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A numerical study of the effect of water content on OH production in a pulsed-dc atmospheric pressure helium—air
plasma jet is presented. The generation and loss mechanisms of the OH radicals in a positive half-cycle of the applied
voltage are studied and discussed. It is found that the peak OH density increases with water content in air (varying from
0% to 1%) and reaches 6.3x10'® m~3 when the water content is 1%. Besides, as the water content increases from 0.01%
to 1%, the space-averaged reaction rate of three-body recombination increases dramatically and is comparable to those of

main OH generation reactions.
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1. Introduction

In the last two decades, atmospheric pressure plasma jets
(APPJs) have received a lot of attention and shown consid-
erable promise in a wide range of practical applications, in-
cluding biomedical, environmental, and materials processing
applications.'~#! These plasmas can be driven by nanosecond
dc voltage pulses with kilohertz repetition frequencies as well
as with sine-wave excitations in the kilohertz-to-megahertz
range. One important advantage of the nanosecond pulsed dis-
charges over sine-wave excitation is the ability to generate a
large number of high energy electrons during the breakdown
process.>®! Studies have found that OH radicals generated by
pulsed-dc APPJs play a very important role in the above listed
applications.

The influence of water admixture on the plasma dis-
charges has already been studied by laser-induced fluores-
cence (LIF) measurement and computational modeling in the
past.7-131 Li et al.!”] investigated the effect of water vapor
addition (varying from 0% to 1%) on OH generation in the
Ar-H;0O admixture atmospheric RF plasma jet by spatially
resolved LIF. Liu ez al.!® studied the production mechanism
of OH radicals in a pulsed-dc APPJs by two-dimensional and
one-dimensional discharge model. Ono et al.!>!% studied the
dynamics of OH radicals in pulsed corona plasma discharge
in a humid-air environment. Pei et al.l'"'?! proposed an OH

density model, which included the main generation processes
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of OH and gas flow effect. Verreycken et al.l'®! studied the
production of OH in a pin—pin nanosecond pulsed filamentary
discharge and also gave the absolute OH density. However,
most of these results have aimed at time-averaged OH density.
On the other hand, the OH generation process in a single pulse
cycle, especially during the rising breakdown process, is very
important to understand the OH generation mechanism.

In this paper, we have developed a multi-species, self-
consistent, two-dimensional axisymmetric plasma model to
analyze the effect of water content on OH production in a
pulsed-dc atmospheric plasma discharge. Besides, air is taken
to mean a mixture of nitrogen, oxygen, and water. Several
important results are obtained and briefly summarized in this
paper.
do not appear to play a significant role in establishing the

Penning ionization and charge exchange ionization

hollow-shaped ionization of a streamer. The peak OH den-
sity increases almost linearly with water contents ranging from
0.01% to 1% and reaches 6.3x10'® m~3 when the water con-
tent is 1%. In addition, the generation and loss mechanisms of
the OH radicals are also studied and discussed.

2. Model description

Our model consists of a coupled set of models: a neu-
tral gas fluid model and a plasma dynamics model in two-
dimensional axisymmetric cylindrical coordinates. In detail,

steady state equations are solved for neutral gas flow, whereas
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we solve time-dependent equations for plasma discharge dy-
namics. The schematic of the plasma jet and the simulation
domain is shown in Fig. 1(a). More information about the
governing equations and the boundary conditions for the neu-
tral gas fluid and the plasma dynamic models can be found
in Refs. [14] and [15] and references therein. The simulation
domain extends to a radial distance of 2.3 mm from the sym-
metry axis. A needle tip is a semi-sphere with a radius of
0.2 mm (identified by the points AB in Fig. 1(a)). The total
length of needle is 3 mm. The needle is concentric with an
insulator, which has an inner radius of 1.2 mm. The dielectric
constant of insulator is 5&y(gp is vacuum permittivity). The
edges of the dielectric tube (point E) are rounded with a cur-
vature radius of 50 um. The needle tip is flush with the end
of the tube. The gap distance between the needle tip and the
dielectric surface is 3 mm. The thickness of the quartz plate
(GHDJ) is 0.5 mm with relative permittivity 5 unless otherwise
stated. The electrical potential is zero at the back side of the
quartz plate (IJ), where a grounded metal plate is assumed to
be attached. A single positive pulsed-dc voltage is applied
to the needle tip (shown in Fig. 2). Besides, an external RC
(R =2kQ, C =1 pF) circuit is assumed to be added to the
plasma discharge, which is used to prevent the discharge from
arcing. The working gas is pure helium flowing into the do-
main from the boundary between needle and the insulator tube
(CD). Figure 1(b) shows the result of flow field at 1.0 standard

