the need to get a good approximation to the
true solution against the desire to get a method that is easy to apply. Often, many
coefficients are zero to simplify the method. If b, = 0, then the method is explicit, since
the formula can directly compute y, .. If by # 0, then the method is implicit, since the
value of y, ., depends on the value of f(t,+s, Yn+s), and the equation must be solved for
Yn+s- Iterative methods such as Newton's method are often used to solve the implicit
formula. Three families of linear multistep methods are commonly used: Adams-—
Bashforth methods, Adams—Moulton methods, and the backward differentiation
formulas (BDFs).

The Adams—Bashforth methods are explicit methods. The coefficients are a,_; = —1
and a,_, = ...= ay = 0, while the b; are chosen such that the methods have order s (this
determines the methods uniquely) [43].

The Adams—Bashforth methods with s = 2 is:

3 1
Yn+2 = Yn+1 +h (Ef(tn+1' yn+1) - Ef(tn' yn)) (Eq' 2'37)

The coefficients b; can be determined by using polynomial interpolation to find the
polynomial p of degree s —1 such that p(t,4;) = f(t,4i»Vnsi) fOr i=0,...,5s —1 (see
Appendix A).

The Adams—Moulton methods are similar to the Adams—Bashforth methods in that they
also have a;,_; = -1 and a,_, = ...= ay = 0. Again the b coefficients are chosen to
obtain the highest order possible. However, the Adams—Moulton methods are implicit
methods. By removing the restriction that by = 0, an s-step Adams—Moulton method can
reach order s + 1, while an s-step Adams—Bashforth methods has only order s. The
Adams—Moulton method with s = 2 is [50] (see Appendix A):
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5 2 1
Yn+2 = Yn+1 + h (Ef(trﬁz' yn+2) + §f(tn+1f yn+1) - Ef(tn' yn)) (Eq- 2'38)

The BDF methods are implicit methods with b,_; = ...= b = 0 and the other coefficients
chosen such that the method attains order s (the maximum possible). The general
formula for a BDF can be written as [51]:

N

> @Wnric = BBf (s, Vs (Eq-2.39)
k=0

and for s = 2 is given by:

4 1 2
Vn+2 — §yn+1 + §yn = §hf(tn+2,yn+2) (Eq 240)

2.4.4 Stability — Stiffness [52]

The Euler method (section 2.4.1) can be numerically unstable, meaning that the
numerical solution grows very large for equations where the exact solution does not.
This "difficult behavior" in the equation (which may not necessarily be complex itself) is
described as stiffness, and is often caused by the presence of different time scales in
the underlying problem, i.e. the equation includes some terms that can lead to rapid
variation in the solution. This problem can be solved by making the step size, h,
extremely small. Such an example is shown below:

3 ' ' ' L]

_ | | | | !
&) 1 5 3 4 5

Figure 2.4: Solution of y' = —2.3y, y(0) = 1 with the Euler method, h = 1 (blue) and h = 0.7 (red). The
black line is the exact solution [53].

As is evident in Figure 2.4, for some values of h (h = 1 in this example) the numerical
solution oscillates and grows instead of decaying to zero, i.e. it is unstable. If a smaller
step size is used, for instance h = 0.7, then the numerical solution does decay to zero.
When integrating a differential equation numerically, one would expect the requisite
step size to be relatively small in a region where the solution curve displays steep
variation and to be relatively large where the solution curve straightens out to approach
a line with slope nearly zero. For some problems this is not the case. Sometimes the
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step size is forced down to an unacceptably small level in a region where the solution
curve is very smooth. The phenomenon being exhibited here is known as stiffness. In
some cases two different problems with the same solution may exist, yet problem one is
not stiff and problem two is stiff. Clearly the phenomenon cannot be a property of the
exact solution, since this is the same for both problems, and must be a property of the
differential system itself. It is thus appropriate to speak of stiff systems (see Appendix
A). It turns out not to be possible to give a strict definition of the stiffness phenomenon
in a satisfactory manner, even for the restricted class of linear constant coefficient
systems [52]. 'Phenomenon’ is probably a more appropriate word than ‘property’, since
the latter rather implies that stiffness can be defined in precise mathematical terms.
Several qualitative statements that can be (and mostly have been) made in an attempt
to encapsulate the notion of stiffness are [52]:

a) A linear constant coefficient system is stiff if all of its eigenvalues have negative real
part and the stiffness ratio (Appendix A) is large.

b) Stiffness occurs when stability requirements, rather than those of accuracy, constrain
the step length.

c) Stiffness occurs when some components of the solution decay much more rapidly
than others.

The behavior of numerical methods on stiff problems can be analyzed by applying these
methods to the test equation y’ = ky subject to the initial condition y(0) = 1 with keC.
The solution of this equation is y(t) = e**. This solution approaches zero as t
approaches infinity when Re(k) < 0. If the numerical method also exhibits this behavior
(for a fixed step size), then the method is said to be A-stable [54]. A-stable methods do
not exhibit the instability problems. Runge—Kutta methods applied to the test equation
y' = ky take the form y,,.; = ®@(hk)y,, and, by induction, y, = ®"(hk)y,. The function @
is called the stability function. Thus, the condition that y, — 0 as n — o is equivalent to
|@(hk)| < 1. This motivates the definition of the region of absolute stability (sometimes
referred to simply as stability region), which is the set {zeC| |®(z)| < 1}. The method is
A-stable if the region of absolute stability contains the set {zeC| Re(z) < 0}, that is, the
left half plane. The Euler method has ®(z) =1+ z since y, .1 =y, + h(ky)=> y,41 =
(1+ hk)y,=> vy, = (1 + hk)"y,. The region of absolute stability for this method is thus
{zeC| |1 + z| < 1} which is the disk depicted in Figure 2.5. The Euler method is not A-
stable.

1 2

Figure 2.5: The pink disk shows the stability region for the Euler method [53].

In the example of Figure 2.4, k = —2.3, so if h = 1 then hk = —2.3, which is outside the
stability region, and thus the numerical solution is unstable. If h = 0.7 then z = —1.61,
which is inside the disk, and the numerical solution does decay to zero.
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Regarding the Runge-Kutta methods, explicit Runge—Kutta methods are generally
unsuitable for the solution of stiff equations because their region of absolute stability is
small in contrast with the implicit Runge—Kutta methods. Explicit Runge—Kutta methods
can never be A-stable [55] (see Appendix A).

Explicit multistep methods can never be A-stable, just like explicit Runge—Kutta
methods (see Appendix A). The region of absolute stability for the two-step Adams—
Bashforth method is shown in Figure 2.6. It does not include all the left half-plane (in
fact it only includes the real axis between z = -1 and z =0, so, it is not A-stable.
Implicit multistep methods can only be A-stable if their order is at most two (second
Dahlquist barrier) [54].
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Figure 2.6: The pink region is the stability region for the second-order Adams-Bashforth method [53].

The BDF methods are the most efficient linear multistep methods and the stability
region of the higher-order BDF methods contain a large part of the left half-plane and in
particular the whole of the negative real axis [47]. In Figure 2.7, the absolute stability
region of BDF methods with different orders is shown.
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Figure 2.7: The absolute stability regions of BDF methods with order 1,2,4,6 (from left to right) [53].

2.45 LSODA solver

LSODA solves the initial value problem for stiff or non-stiff systems of first order ODEs
and it is a variant of LSODE with the additional capability of recognizing if the system of
equations is stiff or non-stiff. This means that the user does not have to determine
whether the problem is stiff or not, and the solver will automatically choose the
appropriate method. It always starts with the non-stiff method (less complexity-greater
efficiency).

The non-stiff method used in LSODA is the Adams-Moulton linear multistep method up
to twelfth order. For stiff problems it uses the BDF up to fifth order. During the
integration it increases the order (and the step size) for maximum efficiency. If problems
of instability arise, it changes the method to first order BDF while gradually increasing
the order to the maximum value (five) or until instability occurs. When using the BDF
method, LSODA makes tests in order to consider the switch back to Adams method (if
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instability issues are resolved) for maximum efficiency. Periodically, LSODA evaluates
the step size for the different methods and chooses the method with the best step size
for the specified level of accuracy. All the methods in LSODA are implicit and as a result
a modified Newton method is used to solve the nonlinear algebraic system of equations.

Apart from the absolute and relative tolerances defined by the user, LSODA provides
many more options for the integrator and the solver. For example, the user can choose
the type of the Jacobian matrix such as a user supplied full Jacobian (for better
efficiency), an internally generated (difference quotient) full Jacobian, a user-supplied
banded Jacobian and an internally generated banded Jacobian. The user can also
define the step size to be attempted on the first step (the default value is determined by
the solver), the maximum absolute step size allowed, the minimum absolute step size
allowed, the maximum number of (internally defined) steps allowed during one call to
the solver, the maximum order to be allowed for the non-stiff (Adams) method, the
maximum order to be allowed for the stiff (BDF) method [42, 56].

LSODA was compiled and tested in stiff systems. An example of a stiff system is the
following:

dyl _ 4
prae —0.04 * y; + 10" x y, x y3 (Eq.2.41)
dy; dy, d}’3>
— =—|—=——+—=—) (Eq.2.42
dt (dt tap) (Fa-242)
d
% = 35107 % y,% (Eq.2.43)

The functions required to run LSODA in this case are described below:

/I definition of the system of equations
static void fex(double t, double *y, double *ydot, void *data)

{
ydot[0] = 1.0E4 * y[1] * y[2] - .04EQ * y[O];
ydot[2] = 3.0E7 * y[1] * y[1];
ydot[1] = -1.0 * (ydot[O] + ydot[2]);

}

/I driver to run the solver; define initial conditions, solver parameters and call solver
int main(void)
{

double  rwork1, rwork5, rwork6, rwork7;

double  atol[4], rtol[4], t, tout, y[4];

int iwork1, iwork2, iwork5, iwork6, iwork7, iwork8, iwork9;
int neq = 3;
int itol, itask, istate, iopt, jt, iout;

iworkl = iwork2 = iwork5 = iwork6 = iwork7 = iwork8 = iwork9 = O;
rworkl = rwork5 = rwork6 = rwork7 = 0.0;

y[1] = 1.0EQ;
y[2] = 0.0EQ;
y[3] = 0.0EQ;
t = 0.0EQ;
tout = 0.4EO0;
itol = 2;
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rtol[0] = 0.0;

atol[0] = 0.0;

rtol[1] = rtol[3] = 1.0E-8;
rtol[2] = 1.0E-8;

atol[1] = 1.0E-8;

atol[2] = 1.0E-8;

atol[3] = 1.0E-8;

itask = 1;
istate = 1;
iopt = 0;
jt=2;

for (iout = 1; iout<= 12; iout++) {
Isoda(fex, neq, y, &t, tout, itol, rtol, atol, itask, &istate, iopt, |jt,
iwork1, iwork2, iwork5, iwork6, iwork7, iwork8, iwork9,
rworkl, rwork5, rwork6, rwork7, 0);
printf(" at t= %12.4e y= %14.6e %14.6e %14.6e\n", t, y[1], y[2], Y[3]);
if (istate<= 0) {
printf("error istate = %d\n", istate);
exit(0);
}
tout = tout * 10.0EQ;

}

n_lIsoda_terminate();

return O;

}

The same problem was solved with the Euler method. A simple program (in C) was
written for this purpose and is shown below:

main()
{
double t,h,y1,y2,y3,y1d,y2d,y3d;
h=0.0001;
yl=1;
y2=0;
y3=0;
t=0;
printf(" at t= %E y= %E %E %E\n", t, y1, y2, y3);

for (t=0.0001; t<=4€10; t=t+h)
{
yld=1.0E4*y2*y3-0.04*y1,;
y3d=3.0E7*y2*y2;
y2d=-(yld+y3d);
yl=yl+h*yld;
y2=y2+h*y2d;
y3=y3+h*y3d;
printf(" at t= %E y= %E %E %E\n", t-0.0001, y1, y2, y3);
}

The results returned from LSODA and from the Euler method (h = 0.0001) are shown in
Figure 2.8. The solutions of both methods are very close. The execution time for the
LSODA solver is 0.016 s, reaching t = 4 = 10'° and for the Euler method (h = 0.0001) is
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7052.6 s, reaching t = 4 * 107 (Pentium dual core E5200 @ 2.5 Ghz, RAM 4GB, 32 bit
Win7).

0
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07 t .
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107t .
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red: Eulerih=1e-4)
Tt green: y1-Eulerth=1e-3) |
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Figure 2.8: Results returned from LSODA (blue lines) and the Euler method (red lines) for the stiff system
of EQs.2.39-2.42. Results from the Euler method with h = 0.001 are also shown.

The solution obtained from the Euler method (h = 0.0001) reached only t = 4 =107
because after this value the solution process became extremely slow.Even with a step
size of h = 0.001, the Euler method led the solution to strong oscillations resulting in
huge values and no convergence (typical stiff behavior) while trying to solve the stiff
system (Figure 2.8). By making the step size h = 0.0001, the oscillations were almost
eliminated and a solution was obtained. This example designates the efficiency of
LSODA at solving stiff systems.

D. Passaras 41



Simulation of atmospheric pressure plasma jets with a global model

3. RESULTS

3.1 Introduction

The focus of this chapter is on the comparison of the results produced by the extended
global model (Trlasma-R) with the results from the work of Gaens&Bogaerts [30]. Firstly,
the type and geometry of the device are described as well as the operating parameters
of the simulation. Then, a very important aspect of the simulation, the electron energy
distribution function, is discussed, and interesting conclusions are extracted. Finally, the
simulation results are compared with the results of the work of Gaens&Bogaerts and the
possible origin of the deviations is discussed.

3.2 Conditions and inputs

3.2.1 The device and the operating parameters

The plasma jet device simulated by the global model is shown in Figure 3.1 [24, 35].

Ground electrode

Figure 3.1: Geometry of the simulated plasma jet device (left: the whole device, right: zoom inside the
glass tube).

The plasma source consists of an RF-driven tungsten needle with a diameter of 1mm
and a sharpened tip surrounded by a glass tube with a 3mm outer and a 1.5mm inner
diameter. A gas flow of Argon (Ar) is applied through the tube. The gas flow is kept
constant at 2 sIm. The air impurities in the gas feed are 10ppm for N,/O, and 1 ppm for
H,0. The setup is not in a vacuum vessel and thus it is open to air. A grounded copper
electrode is positioned at a distance of 5mm from the needle. It has a hole with a
diameter of 5mm through which the plasma can pass. The plasma jet is a so-called
linear field plasma jet [3], since the electrical field and the gas flow have the same
direction.

The tube of the plasma jet device, the plasma jet itself and the afterglow region in the
far effluent are assumed to be represented by a long cylinder (Figure 3.2), where
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constant atmospheric pressure conditions rule. The diameter of this cylinder is 1.5 mm
and within a segment of this cylinder only spatially averaged quantities (temperature,
velocity, densities etc.) are considered.

needle tip

nozzle exit

Figure 3.2: The cylinder representation of the plasma jet device [30].

