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We have performed numerical simulations of reaction kinetics and flow dynamics of an atmospheric-
pressure plasma jet (APPJ) of a gas mixture of 99.9% N, and 0.1% O, in a two-dimensional flow channel
with a height of 5 mm and investigated the effects of a sliding substrate and the substitution of the ambi-
ent gas. The sliding substrate in the flow channel produces the gas-drag effect, which results in not only
the bending of the APPJ trajectory but also significant loss of atomic oxygen when the ambient gas is air.
The flux of atomic oxygen integrated on the substrate is reduced to 19% of that integrated on the fixed
substrate. We discuss the mechanisms of the reduction in the atomic oxygen flux through the analysis of
spatial distributions of atomic oxygen loss reactions and show that the reduction in the atomic oxygen flux
can be suppressed by substituting the ambient gas (air) with N».

1. Introduction
Atmospheric-pressure plasma jets (APPJs) have been widely used in various surface treat-
ment processes such as for wettability improvenieatihesion improveme#t,cleaning?
and photoresist ashirfi? Numerical simulations of APPJ processes have been extensively
performed and have revealed the discharge physics, chemical reactions, and gas-flow dynam-
ics involved in the APPJ processe® Most of the simulation models, however, are based on
a laboratory-scale APPJ process, in which an APPJfissed from a cylindrical discharge
tube with a diameter of approximately 5 mm, and the substrate being subjected to the APPJ
does not move.

On the other hand, an industrial-scale surface treatment is often performed in a roll-to-roll
process? in which a sheet-type APPJ is irradiated on a sliding substrate. In such a process,
we must pay attention to the fact that a sliding substrate drags gaseous species in contact with
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Fig. 1.  (Color online) Schematic illustration of the geometrical model used for the numerical simulation in
this work.

its surface. The gas-dragfect carries gaseous species away from the APPJ-irradiated area
and replaces them with ambient gases, which may alter the gas-phase or surface chemistry
from those of a fixed substrate. The gas-drigat, however, has never been taken into ac-
count in numerical simulations of APPJs, to the best of our knowledge. Thus, we performed
numerical simulations of an APPJ in contact with a sliding substrate. Since APPJs can be
applied to the treatments of liquids!? the model proposed in this work may also be used

for understanding the APPJ treatment of a flowing liquid medium.

2. Model description

2.1 Geometrical model and condition

The geometrical model used in our simulation consists of a two-dimensional (2D) flow chan-
nel equipped with a dielectric barrier discharge (DBD) system, as shown in Fig. 1. The gap of
the flow channel is 5 mm. The bottom boundary of the flow channel is treated as a substrate
sliding toward the right-hand side at a velocity of 1 or @spand is used for comparison.

The sliding velocity of 1 /s was chosen on the basis of practical surface treatments using
an atmospheric-pressure plastiaAn APPJ is injected from the DBD region located at the
center of the top boundary of the flow channel. The DBD region consists of a gas gap with
a width of 1 mm, sandwiched by two dielectrics made of@&l with a thickness of 2 mm

and a relative permittivity of . The two metal electrodes in the DBD region are assumed
to be perfect conductors with a thickness of 1 mm. The height of the DBD region is 50 mm.
Although the DBD region in our simulation is treated as a 2D geometry, we have assumed a
virtual depth of 500 mm in the DBD region, because some volume of the DBD region is nec-
essary for calculating the mean residence time of gaseous species passing through the DBD

region.

2/18



Jpn. J. Appl. Phys. REGULAR PAPER

The discharge gas is a mixture of 0.1% &nhd 99.9% N, and is fed into the top gas gap
of the DBD system. This relatively high dilution of the source gas withd\used to obtain
a higher number density of atomic oxyg®he gas temperature in the whole geometry is
assumed to be 400 K because the temperature of the gadiimgdefrom the nozzle was
approximately 400 K in the actual system corresponding to Fig. 1. The flow rate of the gas
mixture is 300 I/min at this temperature, and results in a flow velocity of 1/8.nMhe mean
residence time of the gaseous species in the DBD region is 5 ms. The ambient gas in this
work is air (80% N and 20% Q) or 100% N, which is used for comparison. The voltage
applied to the metal electrode on the left-hand side is giveXigemn (2 ft), wheret is time,
the amplitudeV, is 3 kV, and the frequency is 50 kHz. The period of one cycle is 26.
The metal electrode on the right-hand side is grounded.