liter per minute (SLM). As can be seen, the air mole fraction of
symmetry axis
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air increases in the radial direction. Besides, the mole fractions
of O, and N, have the same distribution as H,O. As mentioned
in subsequent text, the H,O content in air is considered to be
0.01%, 0.1%, and 1%. Accordingly, the peak values of N,
and O, are (0.7888, 0.2111), (0.788, 0.211), and (0.78, 0.21),
respectively.

The plasma chemistry considered in this model consists
of 21 different species (e, He, He ™, Hezr ,He*, He3, Oz, O2(V),
02(R), 05, O3, 03, O, O, Na, N7, No(V), H,0, H, OH,
H,0") and 72 elementary reactions shown in Table 1. The
helium and helium—air chemistry reaction sub-mechanisms
are taken from Refs. [16]-[18] and the air chemistry sub-
mechanisms are taken from Refs. [8], [16], and [19]. Besides,
the electron impact reaction rate coefficients for excitation and
ionization as well as momentum transfer are obtained using
the Boltzmann solver and fitted to analytic functions of the

(201 Penning ionization of O, Nj, and

mean electron energy.
H,0 by helium metastables and charge transfer reaction are
also taken into account.

All the governing equations above are solved by COM-
SOL with the finite element method. First, we solve fluid
equations in order to obtain steady state fluid flow field of the
neutral gas. Then the flow field results are coupled to the time-
dependent solver, which is applied to solve the plasma dy-
namic equations. The complete mesh consists of 278118 cells,

and the total number of degrees of freedom is about 2697479.
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Fig. 1. (color online) (a) Side view schematics of the plasma jet and the simulation domain, (b) the air mole fraction at 1.0 SLM.
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Table 1. Helium—air chemistry reactions used in this model.

helium—air chemistry (molecules-meters-electron volt)