As in the work of Gaens&Bogaerts, inputs of the global model are (see Figure 2.3) the
temperature, power density, and Ar, N2, Oz, and H,O densities, as a function of distance
from the nozzle exit, as shown in Figure 3.3. All these data are coming from
experimental measurements [30]. Analytic functions for Ar, N2, O2, and H,O densities
and gas temperature as a function of the distance from the nozzle exit were fitted to the
pertinent experimental curves of Figure 3.3 (see Eqgs. 3.1 — 3.6) to facilitate the
numerical solution of the system of differential equations. The curves from both the
analytic functions and the experimental measurements are shown in Figure 3.4.
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Figure 3.3: The inputs for the global model (Ar-N,-O,-H,O densities, gas temperature and power density)
[30]. The density and temperature of the electrons are calculated by the model.

[Ar] = 10%®* m~3 (Eq.3.1)

x—0. 2 x—0. 2 x—0. 2
log([N,]) = 9.362e(_( o) ) + 5.295e(_( oozt ) ) + 2.627e<_(%85‘:33) ) +
x—0.003474 x—0.002385 x—0.01059 x—0.001472

1.64e(_(m)2) + 0.8351e(_(m)2) + 1.253e<_(m)2> - 12.86e(‘(M)2) +

X+0.0009563 \ 2
20.02e(_( 002589 ))m_3 (Eq.3.2)
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x—0. 2 <—0. 2 o )
log(10,]) = 23.670e\ (7o) ) 4 4.32¢((Twwin) ) 1 1 2506(-(omism) ) 4
x—0.003325\2 e 232 '
0.9318e(_( 0.001139 ) ) + 0.65666(_( 0.0006362 ) ) + 15.136(_( 0.005583 ) ) +

x—0.002658

2 <—0. 2
0.6742e(_( sa057507 ) )+0.6104e(_( e )m—3 (Eq.3.3)

(=0.193 < x < —0.000592 cm) :

x+0.01167

2 x—0.00031\2
log([HZO])=21.71e(_( w) ) 4 0.4932el " Cooviese) ) - (Eq.3.4)

(—=0.000592 < x < 0.013 cm) :

x—0. 2 x—0. 2 <—0. 2
log([H,0]) = 16_4()e<_( 0.802551779) ) + 20_23e(_( 0.2323?1329) ) + 5_921e<_( 0.383;68144) ) +
x—0.003 867 x—0.003313 x—0.002376

1.826(_( 0.001132 )2) + 0.696(_( 0.00071 )2) + 2.8736(_( 0.00098 )2) + 11.38e<_(%)2) +

<+0. 2
17.98e(_( o) ) m~3 (Eq.3.5)

log([TgD — 105.66(_()(;-(‘)’.83;;?9 )2) _ 6_276e<_(x_0(.)6%%660731 )2) + 20_14e(_(xo_.8622225)2) _

x—0.01107

2 <40, 2
11.24e(‘(W) )+654.3e(_(%)) K (Eq.3.6)
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Figure 3.4: Densities of the species and gas temperature, which are used as input (red and green solid:
data used in this work, blue dashed curved: experimental data used by Gaens&Bogaerts [30]).

The total deposited power is 6.5 W. The estimated power deposition density (Wm™)
profile is assuming a maximum power density at the needle electrode tip at 2mm before
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the nozzle exit, and the value decreases linearly along the plasma jet flow. To measure
the power deposition profile further from the needle tip is highly non-trivial. We know,
however, from the literature that plasma jets typically show UV-vis light emission over a
distance in the order of maximum a few centimeters. In this case, light can be observed
until 1.2 cm after the nozzle exit (Fig. 3.2). Since calculations predict that the electron
density and excited state densities rapidly drop when the power deposition becomes
small, a power density profile that linearly goes to zero at 1.2 cm is adopted [30].

The global model is solved at transient state, thus the inputs are required as a function
of time elapsed. The velocity profile, needed for the conversion from the time domain to
the space domain and vice versa, is shown in Figure 3.5 [41]. An analytic function is
also utilized to approximate the velocity curve (Eq. 3.7) and is also included in Figure
3.5.

(27.775¢7237:8% 0<x<7242e—5m)
27.654e71736x 7242¢ — 5 < x < 0.00108 m

i 25.806¢ ~109-4x 0.00108 < x < 0.00247 m
22.913¢61-22x 0.00247 < x < 0.00475 m
21.23e~4+12x 0.00475 < x < 0.00875 m
24.882¢6195x 0.00875 < x < 0.01248 m)

m/s (Eq.3.7)

Gas velocity (m/s)
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Figure 3.5: Gas velocity as a function of distance from nozzle (red solid: velocity in this work, blue
dashed: velocity in the work of Gaens&Bogaerts [41]).

3.2.2 Reaction set

The reaction set consists of 846 reactions (reduced set from [30]) among 84 species.
The species included in the model are: Ar, Ar(*S®P,), Ar(*S%P,), Ar(*sS3Py), Ar(*s'p,),
Ar(*P), Ary (aZ,%), Ar', Ar," ,ArH', N, N2, N(®D), Nagor, Nawibi-g)y, N2(A’Z,D), Na(a'Zy),
N*, N2*, N3*, Ns*, O, Oy, O3, O(*D), Oz, O2wib1-2), O2(aAg), O2(b'Z4"), OF, 05, 04", O,
02, Oz, NO, NO2, N2O, NO3z, N20O3, N2O4, N20Os5, N2Oyin1-3), NO*, NO,*, NO,, NO3, H,
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Ho, OH, HZO, HO3, H202, H', Haot, Hawibi-2), Hz s H20wibpa00,010.0017, H, Ha", Ha*, OHY,
H,O", H30", NH, HNO, HNO;, HNOjs, HNOy, OH(A) H, OH’, H40,", H203, Hs0,",
H703 ,HgO4 ,H1105 ,ngoe ,H1507 , H2N02 , H4N03 , H6N04 SpECIGS Ar( P) groups the
electronically excited states “P, °D, °S and °P, species H' groups the electronically
excited states with n=2-4 and species H, groups the electronically excited states
(b%z,") and (c3M,).

The reaction set is described in Table B1 of Appendix B. The rate coefficients of the
reactions are taken from [30] except for the reactions (electron impact) for which it was
not possible to find consistent information based on the references of [30]. The
references for these reactions are also included in Table B1. M denotes third body.

3.2.3 The reaction coefficients and the electron energy distribution function

The calculation of the rate coefficients of the electron impact reactions (reactions from 1
to 163 in Table B1, Appendix B) requires the consideration of an electron energy
distribution function. The rate coefficients for electron impact reactions read

k=]\/§a(e)f(s,§)ds (Eq.3.8)
0 e

where me is the electron mass, ¢ is the electron energy, ¢ is the mean electron energy,
o(¢e) is the cross section for the specific reaction and f (¢, €) is the normalized electron
energy distribution function (EEDF).

The options for the EEDF is to consider a predefined EEDF, such as Maxwellian or
Druyvesteyn, or calculate the EEDF with a Boltzmann equation solver. Note that we
need to calculate the EEDF and the pertinent rate coefficients at every time instance,
given that the gas mixture composition and the gas temperature varies with time (see
Figure 3.6). The latter requires a Boltzmann solver available for multiple successive
calculations and entails a higher computational cost compared to considering a
predefined EEDF. Gaens&Bogaerts use a look-up table of these coefficients as a
function of a wide range of electron temperatures, constructed by an internal Boltzmann
equation solver using electron collision cross sections. These look-up tables are
regularly updated by running the Boltzmann code again (every 10us with a modified
Global_Kin code [33]), because of the drastic change in background gas composition
due to humid air diffusion [30]. How important are the changes of the gas composition
and temperature (see Figure 3.6) for the EEDF?

In order to study the impact of gas mixture composition and gas temperature on the
EEDF, Bolsig+ [36] is used to solve the Boltzmann equation at specific time instances
(t=0.19, 0.365, 0.58 and 0.74ms). The results are shown in Figure 3.7 and they also
include comparison with the Maxwell and Druyvesteyn EEDFs of the same mean
electron energy (4.5 eV). Each time instant corresponds to a different gas phase
composition.
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Figure 3.6: Gas temperature and densities of Argon and air as a function of time, coming from
experimental measurements [30].
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a) x=0 cm [mole fractions 0.9999(AQ,10’5(N2),3x10’6(02),2x10'7(H20),Tg=600K,Em=4.5eV],

b) x=0.365 cm [0.9945(Ar),4.47x10°(N,),8.95x10™(0,),7.96x10 °(H,0), T;=615K,E,=4.5eV],

c¢) x=0.73cm [0.9399(Ar),4.710‘2(N2),1.22x10'2(02),9.4x10‘4(H20),Tg:567K,Em:4.5eV],

d )x=0.98cm (0.8453(Ar),1.2710(N,),2.54x10%(0,), 2.54x10’3(H20),Tg=478K,Em:4.5eV],

as calculated by Bolsig+. Maxwell and Druyvesteyn EEDFs of the same mean electron energy
(Em = 4.5 eV) are also shown.
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From Figure 3.7, it follows that the combined effect of the change of gas composition
and gas temperature under the specific conditions of the simulation (Figure 3.6) is a
drastic change of the calculated EEDF. The calculated EEDFs are consistent with the
Maxwell and Druyvesteyn distributions for lower electron energies but there are
discrepancies for higher values of the electron energy. The Druyvesteyn distribution is,
generally, closer to the calculated EEDFs.

Apart from the specific conditions of the simulation, the EEDF was also calculated for
different gas temperatures and mean electron energies. The mean energies of the
electrons were selected in such a way that they cover a broad range of values
commonly measured during plasma jet experiments. The two selected values of the gas
temperature (400K and 600K) are also common in plasma jet experiments and are also
distant enough so as to highlight the extent of the impact of the gas temperature on the
EEDF. The results are shown in Figure 3.8.
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Figure 3.8: EEDFs for different values of the mean energy of the electrons (E.,).
The mole fractions of species are (blue curve) 0.663(Ar), 0.265(N,), 0.066(0,), 0.005(H,0),
(red curve) 0.94(Ar), 0.047 (N,), 0.012 (O,), 0.00094 (H,0),
(green curve) 0.995(Ar), 0.0045(N,), 0.0009(0,), 0.00008(H,0),
(light blue curve) 0.999(Ar)/0.00001(N,)/0.000003(0,)/0.0000002(H,0)

In an attempt to make more general conclusions by observing the graphs of Figure 3.8,
which include EEDFs over a wider range of mean energy values and different gas
temperatures (not only the ones employed for this simulation), one can say that (for
Argon mixtures) generally, there are discrepancies between the calculated EEDFs and
the Maxwell or Druyvesteyn distribution (for the same mean electron energies). The
calculated EEDFs are more consistent with the Maxwell and Druyvesteyn distributions
for lower electron energies. Furthermore, for higher mean electron energies, the EEDF
becomes less sensitive to the gas composition and tends to move away from the
Maxwell distribution. Finally, the gas temperature at the range of 400-600 K does not
affect the calculated EEDFs except for very low mean electron energies with a higher Ar
mole fraction. This is normal as the gas temperature is only important for very low E/N
values (electric field/ gas density) where the electrons may gain energy in elastic
collisions with gas particles [36].
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Given that the gas mixture composition affects the EEDF and that the gas mixture
composition varies with time (see Figure 3.6), the EEDF and the pertinent reaction rate
coefficients (see Eg. 3.8) vary with time and should be updated frequently.

In this work, given that we cannot use Bolsig+ for the multiple (frequent) calculations of
the EEDF (Bolsig+ comes with a GUI) at every time step, we consider two cases: In the
first case we use a Maxwellian EEDF and in the second we calculate the EEDF by
Bolsig+ at only three conditions (gas mixture composition and gas temperature
corresponding to three distances from the nozzle or at three time instances) for practical
reasons. In particular, EEDFs for different electron mean energies are calculated for the
conditions at t=0.3, 0.42, and 0.74 ms (x=0.24, 0.47, and 0.98 cm); it is considered that
the first set of EEDFs is representative of the time interval 0.11-0.3 ms, the second set
of EEDFs is representative of the interval 0.3-0.58 ms, and the third set of EEDFs is
representative of the time interval 0.58-0.90 ms. A gas mixture of the gases Ar, N, O,
and H,O is considered, with composition at distance x from the nozzle exit determined
by the experimental data (Figure 3.4). The cross sections [30] of the reactions 1-163 of
Table B1 and the electron energies (Te) of Figure 3.3 are used for the calculations.

3.3 Simulation results and discussion

The results of the simulations are shown in Figures 3.9 and 3.10 which also include the
results of Gaens&Bogaerts [30]. These graphs include the computed densities of the
most important species (dashed curves represent the results of Gaens&Bogaerts) and
the computed electron temperature. Two scenarios for the rate coefficients of electron
impact reactions are considered: The first scenario is to use three equations (formulas)
for the rate coefficients, each one corresponding to a different spatial region (-0.2-
0.24cm, 0.24-0.73cm, 0.73-1.16cm) or a different time space (0.11-0.3ms, 0.3-0.58ms,
0.58-0.9ms). The rate coefficients at each region are coming from the integration of the
pertinent cross section over the EEDF at the specific region, i.e. at the specific gas
phase composition and gas temperature (see section 3.2). The second scenario is to
use one equation for the rate coefficients coming from the integration of the pertinent
cross section over a Maxwellian EEDF. The simulation results from the first scenario
are shown in the left columns of Figures 3.9 and 3.10, while the simulation results from
the second scenario are shown in the second columns.
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Figure 3.9: Species densities vs distance from nozzle, comparison with the results of Gaens&Bogaerts

[30].
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Figure 3.10: Electron temperature vs distance from nozzle.

The comments for the left columns of Figures 3.9 and 3.10, i.e., for the comparison of
results of Gaens&Bogaerts with the simulation results coming from the first scenario for
rate coefficients are summarized below:

The densities obtained from the extended global model (Trlasma-R) are close to those
presented by Gaens&Bogaerts [30] for the great majority of the species. Nevertheless,
there are some deviations that for few species can exceed one order of magnitude (e.qg.
N2(A), NO). The main reasons behind these differences are:

A) The Boltzmann solver does not update the reaction coefficients frequently enough: It
runs roughly every 15 ms as opposed to every 10 us in the work of Gaens&Bogaerts.
This has an impact on the results due to the fact that the conditions of the experiment
(gas composition, temperature) change rapidly with time.

B) The sources employed for the cross sections of some electron impact reactions are
different from those used by Gaens&Bogaerts. In addition, for those reactions that it
was very difficult to find sources for the cross sections, reaction coefficients derived
from a Maxwellian EEDF were used. Finally, some calculations for the cross sections
were necessary for some reactions (through detailed balancing, threshold reduction and
scaling etc., see Table B1, Appendix B) while Gaens&Bogaerts used different methods
and/or sources.

C) For some reactions (mainly ionization) the coefficients derived from Bolsig+
presented moderate oscillations (signs of difficulties with convergence). Some
approximations were used for those regions of energies where the oscillations were
quite strong.

D) The reaction set for this simulation is a reduced reaction set from the one employed
by Gaens&Bogaerts which includes 1880 reactions. Although it is mentioned [30] that
the reduced reaction set does not affect the results to a large extent, some deviations
are expected.