2.2 Simulation modules
We employed three modules for simulation in this work. The first module is for one-
dimensional (1D) simulation in the DBD region. This module deals with 1D horizontal phe-
nomena between two dielectric electrodes, which involve the electron impact reactions listed
in Table I. This module is referred to as module 1 hereafter. Under the initial condition of
module 1, the space charge density and the potential are assumed to be zero. This causes
transient and asymmetric spatial profiles in the phenomena to occur in the first few cycles
until the calculated results reach their periodic steady states.

Output data from module 1 are spatial profiles of electron-collision reaction frequencies in
the DBD region, which are used in module 2 described below. Reaction frequency is defined
by the reaction rate divided by the number density of a parent molecule. For example, the

reaction frequency for E8 is given by

1do] 1
2 dt o) (1)

where [O] and [@] are the number densities of atomic and molecular oxygen. The fator 1

is multiplied because reaction E8 produces two oxygen atoms at the same time. The frequen-
cies of all the electron-collision reactions are obtained by solving rate equations for the reac-
tions listed in Table | together with Poisson’s equation and drifiudion equations. Electron
impact reaction rates are calculated by Boltzmann anafysising electron-collision cross-
sectional data for Nand Q together with the electric field obtained by solving Poisson’s
equation. Since the time scale of 26 for the DBD is 3250 of the mean residence time of

5 ms, we have neglected the gas-flow dynamics and secondary reactions of neutral species
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Table |.

Electron impact reactions considered for the DBD region. The species in their specific energy states

are abbreviated as © OCP), N= N(*S), No(A) = N»(A3%), Ox(a) = O,(atA), and Q(b) = Ox(b'E).

No. Reactants Products Process Refs.
El e+ N> — e+N> Momentum transfer 13,14
E2 e+N, - e+e+Nj lonization 13,14
E3 e+ N, — e+N+N Dissociation 14,15
E4 e+N, — e+N; Vibrational excitation Ae = 0.291eV) 13,14
E5 e+N; — e+ NyA) Electronic excitationfe = 6.17 eV) 13,14
E6 e+0O, - e+0, Momentum transfer 16,17
E7 e+0O, - e+e+0j lonization 16,17
E8 e+ O, - e+0+0 Dissociation through excitation to3E(J 16,17
E9 e+0O; — e+ O('D)+ O Dissociation through excitation te°’8; 16,17
E10 e+ O, - e+ 0y(a) Electronic excitation 16,17
E1l e+ 0O, — e+ 0Oy(b) Electronic excitation 16,17
E12 e+0O, - 05 Attachment 17
E13 e+ O, - 0+0- Dissociative attachment 17

in module 1. The time divisiort for module 1 is 5 ns. The number of spatial divisions is
201, where the width of a division near the surface is much smaller than that at the center.
The minimum width of the spatial division on the surface jg2 and the maximum width of
the spatial division at the center is Lfh. Spatial profiles of electron-collision reaction rates
reach their periodic steady states after calculating for 3 or 4 cycles of the DBD, as described
below, the actual time for which is 60 or $8.

Note that module 1 is constructed under several assumptions. Regardid)y @¢ have
assumed that it is immediately converted to ground-state atomic oxygen through the following
reactionst®

O(*D)+ 0, » O+ O,, (4x 10 cm’/s), (2)

O(*D) + N, —» O+ Nj, (3x 10 cm/s), (3)

because of high collision frequency at atmospheric pressure.

Regarding the spatial profile of the discharge between the electrodes, the actual DBD in-
cludes spatially inhomogeneous filamentary discharge. Our present model, however, assumes
spatially uniform discharge between the electrodes because the simulation of 2D or 3D fil-
amentary discharges requires a very long computation¥im€.In the case of filamentary
discharges, electron collision dissociation of molecules occurs only at the positions where
filamentary discharge occurs. In other positions, the source gas passes through without being
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affected by electron collisions. Because of this assumption, our model may overestimate the
number density of radicals generated in the DBD region. However, since the purpose of this
study is not the exact prediction of radical density, we have assumed a uniform discharge
between the electrodes.