Rxn Reaction A B C Activation energy Reference
Helium chemistry
R1 e +He — e+ He BOLSIG+ 0 [20]
R2 e + He — e + He* BOLSIG+ 19.8 [20]
R3 e +He — 2e + He't BOLSIG+ 24.6 [20]
R4 e+ He* — 2e + He™ 4.661x10710 0.6 4.78 4.78 [16]
RS e+ Hej — 2e + HeJ 1.268x10718 0.71 34 34 [16]
R6 2He* — e + Het + He 4.5%10710 0 0 -15.0 [16]
R7 e + 2He' — He + He* 5.386x 10713 0.5 0 0 [16]
RS He* + 2He — He + He} 1.3x107% 0 0 0 [16]
R9 He* + 2He — He + He; 1.0x10~4 0 0 0 [16]
RI10 e + Het —He* 6.76x1071° 0.5 0 0 [16]
RI11 e+He* —»e+He 2.0x10716 0 0 0 [16]
RI12 2e + Het — e + He* 6.186x107% 4.4 0 0 [16]
RI3 e + Het + He — He + He* 6.66x 104 2 0 0 [16]
R14 2e+ Hey — e + He} 2.8x107% 0 0 0 [16]
R15 e + Hej + He — 2He + He* 3.5x107% 0 0 0 [16]
R16 e+ Hej + He — He + He} 1.5x107% 0 0 0 [16]
R17 2e + Hej — e + He* + He 2.8x10732 0 0 0 [16]
air chemistry
RIS e+ 0, — e+ 0, (VIB3v]) BOLSIG+ 0.579 [20]
R19 e+0y = e+ 0y (VIB4v1) BOLSIG+ 0.772 [20]
R20 e+0; = e+0;(Al) BOLSIG+ 0.977 [20]
R21 e+ 0y (A= e+0, BOLSIG+ -0.977 [20]
R22 e+0, e+ 0, (Bl) BOLSIG+ 1.627 [20]
R23 e+0, B)—e+0, BOLSIG+ -1.627 [20]
R24 e+ 0, — e+ 0, (EXC) BOLSIG+ 45 [20]
R25 e+ 0, (EXC)— e + 0y BOLSIG+ 4.5 [20]
R26 e+0, 5> 0+0" BOLSIG+ 3.6 [20]
R27 e+0; - e+20 BOLSIG+ 5.58 [20]
R28 e+0; 5 e+0+0(ID) BOLSIG+ 8.4 [20]
R29 e+0; 2 +0+2 BOLSIG+ 12.06 [20]
R30 e+Ny —e+N, BOLSIG+ 0 [20]
R31 e+ Ny — e+ N, (VIBvl) BOLSIG+ 0.2889 [20]
R32 e+ Ny — e+ N, (VIB3vl) BOLSIG+ 0.8559 [20]
R33 e+ Ny — e+ N, (VIB4vl) BOLSIG+ 1.134 [20]
R34 e+ Ny — e+ N, (VIB5v1) BOLSIG+ 1.4088 [20]
R35 e+Ny — e+ Ny (A) BOLSIG+ 6.17 [20]
R36 e+Ny = 2e+NJ BOLSIG+ 15.6 [20]
R37 e + H,0 — 2¢ + H,O* BOLSIG+ 13.5 [20]
R38 e +H,0 — e+ H+OH BOLSIG+ 0 [20]
R39 0~ +05 - 0+0; 3.464x10712 -0.5 0 0 [16]
R40 e+20; — 0, +0y 5.17x107% -1 0 0 [16]
R41 05 +0; — 20, 2x10713 0 0 0 [16]
R42 07 +0; +M - 20, +M 2x107%7 0 0 0 [16]
R43 0" +0 = Oyte 5x10713 0 0 0 [16]
R44 0~ +05 =30 1x10713 0 0 0 [16]
R45 2e+Nf = e+ N, 3.165x 10730 -0.8 0 0 [16]
R46 e+N2 +Nj — 2N, 4.184x10~% 2.5 0 0 [16]
R47 e+H,0" - H+OH 7.11x10710 0.5 0 0 [8]
R48 e+H,0t s H+O+H 3.1x10710 0.5 0 0 [8]
R49 O (1D) + H,0—OH + OH 2.2x10716 0 0 0 [8]
R50 OH +H+M—H,0+M 43%107%7 0 0 0 [8]
R51 OH + OH—H,0 + O 2.0x10718 0 0 0 [8]
R52 OH + O—H + 0, 3.32x10717 0 0 0 [8]
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Table 1. (Continued).

Rxn Reaction A B C Activation energy Reference
R53 O+H+M—OH+M 1.62x10~% 0 0 0 [8]
R54 0, +H-OH+ 0 3.55x10°28 0 0 0 [8]
R55 OH+M—H+0+M 4.15x107%8 0 0 0 [8]
R56 0 + H,0—OH + OH 2.34x10731 0 0 0 [8]
R57 0 + H—OH 1.0x107% 0 0 0 [19]
R58 Na(A) + H,O—OH + H+ N, 5.0x107%0 0 0 0 [19]
helium—air interactions
R59 0, +Hef — 2He + 0, 1.0x10713 0 0 0 [16]
R60 He* + 0, »He+Oj +e 2.6x10716 0 0 0 [16]
R61 Hej + 0, —2He + O3 +e 2.6x10716 0 0 0 [16]
R62 He* +N; —» He +NJ +e 7.0x10717 0 0 0 [16]
R63 Hej +N; — 2He + NJ +e 7.0x10717 0 0 0 [16]
R64 He' +N; — He + NJ 5.0x10716 0 0 0 [16]
R65 He; + N, — 2He + N3’ 5.0x10716 0 0 0 [16]
R66 He* + N + He— 2He + NJ +e 3.3x10742 0 0 0 [16]
R67 Hej + N, + He — 3He + NJ 1.36x 1041 0 0 0 [16]
R68 He' + N, + He — 2He + Nj 2.2x1074 0 0 0 [16]
R69 Ny +0; =N, +OF 1.04x10~1 0.5 0 0 [17]
R70 Het + H,0 — 2He + NJ 6.05x10~17 0 0 0 (18]
R71 He* + H;O— He + H,O" +e 6.6x10716 0 0 0 [18]
R72 Hej + H,O— 2He + HOT +e 6x10716 0 0 0 [18]

Note: (i) Species ‘M in reactions R42, R50, R53, and R55 represents third-body species (He, O, and Ny).