E) From Figures 3.9 and 3.10, one can notice steep changes and derivative

discontinuities of the curves, regarding the results produced by mlasma-R. The source
of these artifacts is the fact that the electron reaction coefficients are updated abruptly,
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only at the time instances of 0.3 and 0.58 ms and after the passage of a great amount
of time (during which major changes of the gas composition occur), and not gradually
by using the calculations of the Boltzmann solver much more frequently. This is the
reason that these steep changes occur around 0.24 and 0.74 cm from the nozzle exit
(which correspond to 0.3 and 0.58 ms).

The comments for the right columns of Figs. 3.9 and 3.10, i.e., for the comparison of
results of Gaens&Bogaerts with the simulation results coming from the second scenario
for rate coefficients are summarized below:

The results obtained from Tlasma-R are quite close to those presented by
Gaens&Bogaerts [30] for some species, although, for other species, the deviations are
strongly pronounced (e.g. Ar(4s3p0), N2(a)). The most noticeable deviation is related to
the electron temperature calculated by 1rlasma-R which is almost three times lower than
the one computed by Gaens&Bogaerts [30]. The main reasons behind these differences
in this second scenario are the assumption of a Maxwell distribution, different methods
and/or sources for the determination of the cross sections of some reactions and the
employment of a reduced reaction set.

Regarding the comparison between the two scenarios, the results obtained from the
calculated EEDFs were generally closer to the ones produced by Gaens&Bogaerts [30]
than those obtained with the Maxwell distribution (right column of Figures 3.9 and 3.10),
as expected, although there were few exceptions (Figure 3.9s1,s2) attributed to the
reasons mentioned above (A-E). The electron temperature obtained from the calculated
EEDFs was a lot closer to the result of Gaens&Bogaerts than the one obtained
assuming a Maxwell distribution. Although the differences in the electron temperature
between the two scenarios are very prominent, the differences in the calculated species
densities are more subtle. This can be explained by the fact that at lower electron
temperatures (calculated by the second scenario) the Maxwell distribution becomes
less extended to higher energies (the ‘tail’ is restricted) and approaches the EEDFs
computed by Bolsig+ at the higher electron temperatures (calculated by the first
scenario). Figure 3.11 shows the Maxwell EEDF with 2 eV mean electron energy and
the Bolsig+ calculated EEDF for the conditions at x=0.98 cm (4.5 eV mean electron
energy). The steep changes with the Maxwell distribution resemble the ones produced
by Gaens&Bogaerts.

bolsig+ (mean energy: 4.5 V)
mawell (mean energy: 2 eY)

-]D 1 1 1 1

0 5 10 15 20 25
E (4]

Figure 3.11: Maxwell EEDF (4.5 eV mean electron energy) and Bolsig+ calculated EEDF (2 eV mean
electron energy) for the conditions at x=0.98 cm.
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4. Fluid simulations of plasma jet

4.1 |Introduction

As discussed in the previous chapters (see section 2.3), the gas velocity profile and the
densities of the feed gas, N2, O, and H,O as a function of distance from the nozzle are
used as inputs to the global model. The source of such information can be either
experimental data or data computed by fluid simulations. In this chapter, the second
option is explored in an attempt to develop a self-consistent model for atmospheric
pressure plasma jets and eliminate the need for many inputs from experimental
measurements.

Firstly, some general information about turbulence are presented and then, the
turbulence over flat plates, inside channels and in free shear flow is discussed with a
focus on the turbulent jet flow. Finally, before the results of the fluid simulations for the
specific device [30] are presented, some aspects of turbulence modeling are preceded.

4.2 Turbulent flow [57]

Turbulence is a property of the flow and not a property of the fluid itself. In flows that are
originally laminar, the turbulent regime arises from instabilities that develop as the
Reynolds number increases. There is no precise definition of turbulence in fluids, nor
does there exist any general theory of turbulence. Turbulence is thus characterized by
several observable properties. If we accept the usually retained hypothesis that the
detailed motion of the turbulent fluid is governed by the Navier-Stokes equations, then
the fundamental equations of turbulence can be considered as known and thus they
can form the basis of any tentative statistical theory to describe the turbulence field.

The chaotic character of turbulent fluctuations appears as a direct consequence of non-
linear terms present in the Navier-Stokes equations. These non-linearities are apparent
through several important consequences which, considering the absence of any precise
definition of turbulence, serve as characteristic properties:

1) Physical quantities such as velocity and pressure vary in an apparently random way.

2) The presence of countless swirling eddies conveys the fact that a turbulent flow is
highly rotational (Figure 4.1). The turbulent motion thus presents strong fluctuations in
the curl of velocity. The non-linearities control the interactions between these eddies of
differing size. An acoustic field, even random, is not turbulent at all because it is
irrotational.

3) A turbulent field diffuses any transportable quantity, such as temperature or a dye,
but also momentum, rapidly. In reality, turbulent diffusion is due to convective terms at
the fluctuating level. A traced fluid particle marked by a dye is then distorting, branching
out and progressively fraying (Figure 4.2).

4) Fluctuating turbulent motions are always three-dimensional and unsteady.

5) The detailed properties of a turbulent flow present an extreme sensitivity to initial and
boundary conditions. This behavior is apparent if we consider a tiny deviation in the
initial conditions, we then observe that the two flows become rapidly very different from
each other if we look at its instantaneous detailed description. This unpredictable
character of the detailed fluid particle trajectories on sufficiently long time intervals
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corresponds to a loss of the memory of initial conditions. This is the unpredictability
phenomenon. Some properties of turbulence however remain reproducible, such as
statistical properties, mean values and spectral distributions.

6) The progressive loss of memory of a turbulent flow which forgets, after some elapsed
time, the detail of fluctuations in the initial conditions some way justifies the statistical
approach to turbulence, since, to some extent, the detail of initial conditions can be
ignored. In this connection, it is possible to distinguish newly created turbulence which
still retain the memory of the conditions in which it was created (much more difficult to
study) from fully developed turbulence which has lost the memory of initial conditions
(and which can be studied relatively more easily because it is subject to universal laws).

7) There exists a whole cascade of eddies of smaller and smaller scales, created by
non-linear processes due to inertial terms in the equations of motion (Figure 4.1).

8) Turbulence cannot be sustained by itself, it needs an energy supply. This source of
energy can have various origins, the most usual is shear or strain of the mean flow, but
the origin can also come from external forces. If turbulence is deprived of any
generation process, it decays progressively. Turbulence is dissipative. The mechanism
of viscous dissipation of turbulence is related to the existence of strong gradients of the
instantaneous velocity field. The instantaneous strain rates indeed become very high
inside the smallest eddies and the degradation of the turbulent kinetic energy into heat
is thus very strong (Figure 4.1).

%

Dissipation
V into heat 4
————
VxC/=O
Large eddies

7

Figure 4.1: Schematics of an instantaneous energy cascade in turbulent flow. The arrows indicate energy
extraction, transfer and dissipation [58].
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a) t=0 b) t1>0

¢) 2>t1

Figure 4.2: Evolution of a volume marked by a dye under the effect of turbulent diffusion [57].

Turbulence is an eddying motion which, at high Reynolds numbers usually reached in
practical flows, shows a wide spectrum spreading over a significant range of eddy
scales and a corresponding spectrum in frequency. The turbulent motion, always
rotational, can be perceived as a muddle of swirling eddies whose rotational curl vectors
are directed randomly in space and are strongly unsteady. The largest eddies, which
are associated with the low frequency range of the energy spectrum, are determined by
the boundary conditions of the flow. Their length scale is comparable to the order of
magnitude of the whole domain occupied by the flow itself. The smallest eddies,
associated with high frequencies in the spectrum, are determined by viscous forces.
The energy spectrum width, i.e. the scale difference between the largest and the
smallest eddies, increases with the Reynolds number. Momentum and heat transfer are
mainly due to large-scale motions and thus, it is mainly these large eddies that must be
considered in turbulence models: the velocity and length scales introduced in the usual
turbulence models are basically macroscales. The large eddies interact with the mean
flow (because their characteristic scales have the same order of magnitude), they
extract kinetic energy from the mean flow and supply this energy to the large-scale
agitations. Turbulent structures can be considered as swirling vortex elements that are
stretching each other. This vortex stretching is one of the most important aspects of
turbulent motion. It produces the transfer of energy on smaller and smaller scales until
the viscous forces become active and dissipate this energy, this is the energy cascade
(Figure 4.1). The amount of energy coming from the mean flow and injected into the
turbulent motion is determined by the large scale motions, it is only this amount of
energy which will be able to cascade to smaller scales and then to be dissipated. Thus,
the dissipation rate of kinetic energy is determined by the large-scale motions, although
the dissipation is a viscous process that occurs mainly at the level of small eddies. The
fluid viscosity does not determine the dissipation rate itself but only the length of the
scale at which it happens. The higher the Reynolds number, the smaller the dissipative
eddies. Owing to their interaction with the mean flow, the large eddies are strongly
dependent on the boundary conditions of the problem. The mean flow often presents
preferred directions that are then imposed on the large-scale turbulent motions. These
big eddies may consequently be highly anisotropic. During the cascade process, this
directional dependency is however weakened. When the Reynolds number is
sufficiently high, then the range of big eddies and the range of small dissipative eddies
become clearly separated in the spectrum and this directional dependency is almost
completely lost. This is the tendency of fine scale turbulence to local isotropy. The
occurrence of turbulence may have various causes. In turbulent shear flows, it is
generally due to an increase in the flow Reynolds number Re = pUL/u, which
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represents the ratio of inertial forces to viscous forces. However, the occurrence of
turbulence is also influenced by external forces (Archimedean forces, Coriolis forces,
etc.). One of the acting mechanisms in the onset of turbulence in shear flows is the
Kelvin-Helmholtz instability which is a type of vortex sheet instability which is
encountered in particular in mixing layers, boundaries of jets or wakes. This instability
gives rise to spiral whorls, a precursor of turbulence. Figure 4.3 shows a visualization of
a circular jet which images the convective Kelvin-Helmholtz instabilities at the
boundaries of the jet after the nozzle exit. Several diameters downstream, the transition
to turbulence rapidly takes place, spiral structures break up and the general appearance
becomes apparently random. The transition is all the more fast and sudden as the
Reynolds number is high. In a boundary layer, spanwise vortices (perpendicular to the
direction of mean flow), resulting from the Kelvin-Helmholtz instability and taking the
form of vortex filaments will have the tendency to oscillate away from spanwise direction
[57].

(a) (b)

Figure 4.3: Visualization of a circular jet of air developing in still ambient air. Kelvin-Helmholtz instabilities
at the boundaries of the jet are visible. The Reynolds number at the nozzle exit is

Re=4935 (a), Re=6148 (b) [57].

Turbulent flows exist over flat plates, inside channels and in free shear flows (turbulent
flow in jets).

4.2.1 Turbulence over flat plates and inside channels

Considering the flow of a fluid over a flat plate, as shown in Figure 4.4, the uniform
velocity fluid hits the leading edge of the flat plate, and a laminar boundary layer begins
to develop. The flow in this region is very predictable. After some distance, small
chaotic oscillations begin to develop in the fluid field, and the flow begins to transition to
turbulence, eventually becoming fully turbulent [59].

The transition between the three regions (laminar-transitional-turbulent, see Figure 4.4)
can be defined in terms of the Reynolds number. If the conduit (plate) boundary is
rough, the transition to fully turbulent flow can occur at lower Reynolds numbers.
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Alternatively, laminar conditions can persist to higher Reynolds numbers if the conduit is
smooth and inlet conditions are carefully designed. In the laminar regime, the flow of the
fluid can be completely predicted by solving the steady-state Navier-Stokes equations,
which predict the velocity and the pressure fields. It can be assumed that the velocity
field does not vary with time, and get an accurate prediction of the flow behavior. As the
flow begins to transition to turbulence, chaotic oscillations appear in the flow, and it is
no longer possible to assume that the flow is invariant with time (Figure 4.5) [59].
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Figure 4.4: Flow of a fluid over a flat plate [59].

In this case, it is necessary to solve the problem in the time domain, and the mesh used
must be fine enough to resolve the size of the smallest eddies in the flow. As the
Reynolds number increases, the flow field exhibits small eddies, and the timescales of
the oscillations become so short that it is computationally unfeasible to solve the Navier-
Stokes equations [59].
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Figure 4.5: Velocity at a point versus time and the time averaged velocity [59].

The turbulent flow near a flat wall can be divided up into four regions (Figure 4.6). At the
wall, the fluid velocity is zero, and for a thin layer above this, the flow velocity is linear
with distance from the wall. This region is called the viscous sub-layer, or laminar sub-
layer. Further away from the wall is a region called the buffer layer. In the buffer region,
the flow begins to transition to turbulent, and it eventually transitions to a region where
the flow is fully turbulent and the average flow velocity is related to the log of the
distance to the wall. This is known as the log-law region. Even further away from the
wall, the flow transitions to the free-stream region. The viscous and buffer layers are
very thin, and if the distance to the end of the buffer layer is 8, then the log-law region
will extend about 1006 away from the wall [59].

In boundary layer flow over a flat plate, experiments confirm that, after a certain length
of flow, a laminar boundary layer will become unstable and turbulent. This instability

Ugo X

occurs usually when Re, = — = 5 x 10°, where x is the distance from the leading edge

of the flat plate, v is the kinematic viscosity and v, is the free-stream velocity of the fluid
outside the boundary layer [60]. For flow in a pipe of diameter D, experimental
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v

observations show that for “fully developed” flow, laminar flow occurs when Rep = A

v

2300 and turbulent flow occurs when Rep > 4000. In the interval between 2300 and
4000, laminar and turbulent flows are possible and are called “transition” flows,
depending on other factors, such as pipe roughness and flow uniformity. This result is
generalized to non-circular channels using the hydraulic diameter, allowing a transition
Reynolds number to be calculated for other shapes of channel [61].

% y
Free-stream
flow region

Log-law region
u(y) u(y)

1000
: 0

" Buffer layer

Figure 4.6: Regions of turbulent flow near a flat wall [59].

4.2.2 Free shear flow-turbulent flow in jets

The type of flow which is not confined by solid walls is called free shear flow (or free
flow). The three types of free shear flow are the free jets, the free wakes and the mixing
layers. Free jets are flows where a fluid flows with no obstacles inside another fluid
which is at rest. Free wakes are generated behind any solid body that is exposed to a
fluid flow and mixing layers are formed between two streams that move parallel to each
other with different velocities [58].

The most common type of turbulent free shear flow is the free jet turbulent flow
(turbulent jets). A region of finite thickness with a continuous distribution of velocity,
temperature, and species concentration is formed on the boundary between the jet and
the surrounding stationary fluid; this region is termed the turbulent jet boundary layer or
shear layer. The thickening of the shear layer, which consists of particles of the
surrounding medium carried along with the jet and particles of the jet itself that have
been slowed down, leads, on the one hand, to an increase in the cross section of the jet
and, on the other hand, to a gradual "eating up" of its non-viscous core - the region
between the inside boundaries of the shear layers (Figure 4.7).