The number densities of the parent moleculgsaNd Q are assumed to be independent
of the vertical position in the DBD region. Since the parent molecules dissociate as they
pass between the electrodes, one might have concerns about the reduction in the number
densities of the parent molecules. However, under the present discharge condition, the degree
of dissociation of the parent molecules is very small, as shown by the results for module
2 described below. This means that we can assume that the number densities of the parent
molecules are constant in the entire DBD region.

Although the number densities of the parent molecules are almost constant, additional
neutral species such ag,NO, NGO,, and NO will be generated by secondary reactions
as the parent molecules pass through the DBD region. Since the initial electron energy dis-
tribution function (EEDF) in the DBD region is governed by the 99.9%aNd 0.1% G,
these additional species may modify the EEDF from that under the initial condition, and con-
sequently alter the chemistry downstream of the DBD redfoit) However, as described
below, the number densities of the additional neutral species are much lower than those of the
parent molecules Nand Q. Under such a condition, we can neglect tiffeet of additional
species on the EED#) Thus, we have assumed that EEDF in the DBD region is governed
only by the parent molecules;nd Q.

Regarding the spatial velocity profile in the DBD region, it is assumed to be laminar.
The Reynolds numbeR@ under the present condition is 383, which is calculated using the
following equatior?®

. pQ
Re= (Wo + ho) “

wherep is the fluid densityQ (= 300 L/min = 0.005 n¥/s) is the volumetric flow ratewy
(= 500 mm) is the width of the DBD regioihg (= 1 mm) is the gap of the DBD region, and
n is the absolute viscosity of the fluid. Since 99% of the fluid in the DBD regionjsaé
can use = 0.853 kgm?® andn = 22.25uPas for N, at the operation temperature of 40GK.
The resultingRreof 383 is below the critical value of 1,400 to maintain laminar flow in a flow
system, which allows us to treat the flow in the DBD region as laminar.
The second module, which is hereafter referred to as module 2, is also for 1D simulation
in the DBD region. However, it solves only rate equations for neutral species to deal with
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phenomena on longer time scales than that of module 1. Ten seconds has been chosen as the
maximum time for module 2 to reach the steady-state concentration of gas-phase species.
Since 10 s corresponds to 50,000 cycles in module 1, the calculation will not finish within

a reasonable time if we apply module 1 for this time scale. Thus, we have employed the
simplified module 2. The time divisiont in module 2 is variable and is given it = 10¢ s,

wherek is increased from-9 to 1 in steps of @1. The number of spatial divisions is 101,

where the width of a division near the surface is much smaller than that at the center. The
minimum width of the spatial division on the surface iam and the maximum width of the

spatial division at the center is 20n.

The reactions involved in module 2 are those listed in Table Il and the electron-collision
reactions involving the production of neutral species, which are E3, E5, E8, E9, E10, E11, and
E13 in Table I. Although the plasma chemistry in the gas mixture,adidl Q is constructed
of hundreds of reactions involving neutral specdi®sye have considered the reactions up to
the formation of NOs in accordance with the compilation by Becker et®lThe rates of the
latter electron-collision reactions are given as averages of their reaction rates over one cycle
in the periodic steady-state results of module 1, because the slow phenomena solved with
module 2 are fliected by only the time-averaged results of the fast phenomena dealt with
using module 1.

As described below, the number densities of charged species reach their periodic steady
states after the calculation of 4 cycles, namely, afteu80in module 1. Thus, we have
assumed that the number densities of charged species do not change over the longer pe-
riod, namely, on the time scale of module 2. However, there must be charge exchange and
neutralization reactions between charged species, which may alter the chemistry of neutral
specieg!?443)This fect is not considered in the present model because we have focused on
the kinetics of the species aftefesion from the jet nozzle. We will prepare a model involv-
ing the charge exchange and neutralization reactions in the future, the results of which will
be compared with those obtained in this work.