(ii) The tabulated reaction rates are given in the Arrhenius form.

(iii) Units: Two-body reaction rate coefficient (m3- s~1), three-body reaction rate coefficient (m®- s~!), electron temperature T, (eV), and gas (heavy particle)

temperature 7, (K).

3. Simulation results and discussion

The typical applied waveforms of a positive half-cycle
of the applied voltage and the obtained discharge current are
shown in Fig. 2. Note that H,O content in air is set to be 1%
in this section. As can be seen, there are two consecutive dis-
charge current pulses and their peak values reach 0.39 A and
0.36 A, at 27.5 ns and 29 ns, respectively. Streamer discharge
characteristic parameters (electron density, electron temper-
ature, electric field, and total ionization rate) at 27.5 ns are
shown in Fig. 3, respectively. As shown in Fig. 3(a), the dis-
charge region expands simultaneously toward radial and axial
directions, and represents the hollow profile. The peak elec-
tron temperature is mainly focused at the head of the streamer,
as shown in Fig. 3(b). As can be seen in Fig. 3(c), the larger
space charge at the streamer front creates an enhanced elec-
tric field, causing electron avalanches, and resulting in the
propagating ionization wave. Thus, the peak of electric field
and electron impact ionization rate locate at the head of the
streamer. The ionization rate shown in Fig. 3(d) indicates that
the plasma jet propagates in the bullet mode. Since the plasma
bullet runs out of the needle tip at 27.5 ns, the propagation
speed of the streamer is about 7.3x 10* m/s. Figure 4 shows

the space-averaged ionization rates of electron-impact ioniza-
tion of He neutral, Ny, O;, and H,O molecules, charge ex-
change and Penning ionization at 27.5 ns and 30 ns, respec-
tively. It demonstrates that the contribution of electron-impact
ionization of He and N to the production of positive ions is
higher than the sum of Penning and charge transfer ioniza-
tion. In other words, the streamer discharge is substantially
sustained by electron impact ionization, with Penning ioniza-

tion and charge transfer ionization reactions being not so cru-

cial.
6 ——1——1——7——7—— 0.08
- 0.06
> 4r i
< : <
o) --— 45
& F 4004 g
= =
S 2F O
- 0.02
0 1 1 1 1 0
0 10 20 30 40

Time/ns

Fig. 2. (color online) Applied half-period positive pulsed-dc voltage
waveform and the obtained discharge current.
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Fig. 3. (color online) Typical streamer characteristic parameters at 27.5 ns. (a) Electron density, (b) electron temperature, (c) electric
field, and (d) the total ionization rate (including ionizations of He, N», O,, and H,0).
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Fig. 4. (color online) Space-averaged ionization rate of helium (electron-impact ionization, R3-R5 in Table 1), O, (electron-impact
ionization R29, Penning ionization by He* and He; (R60 and R61)), N; (electron-impact ionization R36, Penning ionization by He*
and He} (R62 and R63), charge transfer reactions by He™ and H‘:z+ (R64, R66, R67, R68))), HoO (electron-impact ionization R37,
Penning ionization by He* and He; (R71 and R72), charge transfer reactions by He™ (R70)).
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Figures 5(a)-5(c) show the effect of H,O contents in
air 0.01%, 0.1%, and 1% on the OH density distribution,
respectively. As the H,O contents increase from 0.01% to
1%, it can be stated that the peak OH density increases lin-
early with the water contents and reaches 6.3x 10'® m~3 when
the water content is 1%, as shown in Fig. 5(d). Comparing
the OH density distributions for different water contents in
Fig. 5, it is found that the regions of peak OH densities re-
main almost the same, which can be attributed to the same
H,0 density distributions in air. It is worth noting that the
OH radicals also show the hollow profiles, which coincides
with the experimental results reported by Lu et al.!®!?! In our
work, we have the reason to believe that it is the hollow pro-
file of air deduced from the neutral gas flow field (shown in
Fig. 1(b)) that results in the ring-shaped OH density distribu-
tion. In order to find out the generation and loss mechanisms
of the OH radicals, figure 6 shows the space-averaged reac-
tion rates of OH production and loss reactions with the H,O
contents 0.01%, 0.1%, and 1% at 27.5 ns and 35 ns, respec-
tively. Obviously, electron-impact dissociation of HoO (R38,
e+H,0 = e +H+ OH), electron-H,O™ dissociation recom-
bination (R47, e + H,O™ = H+ OH), as well as dissociation
of H,0 by O (1D) (R49, O(1D) +H,0 = OH + OH) are the
main OH production reactions. Furthermore, during the pulse
rising breakdown period (t = 27.5 ns), the electron-impact dis-