On the outside, the shear layer comes into contact with the stationary fluid. The outside
boundary is the surface where the axial velocity component is equal to zero. On the
inside, the shear layer changes to a constant velocity core. Experiments show a
continuous broadening of the velocity profile of the jet. The velocity profile becomes
“lower” and “wider” with increasing distance from the beginning of the jet [62]. The
boundary in Figure 4.7 represents the outer “edge” of the shear layer between the jet
flow and the stagnant surrounding fluid. There are three different regions that can be
defined in the round jet: the near-field, the intermediate-field and the far-field. The near-
field region is where the flow characteristics match those of the nozzle-exit, and is
usually found within 0 < x/d < 6 (d is the nozzle exit diameter). The far-field region,
located at approximately x/d > 30, is the fully-developed or self-similar region (the jet
becomes similar in appearance to a flow of fluid from a point source for an axially
symmetric case [62]). The intermediate-field region lies between the near- and far-fields
of the jet. The near- and intermediate-fields together comprise the development portion
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of the jet, where it often dominates practical applications of jets for which upstream
conditions can significantly influence heat, mass, and momentum transfer. Therefore,
the ability to control the flow development in this region would have a vital impact on
many of those engineering applications. In the shear layer vortex cores will form,
resulting from the Kelvin-Helmholtz instability (see Figure 4.3), evolve and pair-up to
form large eddies because of the large velocity gradient in the radial direction. These
large eddies break down and form smaller and smaller eddies, and the turbulence
structures decrease in scale. Throughout this process, energy is transferred from the
large-scale structures to the smaller scales in the outer layer. It is noteworthy that the
regular vortex formation and pairing processes are important for the mixing and
entrainment of the surrounding medium, where it should be emphasized that the thicker
the initial shear layer, the weaker the vortex formation it gets.

Research work on the jet flow may be mainly categorized into two streams; one stream
is directed to the study of the jet flow structure, particularly in the far, self-similar region.
The other stream is directed to the study of the influence of the flow at the jet origin,
often termed initial conditions, on the jet flow; particularly in the near and intermediate
regions. The initial conditions of a jet are conventionally defined to be the exit Reynolds
number, nozzle-exit profiles of mean velocity and the turbulence intensity, nozzle-exit
geometric profiles, and aspect ratio (noncircular jets). The downstream development of
a jet is also dependent on the boundary conditions, e.g., the presence or absence of a
screen enclosure around the jet flow and/or a wall setting flush at the nozzle exit plane
and the conditions of the surrounding environment such as: background turbulence and
large-scale motions (draughts) that may exist in the laboratory environment [63].

X, Near-field Intermediate-field Far-field
————— —_— —_— —
(Initial) (Transition) (Fully-developed)

Potential

Virtual origin )
Core Shear layer

Uy

|

S Up = — — — — | U ——.-

Typical velocity profiles

Figure 4.7: Schematic of the free turbulent round jet [63].

If the Reynolds number at the jet exit is greater than a few thousands, the radial spread
of the mean velocity field and the decay of the mean centerline velocity in the
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downstream direction are independent of Reynolds number. Further, if the Reynolds
number is less than 30, the jet is laminar, normally called "dissipated laminar jet". For
Reynolds number greater than 500, the jet has a laminar length after which it becomes
turbulent. This laminar length decreases with increasing Reynolds number. However,
for Reynolds numbers greater than about 2000, the jet becomes turbulent very close to
the exit as, for example, shown in Figure 4.8 with the spread rate of the jet becoming
constant [63].

Re=177 Re =437 Re = 1305 Re=2163 Re = 3208

Figure 4.8: Schematic of free turbulent jets with different Reynolds numbers [63].

4.3 Turbulence modeling

It is accepted that Navier-Stokes equations, used to describe the behavior of viscous
fluids, can describe properly the turbulent phenomena [64]. Unfortunately, with the
current capacity of computing power, the attempts of direct numerical simulation (DNS)
of Navier-Stokes equations have been limited to low Reynolds numbers (Re) or/and
simple geometries. Despite the current advance of the computation the possibility of
using DNS for flows with high Reynolds numbers in practical applications is still surely
distant [64].

From its beginnings the attempts of simulating turbulence have been focused on
models based on the average in time or in space of magnitudes involved in the
problem (velocity, pressure) originating the models of turbulence associated with the
Reynolds Averaged Navier-Stokes (RANS) equations [64]. A RANS formulation is
based on the observation that the flow field (u) over time contains small, local
oscillations (u’) that can be treated in a time-averaged sense (U) (Figure 4.5) [59].
Turbulent flows contain many unsteady eddies covering a range of sizes and time
scales. RANS equations are developed from the time-dependent three-dimensional
Navier-Stokes equations that are averaged in such manner, that unsteady structures of
small sizes in space and time are eliminated and become expressed by the mean
effects on the flow through the so-called Reynolds or turbulent stresses. These stresses
have to be interpreted in terms of averaged variables to close the system of equations.
This requires the construction of a mathematical model known as a turbulence model.
Figure 4.9 shows a solution obtained from DNS (at a specific time instance) and a
solution obtained from a turbulent model (time-averaged). Turbulence models introduce
additional information to obtain physically coherent solutions [64].

Considering the velocity as U; = U; + u;, with i = x,y,z and the pressure as P = P + p,
which allows us to distinguish the mean flow from the fluctuating flow, and by averaging
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the Navier-Stokes and the continuity equations the RANS formalism can be obtained
(gravitational forces are omitted for simplicity):

U, U, N oU

=0 (Eq.4.1
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-p (Eq.4.4)

The terms u;u; give rise to the Reynolds stresses, which come from the non-linearities
of the Navier-Stokes equations and govern the interaction between the mean flow and
the fluctuating motion. The system of Egs. 4.1-4.4 consists of 10 unknowns: 3 velocity
components, pressure, 6 Reynolds stresses (there are 9 but only 6 are independent
unknowns since u;u; = wu;). But the system consists of only 4 equations and so, it is
an open system. Taking the mean value of an instantaneous equation implies a loss of
information that has to be reintroduced in the form of physical hypotheses: this is the
closure problem. Introducing closure hypotheses that express the behavior of the
turbulent medium allows us to obtain a number of equations equal to the number of
unknowns and thus these equations can be solved numerically. Very schematically, the
central problem is thus the problem of connection between the Reynolds stresses
R;; = u;u; and the mean field [57].

The simplest two equation models (in addition to RANS equations) generally make use
of the concept of isotropic turbulence viscosity. The Reynolds stresses are then
obtained from:

R, =Zks —v (Vi 9 (Eq.4.5)
AR A WP TRRAFTI Bt i

(i=xy,z and j =x,y,z) where v, is the turbulence viscosity and §;; the Kronecker
delta [57].
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The k-¢ model is the most widely tested and used two equation transport model (two
transport equations for k and ¢). It consists of solving two additional equations for the
transport of turbulent kinetic energy k and turbulent dissipation . The turbulence
2
viscosity is given by v, = C, k? The additional equations for the k-¢ model are [57]:
dk d (vt ak) 0 (vt 6k> 0 (vt dk

3 =" 32 (e 3w) 3y (e ay) + 32y 5z) ~ 49

de c P£+ 0 (vt 68) 0 (Vt 0£>+ 0 (vt 08) g2
dt~ 'k ox

—— )+ —(—=—)+=—(—=) = Cr— (Eq.4.7
o ox) "y \n ay) Taz\n az) T G EaAT)
with P = v, 2—7‘(63—?‘ + %) (Einstein notation).

The recommended constants are [57]:
¢, =0.09, b =1.0, h, = 1.3, C;y = 144, C,, = 1.92

The number of equations are increased to 10 (Eq. 4.5) and because two more
independent unknowns are added to the system (k,e), Egs. 4.6-4.7 are added as well.
The system is now closed and can be solved numerically (k-€ model).

[stantaneous

high velocity
low velocity regions

regions

Time averaged

Figure 4.9: DNS solution and modeled solution [65].

It is possible to use a RANS model to compute the flow field in all four regimes of Figure
4.6. However, since the thickness of the buffer layer is so small, it can be advantageous
to use an approximation in this region. Wall functions ignore the flow field in the buffer
region and analytically compute a nonzero fluid velocity at the wall. By using a wall
function formulation, an analytic solution for the flow in the viscous layer is assumed,
and the resultant models will have significantly lower computational requirements. This
is a very useful approach for many practical engineering applications. If one needs a
level of accuracy beyond what the wall function formulations provide, then a turbulence
model that solves the entire flow regime should be considered [59].

Turbulence models have been widely used in engineering as an alternative to the
impossibility to overcome the difficulties of DNS. Most of the current methods for the
simulation of this phenomenon are based on heuristic or empirical hypotheses [64].The
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various models (about 200) are classified in terms of number of transport equations
solved in addition to the RANS equations [65]. The most widely used models are the
two equations models (good balance between computational time and accuracy). The
most popular version of two equation models is the k-€¢ model [57], where ¢ is the rate at
which turbulent energy is dissipated to smaller eddies (the so-called turbulent
dissipation) and k is the kinetic energy per unit mass of fluid arising from the turbulent
fluctuations in velocity around the averaged velocity. Still today, this model remains the
workhorse of the industrial computation. k- is valid for the turbulent flow region, but fail
in the viscous sub-layer close to the wall. Therefore k-¢ should be used in combination
with a wall function [64]. The k-¢ model is good for free-shear layer flows with small
pressure gradients. It has low memory requirements and shows good convergence [66].
On the other hand, it is inaccurate for adverse pressure gradients and strong curvature,
the far-field spreading rates of round jets are predicted incorrectly and is valid only for
fully turbulent flow [64, 67]. The realizable k-€ model [57] is a variant of the standard k—¢
model. Its “realizability” stems from changes that allow certain mathematical constraints
to be obeyed which ultimately improve the performance of this model [68]. Compared to
the standard k—e¢ model, it is better for rotation, strong adverse pressure gradients,
recirculation, mixing, channel and boundary layer flows. It also predicts spreading rate
around planar and round jets [66]. The k-w model [69] is an alternative to k-€. The
model solves for w, which is the specific dissipation rate (¢/k), instead of €. In contrast
with k-¢, the k-w model does not need wall functions for the flow near walls and can be
very accurate in these regions. Compared to the standard k—€ model, it has superior
performance for wall-bounded boundary layer, free shear, and low Reynolds number
flows. It is also suitable for complex boundary layer flows under adverse pressure
gradient and separation. It can also be used for transitional flows (though tends to
predict early transition). Separation is typically predicted to be excessive and early. It is
also oversensitive to inlet free-stream turbulence properties and sensitive to the initial
guess [64, 66, 68].

The low Reynolds number k-¢ model [64] is another variant of the k-€ model that uses
the k-¢ model only away from the wall in the fully turbulent region, and in the near-wall
layer, where the viscosity effects are important, the turbulence is resolved with a one-
equation model involving a length-scale prescription (no wall functions). This model
improves the flow prediction in the boundary layer, but requires a very fine mesh in that
area to accurately solve the boundary layer [64].
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4.4 Fluid simulation of the atmospheric pressure plasma jet

The velocity field and the species (feed gas, N,, O, and H,O) densities versus the
distance from the nozzle exit of the plasma jet device are calculated by a 2d
axisymmetric fluid model using a commercial code, namely Comsol (v4.3b); no electric
fields are considered. The geometry of the computational domain is given in Figure 4.10
and includes the internal geometry of the device producing the jet and the space
outside the device where the jet flow takes place.
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Figure 4.10: Geometry of the domain (a) and zoom in the device (b).

Argon gas is supplied through boundary 2-3 (Figure 4.10b) inside the device with 2 slm
rate causing a gas velocity of about 36 m/s. The fact that the jet is issuing into an
ambient, but similar, fluid renders the flow unstable and transition to turbulence occurs
at very low Reynolds numbers (see 4.2.2). The gas temperature is an input to the model
and can be seen in Figure 4.11. The temperature used is taken from [70] (experimental
data) and is approximated in this model by the analytic function

T(z,7) = (Tpax (2) — 293)e™10097 + 293 [K] (Eq.4.8)
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which is very close to the distribution of [70], with T,,,, the on-axis temperature [70]. z is
the vertical coordinate and r is the horizontal coordinate. The Reynolds number inside
the annulus is given by

Re = puDy /u (Eq.4.9)

with Dy = D, — D; = 0.0015 — 0.001 = 0.0005 (m) the hydraulic diameter of the annulus,
p the gas density, u the gas viscosity and v the gas velocity (p = 1.65 kg/m?, v = 36
m/s, u = 2.23+* 107> Pa.s and Re = 1330). Although the Reynolds number inside the
device is below the pipe critical value for turbulence (2300), it is still quite high.

Three different fluid models are examined. The first model uses the k-¢ turbulence
model everywhere in the domain (easy convergence, good initial estimate), the second
solves with the k-w model everywhere in the domain (better for transitional flow) and the
third solves with the laminar model inside the device (since Reynolds number is below
the critical value for turbulence) and k-¢ outside the device.
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Figure 4.11: The gas temperature distribution used as input to the model.

For the k-¢ model (first model), the boundary conditions are, for the boundary 2-3
(Figure 4.10b), 2 slm (3.333e-5 m®s) mass flow, turbulence length scale Ly = 1.9 * 107>
(m) and turbulent intesity I = 0.07. The turbulence intensity, Ir, is defined as the ratio
of the root-mean-square of the velocity fluctuations, ', to the mean flow velocity, ug,, .
The turbulence length scale, Ly, is a physical quantity related to the size of the large
eddies that contain the energy in turbulent flows. These values are determined

according to [71], Ly = 0.038 x Dy and Iy = 0.16 = Re,,’" [71] and are valid for fully

developed pipe flows, where Rep, is the Reynolds number based on the pipe hydraulic

diameter. Boundary AB (Figure 4.10a) is outlet with normal stress 101300 N/m?. The
normal stress condition is a more relaxed constraint than no viscous stress which is an
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over-constraint for the flow. This boundary condition implicitly sets a constraint on the
pressure that for 2d flows is p = 2u 061;” + f, and if du, /on is small, it states that p = f;

[59]. Boundaries BC and CD (Figure 4.10a) are open boundaries with normal stress
101300 N/m? and zero turbulent kinetic energy and turbulent dissipation rate. Wall
functions have been used for the walls of the device.

For the calculation of the species i (Ar (feed gas), O,, N2, and H,O) densities a mass
balance for each species should be formulated,

VM,

n

-1
w;
M, = <2ﬁ> (Eq.4.11)

i

where p denotes the mixture density, u the mass average velocity of the mixture, w; is
the mass fraction of species i, M,, is the mean molar mass, M; is the molar mass and D;
are the diffusion coefficients of species i. The latter is calculated by the mixture-
averaged diffusion model, i.e.

where D;; are the binary diffusion coefficients for the species pairs present and x; are
the molar fractions.