Gas-flow dynamics are no longer neglected because of the longer time scale in module 2.
However, horizontal 1D simulation cannot deal with vertical gas-flow dynamics of inflow and
outflow. In module 2, the inflow and outflow are virtually included as the generation and loss
terms, respectively, in the rate equation for each species. The generation term is calculated

with
_ I:)Gasfi Qin ) ( 1 ) 5
B ( I:\)GasTGas VDBD ’ ( )

dN
dt

gen
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Table II.
A(Tas/300) exp(Ea/(Rsasl cag) Unless otherwise noted. The unit for spontaneous deexcitation reactions is
1/s. The species in their specific energy states are abbreviatee- &), N= N(*S), No(A) = N,(A3Y),

O,(a) = Ox(a'A), and GQ(b) = O,(b'X).

Secondary reactions considered for the DBD region. Ratficiemts are calculated by

No. Reactants Products A (cm?/s) n Es (kYmol) Refs.
R1  Ny(A) + O, - N,+0+0 150x 10 0 0 28,29
R2  Ny(A) + O, - N2+0» 810x10* 0 0 28,30
R3 0O+0,+M - O3+ M 6.01x103 -2.8 0 31
R4 N+O, - NO+O 150x10% 0 29.93 32
R5 O+0+M - O+ M 521x10°% 0 -7.48 33
R6 N+N+M - Ny+M 1.38x10% 0 -4.18 34
R7 N+O+M - NO+M 546x10°% 0 -1.29 35
R8 N+ NO - N,+O 290x 101 0 0 36,37
R9 N+Os - NO+ 0, 201x10% 0 0 36,37
R10 O+NO+M - NO,+M 1.00x 1073 -1.6 0 31
R11 O+ O - 0,+0, 800x101? 0 0 38
R12 & +NO - NO,+0O, 140x10%2 0 10.89 38
R13 O+ NO, - NO+0,+0, 1.00x10%® 0 0 39
R14 &+ NO» - NO3;+ 0O, 140x10%2 0 20.54 38
R15 NO+ NO3 —  NO, + NO, 1.80x10% 0 -0.91 38
R16 NGO +N - Ny+0O» 700x102 0 0 40
R17 NG +N - N,+0+0 9.10x101 0 0 40
R18 NGO +N - N;O+O 580x101? 0 -1.83 36,37
R19 NG +N — NO+NO 6.00x102 0 0 40,41
R20 NGO +NO+M — NyO4+ M 1.40x 103 -3.8 0 38
R21 NG +NOz3+M — N;Os5+M 281x103%° -35 0 31
R22 NGO +O - NO+0, 550x 1012 0 -1.560 38
R23 NGO +0+M — NO3;+M 9.02x10% -2 0 31
R24 NG +O - NO,+0O, 1.70x10% 0 0 38
R25 NO; + NOs — NO,+NO,+0, 850x10% 0 20.37 36
R26 NGO+ NO —  NO, +NO; 180x10% 0 -0.91 38
R27 NOs+ M — NO3;+NO,+M 1.00x10°% -35 91.46 31
R28 O+ Oy(a) - 0,+0,+0 520x10 0 23.621 19,42
R29 O+ Oy(b) — 0Oy@)+0,(a)+ O 180x101 0 0 19,43
R30 O + Oy(b) - 0,+0,+0 7.33x 10 05 0 44,45
R31 O+ Oy(b) — 03+ 0sa) 7.33x10%2 0.5 0 44,45
R32 O+ Oy(b) - 03+0; 7.33x 10 05 0 44,45
R33 O(a)+ O - 0,+0; 220x10*® 0.8 0 19,43
R34 O(a)+ N, - 0,+Ny 1.40x10* 0 0 19,37
R35 O(a)+ O, - 0340 296x102t 0 0 44
R36 O(a)+N - O+NO 200x10% 0 4.989 19,43
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No. Reactants Products A (cmi/s) n E;(kJmol) Refs.
R37 OQ@+0 — 0,+0 7.00x 10716 0 0 19,43
R38 O(@)+NO — O+NO, 488x 10718 0 0 19,42
R39 Q(@+NO — 0,+NO 250x 10711 0 0 19,43
R40 O(a) - O 270x10%(Iys) O 0 44,46
R4l O0O)+0, — 0,+0; 400x 10718 0.5 0 44,45
R42 OQ0)+N, — Oy(a)+N, 490x101 0 2.104 19,43
R43 Ob)+0, — Oy(a)+0, 360x107 0.5 0 44,45
R44 Q0)+0 — 0,+0 8.00x 10714 0 0 19,43
R45 O()+NO — Oy(a)+NO 400x10 0 0 19,43
R46  Oy(b) - 0O 830x102(1/s) O 0 44,47