1% H,0, OH/10'8 m~3

(a) . 7.0

:
= . 3.5
N
0 0
—2 -1 0 1 2
r/mm
0.01% H,O, OH/10'6 m—3
6 7.0
() |
4
g
g .3‘5
I\
0 0
-2 —1 0 1 2

r/mm

sociation rate of H>O is 1.6 and 10 times higher than electron—
H,O™ dissociation recombination rate (R47) and dissociation
of H,O by O (1D) (R49), as shown in Fig. 6(a). Therefore, the
contribution of dissociation of H,O by electron is the domi-
nant reaction to generate the OH radicals during the pulse ris-
ing process. However, as the voltage pulse reaches its peak and
keeps constant (t=35 ns), it is shown that the contribution of
dissociation of H>O by O (1D) gradually becomes the main re-
action to generate the OH radicals. The contributions of reac-
tions R53, R54, R56, R57, and R58 to the OH radical produc-
tion seem to be negligible. On the other hand, the three-body
recombination reaction (R50, H4+OH+M = M + H;0) is
the main loss mechanism. Besides, as the water content in
air increases from 0.01% to 1%, the space-averaged reaction
rate of three-body recombination increases dramatically and is
comparable to those of main OH generation reactions (shown
in Fig. 6). In other words, it indicates that a further increase in
water content will lead to a slow increase or even a decrease
in the OH density. The considerable difference between the
production and loss rates of OH radicals in Fig. 6 is responsi-
ble for the long lifetime of OH radicals. The space-averaged
reaction rates in Fig. 6(a) are generally one order of magni-
tude larger than those in Fig. 6(b), and about two orders of
magnitude greater than those in Fig. 6(c), which are in good

agreement with the results shown in Fig. 5(d).
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Fig. 5. (color online) OH radical density distributions at 35 ns and the H,O contents of (a) 1%, (b) 0.1%, (c) 0.01%, (d) the variation

of peak OH density with H,O contents.
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Fig. 6. (color online) Space-averaged reaction rates related to the OH
production and consumption loss with the H,O contents (a) 1%, (b)
0.1%, (c) 0.01% at 27.5 ns and 35 ns, respectively. Reactions R38-R58
are related to the OH radicals production while reactions RS0-R55 are
related to the OH loss.

4. Conclusions

The effect of water content on OH production in a pulsed-
dc atmospheric pressure plasma jet is reported. The OH rad-
ical distribution shows the hollow profile, and the density of
OH radicals increases linearly with water contents and reaches
6.3x10'"® m~3 when the water content is 1%. A further in-
crease in water content will lead to a slow increase or even a
decrease in the OH density. During the pulse rising breakdown
process, the electron-impact dissociation of H>O is found to
be the dominant reaction to produce OH radicals. However,
as the voltage pulse reaches its peak and keeps constant, it is
shown that the contribution of dissociation of H,O by O (1D)
gradually becomes the main reaction to generate the OH rad-
icals. The present simulations suggest that the three-body re-
combination reaction (H+ OH + M = M + H,0) is the main

loss mechanism for species OH.
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