This mixture-averaged diffusion model requires the binary diffusion coefficients of the
species which are calculated with the Chapman—Enskog theory [72]. The relation for the
binary diffusion coefficients of a species i in species j is:

1 1 1
D;; =0.0018583 |T3 (— + —> ———[cm?/s] (Eq.4.13)
v M; M Pffl% 2p

where T is the temperature (K), p is the pressure (atm), M; is the molecular weight of
species i (g/mol), g;; (A) is the binary collision diameter, which is estimated from collision

diameter parameters o; (A) using the mixing rule:
1

The quantity 02, ;; is called the collision integral for diffusion and is a function of the
reduced temperature T, defined as Ty = kgT/g; where kg is the Boltzmann constant
and ¢; is the characteristic energy appearing in the Lennard—Jones potential for the
binary pair estimated using the mixing rule ¢; = \/ﬁ The molecular parameters for
the individual species are shown in Table 4.1 and are coming from [72]. The function
2p;; comes from [72], and is constructed in this model as an interpolated function

versus temperature (so as to cover the wide range of temperatures present in the
model). The calculated diffusion coefficients are shown in Table 4.2.
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Table 4.1: Molecular parameters for the individual species.

Substance Molecular weight o [4] e/kg [K]
Ar 39.948 3.432 122.4
N, 28.013 3.667 99.8
0, 31.999 3.433 113.0
H,O 18.015 2.641 809.1
Table 4.2: The calculated diffusion coefficients.
Dar_n2 (3.636 x 1072 « T15) /(p x 9.87 * 107° x 2(0.00905 * T))(cm?/s)
Dar—02 (3.741 % 1072 « T15) /(p x 9.87 * 107° x 2(0.0085 * T))(cm?/s)
Dyar—n20 (5.721 % 107° « T15) /(p x 9.87 x 107° x 2(0.003178 = T))(cm?/s)
Dy2—02 (3.815 %1072« T15) /(p x 9.87 * 107° x 2(0.00942 * T))(cm? /s)
Dyno—nz0 (5.641 %1072 « T15) /(p x 9.87 * 107° x 2(0.00352 * T))(cm?/s)
Dyno—nz0 (5.936 x 1072 « T15) /(p x 9.87 * 107° x 2(0.00331 * T))(cm?/s)

Boundaries AB, BC and CD (Figure 4.10a) are open boundaries with mole fractions for
N2, O, and H,O equal to 0.78084, 0.20947, and 0.00035; this is the composition of
atmospheric air. For the walls of the device the no flux boundary condition applies.

The k-w turbulent model uses wall functions as well, since we are not interested in the
details of the flow at the walls. Furthermore, the same problem is also solved with a
laminar flow model inside the device and a k-¢ model outside the device. The velocity
field at the nozzle exit from the laminar model is used as the inlet boundary condition for
the k-€ model.

The results for the three different models are shown in Figures 4.12-4.16. In particular,
the surface averaged values (left) and the on-axis (right) values of the axial velocity and
the species densities are shown. The ‘average’ quantities are averaged inside a
cylinder element of radius r = 0.00075 (m), i.e. equal to the radius of the nozzle exit. As
far as the average (Figure 4.12, left) and the on-axis (Figure 4.12, right) velocities are
concerned, both k-¢ and k-w models calculate slightly higher velocities than the laminar
& k- model. The k-¢ and k-w velocities are very close at distances less than 1 cm from
the nozzle but then start to deviate for longer distances (k-w computes higher
velocities). The on-axis velocity computed by the laminar & k-€ model has a different
profile close to the nozzle than the other two models (k-¢ and k-w compute an almost
flat velocity profile near the nozzle exit of the device).

Computers from the computer cluster Nessie [73] of the Institute of Nanoscience and
Nanotechnology of NCSR “Demokritos” were utilized for these 2d fluid simulations.
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Figure 4.12: Average axial velocity (left) and on-axis axial velocity (right) for the three models
(experimental data are also included for the on-axis velocity [41]).

Experimental data are also included in Figures 4.12-4.16 for the on-axis quantities [41].
There are no significant differences among the models regarding the species densities
(Figures 4.13-4.16) except for H20, which has a significantly lower density when
computed with the laminar & k-€¢ model at distances less than 0.5 cm from the nozzle,

compared with the other two models.
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Figure 4.13: Average Argon density (left) and on-axis Argon density (right) for the three models
(experimental data are also included for the on-axis Ar density [41]).
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Figure 4.14: Average Nitrogen density (left) and on-axis Nitrogen density (right) for the three models
(experimental data are also included for the on-axis N, density [41]).
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Figure 4.15: Average Oxygen density (left) and on-axis Oxygen density (right) for the three models
(experimental data are also included for the on-axis O, density [41]).
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Figure 4.16: Average water vapor density (left) and on-axis water vapor density (right) for the three
models (experimental data are also included for the on-axis H,O density [41]).

Finally, a fully laminar 2d model does not compute correctly the average and on-axis
flow velocities (Figure 4.17) since they remain almost constant as the distance from the
nozzle increases. The fact that a fully laminar 2d model (Navier-Stokes equations
without turbulence modeling) does not predict correctly the turbulent flow is more than
expected because turbulence is a three dimensional phenomenon and the turbulent
eddies cannot be captured by a 2d model (see section 4.2). As a result, if one wishes to
solve directly the Navier-Stokes equations, i.e. to perform DNS, a 3d geometry should
be utilized. An attempt for DNS was made but this required an extremely fine mesh that
had a very high computational cost. When the mesh was not fine enough there was no

convergence. So, in this work, no results were obtained by 3d DNS.
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Figure 4.17: On-axis and average velocity for the fully laminar model.

A direct comparison of the results presented in this chapter with the experimental data
of [30] is not possible since there are many aspects of the conditions of the experiment
that are not fully clarified (e.g. exact geometry of the device, temperature distribution
inside the device) and as a result, some assumptions were made in order to produce
the results presented in this chapter. This is the reason why the experimental profiles of
the velocity and the density (of Ar, N2, Oz, and H,O) were used as inputs in the global
plasma model instead of the computed (by the turbulent models) profiles. However, this
methodology can serve as a starting step in an effort to evaluate the velocity and
density profiles which are required as inputs to the global model, without the need for
experimental data information. Provided that the conditions of the experiment are fully
available, one can improve these 2d simulations in order to accurately predict the gas
velocity and Ar, N, O, and H,O density profiles.
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5. CONCLUSIONS

The first set of conclusions refers to the EEDF of Ar atmospheric pressure plasmas and
the effects of composition and temperature on the EEDF:

a) There are discrepancies between the calculated EEDFs with a Boltzmann equation
solver and the Maxwell or Druyvesteyn distribution (for the same mean electron
energies).

b) The calculated EEDFs (with the Boltzmann equation solver) are more consistent with
the Maxwell and Druyvesteyn distributions for lower electron energies.

c) For higher mean electron energies, the EEDF becomes less sensitive to the gas
composition and tends to move away from the Maxwell distribution.

d) The gas temperature at the range of 400-600 K does not affect the calculated EEDFs
except for very low mean electron energies with a higher Ar mole fraction.

The second set of conclusions refers to the comparison of results of the extended
global model (trlasma-R) with the simulation results of Gaens & Bogaerts [30].

a) The results of the extended model, i.e. species densities and electron temperature,
were close to those presented by Gaens&Bogaerts.

b) The frequent calculation of the EEDF with a Boltzmann equation solver can give
more accurate results.

c) The results obtained from the calculated EEDFs were generally closer to the ones
produced by Gaens&Bogaerts than those obtained by utilizing a Maxwell distribution.

d) The calculated electron temperature with a Maxwell EEDF deviated significantly from
the one with calculated EEDFs.

e) The differences in the calculated species densities between the two methods
(Maxwell distribution and calculated EEDFs) were more subtle.

The third set of conclusions refers to the fluid simulations of the atmospheric pressure
plasma jet:

a) A direct numerical simulation (DNS) of a turbulent fluid flow has an increased
computational cost, even at low Reynolds numbers.

b) The k-¢ and k-w models calculate slightly higher velocities than the combined
laminar&k-¢ model (laminar inside the device, k-emodel outside the device).

c) The velocity profile along the jet coming from k-¢ and k-w turbulent models are very
close at distances less than 1 cm from the nozzle exit but then start to deviate for longer
distances (k-w computes higher velocities).
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d) The on-axis velocity computed by the combined laminar&k-¢ model has a different
profile close to the nozzle exit than the other two models (k-€ and k-w compute an
almost flat velocity profile near the nozzle exit of the device).

e) There are no significant differences among the models regarding the species
densities except for H,O, which has a significantly lower density when computed with
the laminar&k-¢ model at distances less than 0.5 cm from the nozzle, compared with the
other two models.

f) A fully laminar 2d model did not compute correctly the average and on-axis flow
velocities: The velocities remain almost constant as the distance from the nozzle
increases.

g) The velocity profile coming from the turbulent flow models is not close to the
measurement [41] of the flow velocity. This deviation can be attributed to differences in
the geometry and the conditions between the experiment and the simulation, as well as
to the use of specific turbulent models: It is possible that the use of other turbulent
models will yield into improved results.

The proposed future works are summarized below:

a) Integration of a Boltzmann equation solver in the extended global model (Trlasma-R).
This will allow the frequent calculation of the EEDF and will improve the results.

b) Development of a self-consistent model for atmospheric pressure plasma jets which
will decouple the plasma and fluid calculations. The extended global model will be used
for the calculation of species densities and a turbulent flow model will be used for the
calculation of the velocity field; mass balances will be solved for the dominant species
(feed gas, N, O, and H,0). Finally, an energy balance is required for the calculation of
the gas temperature which is critical not only for the flow and plasma calculations but
also for the practical applications of plasma jets.

c) The extended model can be also utilized for the simulation of low pressure plasma
reactors in the transient state and facilitates studies in pulsed plasmas.

d) Full adaptation of mmlasma-R interface to problems of atmospheric pressure plasma
jets (it is now user friendly only for low pressure plasmas). Even if it is not self-
consistent for the moment, due to its low computational cost compared to detailed
multidimensional plasma models (a run with 1rlasma-R lasts for few seconds), and the
user-friendly interface, mmlasma-R can become an invaluable tool for rough but fast
predictions of the species generated by atmospheric plasma jet devices. It is quite easy
to study the effect of the power, the feed composition, the ambient air humidity, and the
distance from the nozzle on the species densities, and optimize the conditions to deliver
the desired density for the critical species either for agriculture or for medical and
surface activation applications.
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ABBREVIATIONS
APPJ Atmospheric Pressure Plasma Jet
EEDF Electron Energy Distribution Function
MTTATI MAGopa Tutrou Tlet og ATpoo@aipikn Mieon
KEH Karavour Evépyeiag HAekTpoviwv
DNS Direct Numerical Simulation
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APPENDIX A

Any ODE of order N can be represented as a first-order ODE. This is possible with the
introduction of additional auxiliary variables z; (t) = y(t), z,(t) = v, zy(t) = yV D (¢t) as
follows:

y®@© = £ (60,5 O, .,y D®) (Eq.42.1)

/Zl(t)\ / y'(©) \ z(0)

z@®)=| . \\ (Eq.A2.2)
\ZN,—l(t)/ \ y®= 1)(t) ZN(t) /
zy(t) y®™ () (AR NG)
which is a first order ODE system in the varible z(t) [43, 44].

The family of explicit Runge—Kutta methods is a generalization of the RK4 method [46].
It is given by:

Vn+1 = In + 2 hbiki (Eq-AZ-B)

where,
kl = f(tn' yn)
k, = f(tn + chy, + h(a21k1))

= f(tn + C3h, Vo + h(a31k1 + a32k2)) (EQSA24)

ks = f (tn + Cshf Yo + h(aslkl + asZkZ + ot as,s—lks—l))

An implicit Runge—Kutta method has the form [47, 55]:

Vi1 = Yu+ ) biki (F.A25)

i=1
ki =hf| ¢, +chyn+z ayk; | (Eq.A2.6)

i=1,..,s

The Lagrange formula for polynomial interpolation yields:

( 1)5_] 1f(tn+]'yn+])
jl(s—j—1)hs1

-1
| [¢- 0 Bg.a27)
i=0

i#j

p(t) =
j=0
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The polynomial p is locally a good approximation of the right-hand side of the differential
equation y' = f(t,y) that is to be solved, so the equation y' = p(t) is considered
instead. This equation can be solved exactly; the solution is simply the integral of p [43,
44, 55]. This suggests taking

tnts

Vs = Ynsoot + f p(t)dt (Eq.A2.8)

thts—1

The Adams—Bashforth method arises when the formula for p is substituted. The
coefficients b; turn out to be given by:

. 1s-1
_ 1Y .
bs—j—l —mof 1:0[(11. + l)du (EqA29)
i#j
j=0,..,5s—-1

Replacing f(¢t,y) by its interpolant p incurs an error of order h*, and it follows that the s-
step Adams—Bashforth method has indeed order s [43, 44, 55].

The derivation of the Adams—Moulton methods is similar to that of the Adams—
Bashforth method; however, the interpolating polynomial uses not only the points
tn—1, -, th—s, @S above, but also t,. The coefficients are given by [44, 50]:

(-1Y
bs_; = G _])|f1_[(u +i—1)du(Eq.A2.10)

Consider the linear constant coefficient inhomogeneous system y' = Ay + f(x), where
y, feR" and A is a constant nxn matrix with eigenvalues A, e¢C, t=1,2,..,n and
corresponding eigenvectors ¢, eC", t = 1,2,...,n. The general solution of this system
takes the form:

y(x) = Z keexp(x)c, + g(x) (Eq.A2.11)

where the k, are arbitrary constants and g(x) is a particular integral. If Re(4,) < 0,t =
1,2, ...,n which implies that each of the terms exp(1;x)c; - 0 as x — oo, so that the
solution y(x) approaches g(x) asymptotically as x — co. The term exp(4,x)c, will decay
monotonically if 4, is real and sinusoidally if A, is complex. Interpreting x to be time (as it
often is the case in physical problems) it is appropriate to call >}, k.exp(A:x)c; the
transient solution and g(x) the steady-state solution. If |Re(A4,)| is large, then the
corresponding term k,exp(4,x)c, will decay quickly as x increases and is thus called a
fast transient; if |Re(A,)| is small, the corresponding term k.exp(4,x)c, decays slowly

and is called a slow transient. Let 4,1 be defined by |Re(2)| = |Re(4,)| = |Re(2)| so that
k.exp(Ax)c, is the fastest transient and k,exp(ix)c, the slowest. The stiffness ratio is
defined as |Re(2)|/|Re(2)] [52].
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A Runge—Kutta method applied to the test equation y’ = Ay reduces to the iteration
Y41 = r(hk)y,, with r given by

det(I — zA + zeb")
_ T(r _ o AV-1p —
r(z)=1+2zb" (I —zA) e det(l —24) (Eq.A2.12)

where e stands for the vector of ones. The function r is called the stability function [74].
It follows from the formula that r is the quotient of two polynomials of degree s if the
method has s stages. Explicit methods have a strictly lower triangular matrix A, which
implies that det(I —zA) =1 and that the stability function is a polynomial. The
numerical solution to the linear test equation decays to zero if |r(z)| <1 with z = hA.
The method is said to be A-stable if all z with Re(z) < 0 are in the domain of absolute
stability and since the stability function of an explicit Runge—Kutta method is a
polynomial, explicit Runge—Kutta methods can never be A-stable [55].

Linear multistep methods have the form:

N

s
Yn+1 = Z a;Yn-1+ h z bjf(tn—]',yn_]') (EQA213)

i=0 j=—1

and applied to the test equation, they become:

s s
Vn+1 = Z a;Yn—1 + hk z bjyn_j (Eq.A2.14)
i=0 j=—1

which can be simplified to:

(@ + bz)y,—; =0 (Eq.A2.15)
0

(1 =b_12)yp41 —

N

J

where z = hA. This is a linear recurrence relation. The method is A-stable if all solutions
{y,,} of the recurrence relation converge to zero when Re(z) < 0. The characteristic
polynomial is:

S S

®(z,w) = wst! — Z aws™t —z bw*~ (Eq.A2.16)

i=0 j=-1
All solutions converge to zero for a given value of z if all solutions w of @(z,w) = 0 lie in
the unit circle. The region of absolute stability for a multistep method of the above form
is then the set of all zeC for which all w such that @(z,w) = 0 satisfy |w| < 1. Again, if
this set contains the left-half plane, the multi-step method is said to be A-stable.

Determining the region of absolute stability for the two-step Adams—Bashforth method
[54]:

3 1
Yn+1 = In +h <§f(tn, yn) - Ef(tn—lf yn—l)) (Eq-A2-17)

The characteristic polynomial is:
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3 1
d(w,z) = w? — (1 +§z>w t52= 0 (Eq.A2.18)

1 3 9
w=3 1+§Zi 1+z+Zz2 (Eq.A2.19)

thus the region of absolute stability is:

1 3 9
ZE(C:E 1+§Zi ’1+Z+ZZZ <1; (Eq.A2.20)

which has roots:
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Table B1: Set of electron impact reactions and reactions between heavy species. The reaction

APPENDIX B

coefficients are taken from Gaens&Bogaerts [30] unless stated otherwise in the “Comments” column. M
denotes third body (external sources: [75-79]).

O©OO~NO O WNEE

Electron impact collisions

e+Ar-->Ar+e

e+ Ar-->Ar(3p2) +e

e + Ar-->Ar(3pl) +e

e + Ar--> Ar(3p0) + e

e+ Ar-->Ar(1pl) +e

e + Ar--> Ar(4p) + e

e + Ar--> Ar(4p) + e

e + Ar--> Ar(4p) + e

e + Ar--> Ar(4p) + e

e+ Ar--> Ar+ + 2e

e + Ar(3p2) --> Ar(3pl) + e
e + Ar(3p2) --> Ar(4p) + e
e + Ar(3p2) -->Ar(4p) + e
e + Ar(3p2) --> Ar(4p) + e
e + Ar(3p2) --> Ar(4p) + e
e + Ar(3p2) --> Ar+ + 2e
e + Ar(3pl) --> Ar(3p2) + e
e + Ar(3pl) --> Ar+ + 2e
e + Ar(3p0) -->Ar(1pl) + e
e + Ar(3p0) --> Ar(4p) + e
e + Ar(3p0) --> Ar(4p) + e
e + Ar(3p0) --> Ar(4p) + e
e + Ar(3p0) --> Ar(4p) + e
e + Ar(3p0) --> Ar+ + 2e
e + Ar(4p) --> Ar(3p0) + e
e + Ar(4p) --> Ar(3p0) + e
e + Ar(4p) --> Ar(3p0) + e
e + Ar(4p) --> Ar(3p0) + e
e + Ar(4p) --> Ar+ + 2e

e + Ar(4p) --> Ar+ + 2e

e + Ar(4p) --> Ar+ + 2e

e + Ar2(ex) --> Ar2+ + 2e
e + Ar2+ --> Ar(4p) + Ar
e+0->0(1d) +e
e+0-->0++2e
e+0--->0+2e
e+02->02+e
e+02-->02(r) +e
e+02->02(\V) +e
e+02-->02(V)+e
e+02->02(\V)+e
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Comments

[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]

[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]

[detailed balancing]
[detailed balancing]
[detailed balancing]
[detailed balancing]
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42 e +02-->02(v) +e

43 e+ 02 -->02(v) +e

44 e + 02 -->02(v) + e

45 e+ 02 -->02(a) +e

46 e + 02 -->02(b) +e

47 e + 02 --> 02+ + 2e

48 e+02->0+0+e

49 e+ 02->0+0+e

50 e+02-->0++0+2e
51e+02->0-+0

52 e+ 02+ 02 -->02-+02
53 e + 02 + N2 --> 02- + N2
54 e + 02 + Ar--> 02- + Ar
55 e+02(@)-->0+0+e
56 e +02(a)-—>0+0+e
57 e+02(a)-->0-+0

58 e +02(a) ->02 +e

59 e + 02(a) --> 02(b) + e
60 e + O2(a) --> O2+ + 2e
61 e + O2(a) --> O2-

62 e+02(b)-->0O0+0+e [threshold reduced]
63 e+02(b)-->O0+0+e [threshold reduced]
64 e +0O2(b)-->0-+0 [threshold reduced from O2(a)]

65 e + O2(b) -->02(a) +e

66 e +02+-->0+0

67 e+03-->0+02+e

68 e +03-->0-+02

69 e + 03 -->0 + 02-

70 e + N-->e + N(2d) [56]

71 e+ N(2d) -->e + N

72 e +N2-->N2 +e

73 e + N2 -->e + N2(r)

74 e + N2 --> e + N2(V)

75 e + N2 --> e + N2(v)

76 e + N2 --> e + N2(v)

77 e + N2 --> e + N2(v)

78 e + N2 --> e + N2(v)

79 e + N2 --> e + N2(v)

80 e + N2 --> e + N2(v)

81 e + N2 -->e + N2(v)

82 e+ N2 -->e +N2(ac)

83 e + N2 --> e + N2(aa)

84 e+N2->e+N+N

85 e + N2 --> N+ + N + 2e

86 e + N2 --> N2+ + 2e

87 e + N2(v) --> N2(ac) + e [threshold reduced and scaled]
88 e + N2(v) --> N2(ac) + e [threshold reduced and scaled]
89 e + N2(v) --> N2(ac) + e [threshold reduced and scaled]
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90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137

e + N2(v) --> N2(ac) + e
e + N2(v) --> N2(ac) + e
e + N2(v) --> N2(ac) + e
e + N2(v) --> N2(ac) + e
e + N2(v) --> N2(ac) + e
e +N2(ac)-->N2 +e

e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2(v) + e
e + N2(ac) --> N2+ + 2e
e +N2(aa)-->N2 +e

e +N2+-->N+N
e+NO->N+O+e

e + NO--> N + O-

e + NO --> NO+ + 2e

e + NO+-->N+0O

e + NO+ -->N(2d) + O
e + NO2 --> NO2+ + 2e
e+NO2-->NO+O+e
e + NO2+-->NO + O

e + NO2+ --> NO + O(1d)
e + N20 --> N20(v) + e
e + N20 --> N20O(v) + e
e + N20 --> N20(v) + e
e+H->H(ex)+e
e+H->H(ex)+e
e+H->H(ex)+e
e+H-->H++2e
e+H(ex)-->H+e

e +H(ex)-->H+e
e+H(ex)-->H+e

e + H(ex) --> H+ + 2e

e + H(ex) --> H+ + 2e

e + H(ex) --> H+ + 2e
e+H--->H+2e
e+H2-->H2(r)+e

e +H2-->H2(r) +e
e+H2-->H2(v)+e

e +H2-->H2(ex) + e
e+H2-->H2(ex) +e
e+ H2-->H2+ + 2e
e+H2(ex)-->H2 +e
e+H2(ex)-->H2 +e
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[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]
[threshold reduced and scaled]

[57]

[58]

[59]
[59]
[59]
[60]
[60]
[60]
[60]
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138 e + H2(ex) --> H2+ + 2e
139 e + H2(ex) --> H2+ + 2e
140 e + H2+-->H++H+e [60]
141 e+ OH->0+H+e
142 e + OH --> OH(ac) + e
143 e + OH --> OH+ + 2e
144 e + OH(ac) --> OH+ + 2e
145 e +OH(ac)-->O+H+e
146 e + OH+-->0+H
147 e + OH- -->OH + 2e
148 e + H20 -->H20 + e
149 e + H20 --> H20(v) + e
150 e + H20 --> H20(v) + e
151 e + H20 --> O- + H2
152 e + H20 --> OH + H-
153 e + H20 --> OH- + H
154 e +H20-->OH+H +e
155 e + H20 --> H20+ + 2e
156 e + H20+--> 0O + H2
157 e + H20+-->0O+H+H
158 e + H20+ -->OH + H
159 e + H3O+-->OH+H+H
160 e + H3O+ -->H20 +H
161 e + H3O+ --> OH + H2
162 e + H202 --> H20 + O-
163 e + H202 --> OH + OH-

Argon heavy patrticle collisions
164 Ar(3p2) + Ar2(ex) --> Ar+ + Ar + Ar +
165 Ar(3p2) + Ar+ M --> Ar2(ex) + M
166 Ar(3pl) + Ar+ M --> Ar2(ex) + M
167 Ar(3p0) + Ar+ M --> Ar2(ex) + M
168 Ar(1pl) + Ar+ M --> Ar2(ex) + M
169 Ar(4p) + Ar+ M -->Ar2(ex) + M
170 Ar+ + Ar+ M -->Ar2+ +M
171 Ar2(ex) +Ar2(ex) --> Ar2+ + Ar + Ar +
172 Ar2(ex) + Ar --> Ar + Ar + Ar
173 Ar2(ex) + O2 --> Ar + Ar + O2
174 Ar2(ex) + N2 --> Ar + Ar + N2
175 Ar2(ex) + H20 --> Ar + Ar + H20
176 Ar2(ex) + H2 --> Ar + Ar + H2
177 Ar2(ex) + O3 --> Ar + Ar + O3
178 Ar2(ex) + Ar --> Ar(3p2) + Ar + Ar
179 Ar2(ex) + O2 --> Ar(3p2) + Ar + O2
180 Ar2(ex) + N2 --> Ar(3p2) + Ar + N2
181 Ar2(ex) + H20 --> Ar(3p2) + Ar + H20
182 Ar2(ex) + H2 --> Ar(3p2) + Ar + H2
183 Ar2(ex) + O3 --> Ar(3p2) + Ar + O3
184 Ar2(ex) + Ar--> Ar(3pl) + Ar + Ar

D. Passaras



Simulation of atmospheric pressure plasma jets with a global model

185 Ar2(ex) + O2 --> Ar(3pl) + Ar + O2

186 Ar2(ex) + N2 --> Ar(3pl) + Ar + N2

187 Ar2(ex) + H20 --> Ar(3pl) + Ar +

188 Ar2(ex) + H2 --> Ar(3p1) + Ar + H2

189 Ar2(ex) + O3 --> Ar(3pl) + Ar + O3

190 Ar2(ex) + Ar --> Ar(3p0) + Ar + Ar

191 Ar2(ex) + O2 --> Ar(3p0) + Ar + O2

192 Ar2(ex) + N2 --> Ar(3p0) + Ar + N2

193 Ar2(ex) + H20 --> Ar(3p0) + Ar +

194 Ar2(ex) + H2 --> Ar(3p0) + Ar + H2

195 Ar2(ex) + O3 --> Ar(3p0) + Ar + O3

196 Ar2(ex) + Ar --> Ar(1pl) + Ar + Ar

197 Ar2(ex) + O2 --> Ar(1pl) + Ar + O2

198 Ar2(ex) + N2 --> Ar(1pl) + Ar + N2

199 Ar2(ex) + H20 --> Ar(1pl) + Ar +

200 Ar2(ex) + H2 --> Ar(1pl) + Ar + H2

201 Ar2(ex) + O3 --> Ar(1pl) + Ar+ O3
Argon-dry air heavy patrticle

202 Ar(3p2) + 02 -->Ar+0+0

203 Ar(3p2) + 0O2(a) ->Ar+ O +0O

204 Ar(3p2) + N(2d) --> Ar+ N+ +e

205 Ar(3p2) + N2 --> Ar + N2(ac)

206 Ar(3p2) + N2 --> Ar+ N+ N

207 Ar(3p2) + N2(ac) --> Ar + N2+ + e

208 Ar(3pl) + 02 -->Ar+0O0+0O

209 Ar(3pl) + N2 --> Ar + N2(ac)

210 Ar(3pl) + N2 --> Ar+ N+ N

211 Ar(3pl) + N2(ac) --> Ar + N2+ + e

212 Ar(3p0) + 02 -->Ar+0O0+0O

213 Ar(3p0) + N2 --> Ar + N2(ac)

214 Ar(3p0) + N2 --> Ar+ N+ N

215 Ar(3p0) + N2(ac) --> Ar+ N2+ + e

216 Ar(1pl)+0O2-->Ar+0O+0O

217 Ar(1pl) + N2 --> Ar + N2(ac)

218 Ar(lpl) + N2 -->Ar+ N+ N

219 Ar(4p)+ 02 -->Ar+ O +0O

220 Ar(4p) +O2(a)-->Ar+O+0

221 Ar(4p) + N2 --> Ar + N2(ac)

222 Ar(4p) + N2 -->Ar+ N+ N

223 Ar(4p) + N2(ac) --> Ar+ N2+ + e

224 Ar(4p) + NO-->Ar+ N+ O

225 Ar(4p) + N20O --> Ar + NO + N

226 Ar(4p) + N20O --> Ar + N2(ac) + O

227 Ar+ + O -->Ar+ O+

228 Ar+ + 02 --> Ar + O2+ .

229 Ar++ N2 --> Ar + N2+

230 Art+ + N2 --> Ar+ N+ + N

231 Ar2(ex)+ 02 -->Ar+ Ar+ O+ 0O
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232
233
234
235
236
237
238
239
240
241
242
243
244
245

249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

Ar2(ex) + O3 -->Ar+Ar +02+0O
Ar2(ex) + N2 --> Ar + Ar + N2(ac)
Ar2(ex) + NO -->Ar+ Ar+N+O
Ar2(ex) +NO2 --> Ar+ Ar+ NO + O
Ar2(ex) + N2O --> Ar+ Ar+ N2 + O
Ar2++0O--->Ar+Ar+0O

Ar2+ + 02 --> Ar +Ar + O2+
Ar2+ + 0O2- --> Ar + Ar + 02
Ar2++02--->Ar+Ar+O0O+0O
Ar2+ + O3 --> Ar+ Ar+ O2+ + O
Ar2+ + NO --> Ar + Ar + NO+
Ar2+ + NO2 --> Ar+ Ar+ NO+ + O
Ar2+ + NO2 --> Ar + Ar + NO2+
Ar2+ + NO2- --> Ar + Ar + NO2
Oxygen heavy particle collisions
O+0O+Ar-->02+Ar
O+0+M-->02(a)+M
O+0+M->02(b)+M
O+0++M-->02++M
O+0--->02+e
O+02+Ar-->03 + Ar
O+02+02-->03+02
O+02+N2-->03+N2

O+ 02--->02+0-
O+02--->03+e
O+03-->02+02

O+ 03--->02-+02
O+03-->02+02+e

O(d) + 02 -->02(a) + O

O(d) + 02 --> 02(b) + O

O(1d) + O3 -->02(a) + 02

O(1d) + Ar-->Ar+ 0O
Oo(1ld)+02-->02+0

O(1d) + N2 -->N2 + O

O(1d) + H20 -->H20 + O
O(1d)+H2 -->H2 + O
O(1d)+03-->03+0
O++0--->0+0
O++0O-+M->0+0+M
O++02-->0+02+
O++03-+M-->03+0+M
O-+02-->02-+0
O-+02+M->03-+M
O-+02(@)-->03 +e
O-+02(@)-->02-+0
O-+02+-->0+02
O-+02+-->0+0+0
O-+02++M-->0+02+M
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282 02+ 02+ +M-->04++M

283 02(v) + N2 --> 02 + N2

284 02(v) + 02 --> 02 + 02

285 02(v) + Ar--> 02 + Ar

286 02(r) + N2 --> 02 + N2

287 02(r) + 02 --> 02 + 02

288 02(r) + Ar--> 02 + Ar

289 02(a) + O2(a) --> 02(b) + 02

290 O2(a) + 02--->02+02 +e

291 02(a)+03-->02+02+0

292 02(a) + Ar-->02 + Ar

293 02(a) + N2 --> 02 + N2

294 02(b) + H20 --> 02 + H20

295 02(b) + O3 --> 02 + 03

296 O2(b) + Ar-->02 + Ar

297 02(b) + H20 --> 02(a) + H20

298 02(b) + O3 --> 02(a) + O3

299 02(b) + Ar-->02(a) + Ar

300 02+ +02-+M-->02+02 +M

301 02+ +03--->03 + 02

302 02+ +03--->02+0+02

303 02++03--->02+0+0+0

304 02++03-+M->03+02+M

305 02- + 03 --> 02 + O3-

306 O2-+Ar-->02 +e+Ar

307 02-+02-->02+e + 02

308 02-+N2-->02+e+N2

309 O02-+H20 -->02 +e + H20

310 02-+H2-->02 +e +H2

311 02-+03-->02 +e + 03

312 O3+Ar-->0+02 +Ar

313 O3 +N2-->0+02+ N2

314 03+02-->0+02+02

315 O4+ + Ar--> 02+ + 02 + Ar

316 04+ + 02 -->02++ 02 + 02

317 O4++ N2 --> 02+ + 02 + N2

318 04+ +H20 --> 02+ + 02 + H20

319 O4++H2 --> 02+ + 02 + H2

320 04+ + 03 -->02++02 + 03
Nitrogen heavy particle collisions

321 N+N2++M-->N3++M

322 N(2d) + Ar--> N+ Ar

323 N(2d) + 02 --> N + 02

324 N(2d) + N2 --> N + N2

325 N(2d) + H20 --> N + H20

326 N(2d) + H2 --> N + H2

327 N(2d) + O3 -->N + O3

328 N+ + N2 --> N+ N2+
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329 N+ +N2+M -->N3++ M

330 N2 + N2+ + M --> N4+ + M

331 N2(r) + N2 --> N2 + N2

332 N2(r) + O2 --> N2 + O2

333 N2(r) + Ar--> N2 + Ar

334 N2(v) + N2 --=> N2 + N2

335 N2(v) + O2 --> N2 + O2

336 N2(v) + Ar--> N2 + Ar

337 N2(ac) + N2(aa) --> N4+ + e

338 N2(ac) + O2 --> N2 + O2

339 N2(ac)+O-->N2+0O

340 N2(ac) + NO --> N2 +NO

341 N2(ac)+H-->N2 +H

342 N2(ac) + H20 --> N2 +H20

343 N2(aa) +O-->N2+0O

344 N2(aa)+H-->N2+H

345 N2(aa) + H20 --> N2 + H20

345 N2(aa) + H20 --> N2 + H20

346 N3+ + Ar-->Ar+ N + N2+

347 N3+ + 02 --> 02 + N + N2+

348 N3+ + N2 --> N2 + N + N2+

349 N3+ + H20 --> H20 + N + N2+

350 N3+ + H2 -->H2 + N + N2+

351 N3+ + O3 --> 03 + N + N2+

352 N4+ + Ar --> Ar+ + N2 + N2
Dry air heavy particle collisions

353 O+ N+ Ar-->NO + Ar

354 O+ N++M-->NO++M

355 O+ N2(ac) -->NO + N

356 O + N2(ac) --> NO + N(2d)

357 O + N2(aa) --> NO + N(2d)

358 O+ N2+ --> N + NO+

359 O + N2+ --> N2 + O+

360 O + N4+ --> N2 + N2 + O+

361 O+ NO + Ar --> NO2 + Ar

362 O + NO + N2 --> NO2 + N2

363 O + NO2 --> NO + O2

364 O+ NO2 + Ar --> NO3 + Ar

365 O + NO2 + N2 --> NO3 + N2

366 O + NO2 + O2 --> NO3 + 02

367 O + NO2+ --> NO+ + O2

368 O + NO2--->NO3 +e

369 O+ NO3 -->NO2 + 02

370 O + NO3- --> NO2 + O2-

371 O+ NO3- -->NO2- + 02

372 O+ NO3--->NO2 +02 +e

373 O(1d) + NO -->02 + N

374 O+ + N(2d) --> N+ + O
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375 O++N2+M-->NO++N+M
376 O+ + NO2 --> NO2+ + O

377 O+ +NO2-+M -->NO3 +M
378 O-+N++M-->NO +M

379 O-+N++M->N+O+M
380 O-+N2-->N20 +e

381 O-+N2(ac)-->N2+0O +e
382 O-+N2++M->N2+0O +M
383 O-+ N2+ + M -->N20 + M
384 O-+NO-->NO2 +e

385 O-+NO + M -->NO2-+M
386 O-+ NO+-->0 +NO

387 O-+NO++M-->0O0+NO+M
388 O-+ NO++ M -->NO2 +M
389 O- +NO2 -->NO2-+ 0O

390 O-+NO2++M-->0+NO2 +M
391 O-+NO2++ M -->NO3 + M
392 O2+N->NO+0O

393 02 + N(2d) -->NO + O

394 02 + N(2d) --> NO + O(1d)
395 O2 + N+ --> N + O2+

396 O2 + N+ -->NO++ O

397 O2 + N+ -->NO + O+

398 02 + N2(ac)-->N2+0O+0O
399 02 + N2(ac) --> N2 + O2(a)
400 O2 + N2(ac) --> N2 + O2(b)
401 O2 + N2(ac) --> N20 + O

402 02 + N2(ac) --> N20 + O(1d)
403 O2 + N2(aa) -->N2+0O+0O
404 O2 + N2+ --> N2 + O2+

405 O2 + N3+ --> NO+ + N20O

406 O2 + N3+ --> NO2+ + N2

407 O2 + N4+ --> N2 + N2 + O2+
408 O2 + NO3 --> NO2 + O3

409 0O2(a) + N2(ac) -->N2+ 0O+ O
410 O2(b) + N2(ac) ->N2+ 0O + O
411 O2++N-->NO++0O

412 O2+ + NO --> NO+ + 02

413 02+ + NO2 --> NO2+ + 02
414 O2+ + NO2- --> NO2 + O2
415 02+ + NO2--->NO2+0+0
416 02+ + NO2--->NO + 0 + 02
417 O2++NO2--->NO+0O0+0+0
418 02+ + NO2-+M-->NO2 +02 +M
419 02+ + NO3- --> NO3 + 02
420 O2++ NO3--->NO3+0+0
421 O2+ + NO3--->NO2 + O + 02
422 02+ +NO3--->NO2+0+0+0
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423 02+ + NO3-+M->NO3 + 02 + M
424 02+ + N205 --> NO2+ + NO3 + O2
425 O2-+ N -->NO2 + e

426 O2-+ N2(ac) --> 02 + N2 +e

427 O2-+ NO++ M -->NO3 + M

428 0O2-+ NO++M-->02+NO +M
429 02-+ NO2 --> NO2- + 02

430 O2-+ NO2+ --> NO2 + O2

431 O2-+ NO2++M-->02 + NO2 + M
432 0O2- + NO3 --> NO3- + 02

433 O3 + N2(ac) -->N2 + 02 + O

434 O3 + N2(ac) -->NO+NO + O

435 O3 + NO --> NO2 + O2

436 O3 + NO2 --> NO3 + 02

437 O3+ NO2 -->NO + 02 + 02

438 O3 + NO2- --> NO3- + 02

439 O3 + NO3- --> NO2- + 02 + 02
440 O3-+N2++M-->03 +N2 + M
441 O3-+ NO -->NO3-+0

442 O3-+ NO++M->03+NO+M
443 O3- + NO2 --> NO2- + O3

444 O3-+ NO2++ M -->03 +NO2 + M
445 O3- + NO3 -->NO3- + O3

446 N+ NO-->N2+0O

447 N+ NO2 --> NO + NO

448 N+ NO2 -->N20 + O

449 N+ NO3 --> NO2 + NO

450 N + NO3- --> NO2- + NO

451 N(2d) + NO --> N20

452 N2(ac) + NO2 -->N2 + NO + O
453 N2(ac) + N20-->N2 + N2 + O
454 N2(ac) + N20O --> N2 + N+ NO
455 N2(aa) + NO-->N2+N+O

456 NO + NO2 --> N203

457 NO + NO2+ --> NO2 + NO+

458 NO + NO3 --> NO2 + NO2

459 NO+ + NO2- + M -->NO + NO2 + M
460 NO+ + NO3--->NO3 +N+ O

461 NO+ +NO3--->NO2+N+0O+0O
462 NO+ + NO3-+ M -->NO + NO3 + M
463 NO+ + N205 --> NO2 + NO2 + NO2+
464 NO2 + NO2 + Ar --> N204 + Ar
465 NO2 + NO2 + N2 --> N204 + N2
466 NO2 + NO2 + 02 --> N204 + 02
467 NO2 + NO3 + Ar --> N205 + Ar
468 NO2 + NO3 + N2 --> N205 + N2
469 NO2 + NO3 + O2 --> N205 + 02
470 NO2+ + NO3-+M -->N205 + M
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471 NO2+ + NO3-+ M --> NO2 + NO3 + M

472 NO2- + N20O --> NO3- + N2

473 NO2- + NO3 --> NO3- + NO2

474 NO2-+ N205 --> NO3- + NO3 + NO

475 N20O(V) + N2 --> N20 + N2

476 N20O(v) + O2 --> N20O + O2

477 N20O(v) + Ar--> N20O + Ar

478 N203 + Ar --> NO + NO2 + Ar

479 N203 + O2 --> NO + NO2 + O2

480 N203 + N2 --> NO + NO2 + N2

481 N203 + H20 --> NO + NO2 + H20

482 N20O3 + H2 --> NO + NO2 + H2

483 N203 + O3 --> NO + NO2 + O3

484 N204 + Ar --> NO2 + NO2 + Ar

485 N204 + O2 --> NO2 + NO2 + O2

486 N204 + N2 --> NO2 + NO2 + N2

487 N204 + H20 --> NO2 + NO2 + H20

488 N204 + H2 --> NO2 + NO2 + H2

489 N204 + O3 --> NO2 + NO2 + O3

490 N20O5 + Ar --> NO2 + NO3 + Ar

491 N205 + 02 --> NO2 + NO3 + 02

492 N205 + N2 --> NO2 + NO3 + N2

493 N205 + H20 --> NO2 + NO3 + H20

494 N205 + H2 --> NO2 + NO3 + H2

495 N205 + O3 --> NO2 + NO3 + O3
Argon-humid air heavy particle collisions

496 Ar(3p2) + OH --> Ar + OH(ac)

497 Ar(3p2) + H20 --> Ar+ OH +H

498 Ar(3pl) + H20 --> Ar+ OH +H

499 Ar(3p0) + H20 --> Ar+ OH +H

500 Ar(4p) + H2 -->Ar+H+H

501 Ar(4p) + H20-->Ar+OH +H

502 Ar++H-->Ar+ H+

503 Ar++ H2 --> ArH+ + H

504 Ar+ + H2 --> Ar + H2+

505 Ar++ H20 --> Ar + H20+

506 Ar+ + H20 --> ArH+ + OH

507 Ar2(ex) + H20 --> Ar + Ar + OH +H

508 Ar2+ + H--> Ar+ Ar + H+

509 Ar2++H--->Ar+Ar+H

510 Ar2++ H20 --> Ar + Ar + H20+

511 Ar2+ + H20 --> ArH+ + Ar + OH

512 Ar2+ + OH---> Ar + Ar + OH

513 Ar2+ + OH--->Ar+Ar+ O+ H
Humid air heavy patrticle collisions

514 H+ O+ Ar-->OH + Ar

515 H+ O+ -->H++ O

516 H+O--->OH + e
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517 H+ 02 + Ar --> HO2 + Ar
518 H+ O2 + N2 --> HO2 + N2
519 H+ 02 + 02 --> HO2 + O2
520 H+ 0O2--->H-+ 02

521 H+02--->HO2 +e

522 H+ O3 -->0OH + 02

523 H+ N+ Ar-->NH + Ar
524 H+ N+ N2 -->NH + N2
525 H+ N+ -->N+ H+

526 H+ NO + Ar--> HNO + Ar
527 H+ NO + N2 --> HNO + N2
528 H+ NO2 --> OH + NO

529 H+ NO2+ --> OH + NO+
530 H+ NO2- --> HNO2 + e
531 H+ NO2- --> OH- + NO
532 H+ NO3 --> OH + NO2
533 H+ NO3- --> OH- + NO2
534 H+ NO3--->HNO3 + e
535 H+ NO3- --> NO2- + OH
536 H+H+ Ar-->H2 + Ar
537 H+ H2+ -->H2 + H+

538 H+ OH + Ar-->H20 + Ar
539 H+OH--->H20 +e

540 H+HO2 -->H2 + O2

541 H+ HO2 -->0OH + OH

542 H+HO2 -->H20+ O

543 H+ HO2 -->H20 + O(1d)
544 H+ H202 --> HO2 + H2
545 H+ H202 --> H20 + OH
546 H+ NH-->H2 + N

547 H+ HNO -->H2 + NO

548 H+ HNO2 --> H2 + NO2
549 H+ HNO2 --> HNO + OH
550 H+ HNO3 --> HNO2 + OH
551 H+ HNO4 --> HNO2 + HO2
552 H+ ArH+ --> H2+ + Ar
553 H(ex) + N2 --> H + N2

554 H(ex) + O2 -->H + 02

555 H(ex) + Ar-->H+ Ar

556 H++ O -->H+ O+

557 H++O-+M-->H+O+M
558 H+ +O-+ M -->0OH+ M
559 H++ 02 -->H + 02+

560 H++03-+M->H+ 03 +M
561 H++N->N++H

562 H+ + NO --> NO+ + H

563 H++ NO3-+ M -->HNO3 + M
564 H++H2 + M -->H3++ M
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565 H+ + OH --> H + OH+

566 H+ + H20 --> H + H20+
567 H-+O->0OH +e

568 H-+02 -->HO2 +e

569 H-+ 02+ +M->H+ 02+ M
570 H-+ 02+ + M -->HO2 + M
571 H-+ NO+ + M -->HNO + M
572 H-+ NO2 --> NO2- + H
573 H-+ NO2+ + M --> HNO2 + M
574 H-+ H20 --> OH- + H2
575 H-+ H20+ + M -->H + H20 + M
576 H-+Ar-->H+e +Ar

577 H-+ 02 -->H + e +0O2

578 H-+ N2 -->H + e +N2

579 H-+H20 -->H + e +H20
580 H-+H2 ->H+e +H2
581 H-+ O3 -->H+e +03
582 H- + ArH+ -->H2 + Ar

583 H2+ O ->0OH+H

584 H2 + O+ -->OH++H

585 H2 + O--->H20 + e

586 H2 + O--->OH-+H

587 H2 + O2- --> H- + HO2

588 H2 + N(2d) -->NH + H

589 H2 + NO2+ --> NO+ + H20
590 H2 + OH -->H20 + H

591 H2 + OH- --> H20 + H-
592 H2 + H20+ --> H30+ + H
593 H2 + H3O+ --> H20 + H3+
594 H2 + ArH+ --> H3+ + Ar
595 H2(v) + N2 --> H2 + N2
596 H2(v) + O2 --> H2 + 02
597 H2(V) + Ar-->H2 + Ar

598 H2(r) + N2 --> H2 + N2
599 H2(r) + O2 -->H2 + 02
600 H2(r) + Ar --> H2 + Ar

601 H2(ex) + N2 --> H2 + N2
602 H2(ex) + O2 --> H2 + O2
603 H2(ex) + Ar --> H2 + Ar
604 H2+ + 02 --> H2 + O2+
605 H2+ + H20 --> H2 + H20+
606 H2+ + H20 --> H + H30O+
607 H2+ + Ar-->ArH+ + H

608 H2+ + Ar --> Ar+ + H2

609 H3++ O -->H20+ +H

610 H3++ O --> OH+ + H2

611 H3+ + NO2 --> NO+ + OH + H2
612 H3+ + OH --> H20+ + H2
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613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660

H3+ + H20 --> H30O+ + H2

H3+ + Ar --> ArH+ + H2
OH+O-->H+02
OH+O+-->0H++0

OH + O2- --> OH- + 02

OH+ O3 --> HO2 + 02
OH+N-->H+NO

OH + N2(ac) --> OH(ac) + N2
OH + N2(aa) --> OH(ac) + N2
OH + N2+ --> OH+ + N2

OH + NO + Ar --> HNO2 + Ar
OH + NO + N2 --> HNO2 + N2
OH + NO + O2 --> HNO2 + 02
OH + NO2 + Ar --> HNOS3 + Ar
OH + NO2 + N2 --> HNO3 + N2
OH + NO2 + O2 --> HNO3 + 02
OH + N20O --> HNO + NO

OH + N20 --> HO2 + N2

OH + NO3 --> HO2 + NO2
OH+ OH -->H20+ 0O

OH + OH + Ar --> H202 + Ar
OH + OH + N2 --> H202 + N2
OH+ OH + 02 --> H202 + O2
OH + HO2 --> H20 + 02

OH + H202 --> H20 + HO2
OH + NH --> N + H20

OH + NH --> H2 + NO

OH + NH --> H + HNO

OH + HNO --> H20 + NO

OH + HNO2 --> H20 + NO2
OH + HNO3 --> H20 + NO3
OH + HNO4 --> H202 + NO3
OH + HNO4 --> H20 + NO2 + O2
OH(ac) + H202 --> HO2 + H20
OH(ac) + 02 --> 02 + OH
OH(ac) + N2 --> N2 + OH
OH(ac) + H20 --> H20 + OH
OH++ 0 -->02++H
OH++0O-+M-->0OH+ 0+ M
OH++0O-+M->HO2 + M
OH++ 02 --> OH + 02+

OH+ + N -->NO+ +H

OH+ + NO2- + M --> HNO3 + M
OH+ + NO3-+ M --> HNO4 + M
OH+ + OH- + M --> H202 + M
OH+ + H20 --> H20+ + OH
OH+ + H20O --> H30+ + O
OH-+0-->HO2 +e
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661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708

O++OH-+M->HO2 +M

OH- + 02+ --> OH + O2

02+ +OH-+M->0OH+ 02 +M
OH- + O3 --> 0O2- + HO2

OH-+ N -->HNO + e

NO++ OH-+M-->0OH+ NO + M
NO+ + OH- + M --> HNO2 + M

OH- + NO2 --> NO2- + OH

NO2+ + OH- + M --> OH + NO2 + M
NO2+ + OH- + M --> HNO3 + M
H20+ + OH-+ M --> OH + H20 + M
HO2 + O --> OH + O2

HO2 + O2(a) -->OH+ 02 + O
HO2 + O3 -->0OH + 02 + 02

HO2 + N --> OH + NO

HO2 + N --> NH + O2

HO2 + NO --> HNO + 02

HO2 + NO + Ar --> HNO3 + Ar
HO2 + NO + N2 --> HNO3 + N2
HO2 + NO2 + N2 --> HNO2 + O2 + N2
HO2 + NO2 + O2 --> HNO2 + O2 + O2
HO2 + NO2 + Ar --> HNO4 + Ar
HO2 + NO2 + N2 --> HNO4 + N2
HO2 + NO2 + O2 --> HNO4 + O2
H20 + O(1d) --> H2 + O2

H20 + O+ --> H20+ + O

H20 + O- --> H202 + e

H20 + 0O2--->H20+ 02 + e

H20 + N(2d) --> OH + NH

H20O + N+ --> H20+ + N

H20O + N+ --> NO+ + H2

H20O + N2+ --> N2 + H20+

H20O + N4+ --> N2 + N2 + H20+
H20 + N203 --> HNO2 + HNO2
H20 + N20O5 --> HNO3 + HNO3
H20 + H20+ -->H30+ + OH

H20O + ArH+ --> H30O+ + Ar

H20(v) + N2 --> H20 + N2

H20O(v) + O2 --> H20 + 02

H20O(v) + Ar --> H20 + Ar
H20++O-+ M -->0 + H20 + M
H20+ + O-+ M --> H202 + M
H20+ + O2 --> H20 + O2+
H20++02-+ M -->H20+ 02 + M
H20+ + O3- --> H20 + O3
H20++0O3-+ M -->H20+ 03 + M
H20O+ + N --> NO+ + H2

H20+ + NO2 --> NO2+ + H20
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709 H20+ + NO2- + M --> H20 + NO2 + M

710 H20+ + NO3- + M --> H20 + NO3 + M

711 H30++O--->H20+H+ O

712 H30+ + 02--->H20 +H + 02

713 H30++02--->H20+H+0O+0O

714 H30O+ + NO --> H20 + H + NO+

715 H202 + O --> HO2 + OH

716 H202 + O -->H20 + 02

717 H202 + N2(aa) --> OH + OH + N2

718 H202 + NO3 --> HO2 + HNO3

719 NH+ O -->H + NO

720 NH+ O -->0OH+N

721 NH + 02 -->HNO + O

722 NH + O2+ --> H + NO2+

723 NH+ N -->H + N2

724 NH + NO --> H + N20O

725 NH+ NO -->H+ N2+ O

726 NH+NH->H+ N2 +H

727 HNO + O --> OH + NO

728 HNO + O --> 02 + NH

729 HNO + O2 --> HO2 + NO

730 HNO + N --> NH + NO

731 HNO2 + O --> OH + NO2

732 HNO2 + NO3 --> HNO3 + NO2

733 HNO3 + O --> OH + NO3

734 HNO3 + O- --> HNO4 + e

735 HNO3 + O- --> HNO2 + O2-

736 HNO3 + O2- --> NO3- + HO2

737 HNO3 + NO2- --> NO3- + HNO2

738 HNO4 + O --> HO2 + NO3

739 HNO4 + M --> HO2 + NO2 + M

740 ArH+ +O--->Ar+O +H

741 ArH++O-+M-->Ar+O+H+M

742 ArH++O-+ M -->Ar+O+H+M

743 ArH+ + 02--->Ar+ 02 +H

744 ArH++0O2--->Ar+O+0O+H

745 ArH++O02-+ M -->Ar+ 02 +H+ M

746 ArH+ +0O3-+ M ->Ar+ O3 +H+M

747 ArH++ NO2-+M-->Ar+NO2+H+ M

748 ArH+ + NO3-+ M -->Ar+ NO3+H+ M
Radiation

749 Ar(4p) --> Ar(3p2)

750 Ar(4p) --> Ar(3pl)

751 Ar(4p) --> Ar(3p0)

752 Ar(4p) --> Ar(1pl)

753 Ar(3pl) --> Ar

754 Ar(1pl) --> Ar

755 Ar2(ex) --> Ar
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756 OH(ac) --> OH

757 H2NO2+ + e --> H20 + NO

758 HANO3+ + e --> 2H20 + NO

759 H6NO4+ + e --> 3H20 + NO

760 NO+ + H20 --> H2NO2+

761 H2NO2+ --> NO+ + H20

762 H2NO2+ + H20 --> H4NO3+

763 H2NO2+ + O --> NO2+ + H20

764 H2NO2+ + OH --> NO2 + H30+

765 H4NO3+ --> H20 + H2NO2+

766 H4ANO3+ + H20 --> HGNO4+

767 HBNO4+ --> H20 + H4ANO3+

768 HB6NO4+ + H20 --> H703+ + HNO2

769 H2NO2+ + O-+ M --> NO2 + H20 + M

770 H2NO2+ + O2- + M --> NO3 + H20 + M

771 H2NO2+ + NO3- + M --> NO2 + NO2 + H20 +

772 H2NO2+ + H- + M --> HNO + H20 + M

773 H2NO2+ + OH- + M --> HNO2 + H20 + M

774 HANO3+ + O-+ M --> NO2 + 2H20 + M

775 HANO3+ + H- + M --> HNO + 2H20 + M

776 HANO3+ + OH- + M --> HNO2 + 2H20 + M

777 H6NO4+ + O-+ M --> NO2 + 3H20 + M

778 H6NO4+ + H- + M --> HNO + 3H20 + M
Water cluster ion collisions

779 H402+ + e --> H20 + H + OH

780 H203+ +e --> 02 + H + OH

781 H502++e -->H20+H+ H + OH

782 H7O03+ +e -->2H20 + H+ H + OH

783 H90O4+ + e -->3H20+H + H+ OH

784 H1105+ +e -->4H20 + H + H + OH

785 H1507+ +e -->6H20+H+ H + OH

786 O2+ + H20 --> H203+

787 H203+ --> 02+ + H20

788 H203+ + H20O --> H30O+ + OH + O2

789 H203+ + H20 --> H402+ + O2

790 H203+ + NO --> NO+ + H20 + O2

791 H402+ + H20O --> H502+ + OH

792 H3O+ + H20 --> H502+

793 H502+ --> H30+ + H20

794 H502+ + H20 --> H703

795 H703+ --> H502+ + H20

796 H703+ + H20 --> H9O4+

797 H9O4+ --> H70O3+ + H20

798 H90O4+ + H20 --> H1105+

799 H1105+ --> HOO4+ + H20

800 H1105+ + H20 --> H1306+

801 H1306+ --> H1105+ + H20

802 H1306+ + H20 --> H1507+
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803 H1507+ --> H1306+ + H20

804 H203++0O-+M-->02+0O+H20+ M

805 H402++ O-+ M --> 0O + 2H20 + M

806 H402+ + 0O2-+ M --> 02 + 2H20 + M

807 H402+ + O3-+ M --> 03 + 2H20 + M

808 H402+ + NO2- + M --> NO2 + 2H20 + M

809 H402+ + NO3-+ M --> NO3 + 2H20 + M

810 H502++O-+M->0+H+2H20+M

811 H502+ + O2--->H + 2H20 + O2

812 H502+ + 0O2--->H+2H20+ 0O +0O

813 H502++ 02-+ M -->02 + H+2H20 + M
814 H502+ + O3- -->H + 2H20 + O3

815 H502+ + O3-+ M -->03 + H + 2H20 + M
816 H502+ + NO2-+ M -->NO2 + H+ 2H20 + M
817 H502+ + NO3- --> H + 2H20 + NO3

818 H502+ + NO3-+ M --> NO3 + H + 2H20 + M
819 H502+ + OH--->H+2H20+0O +H

820 H502+ + OH-+ M -->0OH + H + 2H20 + M
821 H703++0O-+M-->0+H+3H20+ M

822 H703++ 02-+ M -->02 +H+3H20 + M
823 H703++03-+ M -->03 +H + 3H20 + M
824 H703+ + NO2-+ M -->NO2 + H+ 3H20 + M
825 H703+ + NO3-+ M --> NO3 + H + 3H20 + M
826 H703++OH-+ M -->0OH+H +3H20 + M
827 H9O4++O-+M->0+H+4H20+ M

828 H9O4++ 0O2-+ M -->02 +H+4H20 + M
829 H9O4++ O3-+ M -->03 +H +4H20 + M
830 H90O4+ + NO2-+ M --> NO2 + H + 4H20 + M
831 H90O4+ + NO3-+ M -->NO3 + H+4H20 + M
832 H9O4+ + OH-+ M ->OH + H +4H20 + M
833 H1105++0O-+M-->0O+H+5H20 + M

834 H1105++02-+M-->02 + H+5H20 + M
835 H1105++ 03-+ M --> 03 + H+ 56H20 + M
836 H1105+ + NO2- + M -->NO2 + H+ 56H20 + M
837 H1105+ + NO3-+ M -->NO3 + H+ 5H20 + M
838 H1105+ +OH-+ M -->OH + H +5H20 + M
839 H1306++03-+M-->03 +H +6H20+ M
840 H1306+ + NO2- +M --> NO2 + H + 6H20 + M
841 H1306+ + NO3-+ M -->NO3 +H + 6H20 + M
842 H1306+ + OH-+M-->0OH +H + 6H20 + M
843 H1507++03-+M-->03+H+ 7H20+ M
844 H1507+ + NO2- +M -->NO2 + H + 7TH20 + M
845 H1507+ + NO3-+ M -->NO3 +H+ 7H20 + M
846 H1507++OH-+M-->OH+H + 7H20 + M

Species containing carbon—created out of atmospheric CO2—are not taken into
account. Several electronically, rotationally and vibrationally excited states are included
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in the model. Electronically excited states are important to consider because they often
play a crucial role in the plasma chemistry, for example in stepwise electron-impact or
Penning ionization. Note that, at atmospheric pressure, due to a high collision
frequency, it is unlikely that high electronic energy levels become populated and
therefore these are not included. Rotational and vibrational excitations, on the other
hand, are important processes since electrons lose energy in this way. As a
consequence, this influences the average electron temperature significantly. In the
reaction set, rotationally and vibrationally excited states only participate in electron-
impact excitation and de-excitation reactions, as well as in physical quenching by the
background gas. The reason is that the rotational and vibrational energy is usually too
low to induce a fast chemical change in its collision partner. Three factors for the
selection of excited states in the model are considered: metastability, high cross
sections and low energy threshold for excitation from the ground state, or states that
have been reported to be important in this type of plasmas. For example, for the
hydrogen molecules, the magnitude of the vibrational excitation cross sections roughly
drops with one order of magnitude for each next vibrational quantum number.
Therefore, although the excitations to more energetic states still show a threshold value
within the typical electron energy range of the simulations, these collisions are not
included. The possibility of positive water ion clustering is included in the reaction set.
Negative ion clustering is not included in the model [30].
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