whereN; is the number density of thieth speciesPgasis the gas pressur€), is the total
flow rate of a source gaRg4sis the gas constanis,sis the gas temperature, aWggp is the
volume of the DBD regionf; is the molar fraction of théth species in the source gas. The

loss term is calculated with

NN 6)

dt loss B T

wherer is the mean residence time of 5 ms in the DBD region.

The third module, which is hereafter referred to as module 3, is for 2D simulation in
the flow channel. Module 3 solves 2D rate equations together with Navier-Stokes equations,
including that of the gas-dradfect caused by the sliding substrate on the bottom of the flow
channel. The time divisioat in module 3 is variable and given byt = 10¢ s, wherek is
varied from-10 to 2 in steps of @06. Since we have employed a finite element method, the
2D space is divided by triangular meshes with 20,543 elements. The size of the meshes has
been chosen to be much smaller near the nozzle and surface. The minimum length of the side
of a mesh is 10 nm.

The gaseous fluid is assumed to be viscous because of a low Knudsen number for our
geometry in atmospheric pressure. Module 3 does not include electron impact reactions but
calculates only the reactions listed in Table Il. The velocity of gaseous species in contact
with the sliding substrate is assumed to be identical to the velocity of the substrate, which
is called thenonslipcondition in fluid dynamic$? The influx of each species fed from the
DBD region is given by the product of its flow velocity of 10'srand its number density is
taken from the steady-state results of module 2.
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Fig. 2. (Color online) (a) Time-averaged spatial profiles of the reaction frequency of the electron impact
ionization of @G (R7: e+ O; — e+ e+ O3). (b) Time-averaged spatial profiles of the reaction frequency of the
electron impact dissociation of;@R8: e+ O, — e+ O + O). (c) Spatially averaged densities of charged

species obtained by discharge simulations performed for 12 cycles of the applied voltage. (d) Long-time-scale
evolution of the concentrations of neutral species in the DBD region.

3. Results and discussion

3.1 Simulation in the DBD region

Figures 2(a) and 2(b) are examples of the results calculated using module 1, which show the
spatial profiles of the frequencies of the electron-collision reactions E7 and ES8 to ionize and
dissociate @, respectively. Each profile is calculated by averaging the time evolution of the
reaction frequencies over one cycle. The profiles for the first and second cyclefemendi
from each other and show asymmetric spatial profiles even though these profiles are obtained
by averaging over one cycle. This is due to the fact that the very initial condition is assumed to
have no space charge or potential, while the later cycles are calculated from the data obtained
at the end of the previous cycle. The profiles of the third cycle and later, on the other hand, are
almost identical, which indicates that these reactions reach their periodic steady states after
three cycles of DBD. Although the time evolution of all the reaction-frequency profiles is not
shown, all the reactions in Table | reach their periodic steady states after three cycles. Such a
tendency is reflected in the time evolution of the charged-species number densities shown in
Fig. 2(c).

Figure 2(d) shows the results obtained using module 2, in which the number densities of
all the species, except for the parent moleculeai Q, gradually increase and reach their
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Fig. 3. (Color online) Spatial profiles of the number density of atomic oxygen in the flow channel (a) on the
fixed substrate and (b) on the sliding substrate, and those of the number density of atomic nitrogen (c) on the
fixed substrate and (d) on the sliding substrate. The ambient gas is air for all cases. The height and length of the
flow channel are 5 and 40 mm, respectively.

steady states at approximately 5 ms. The number densities at 5 ms, which corresponds to the
mean residence time in the DBD region, are used to calculate influxes into the flow channel
from the DBD region in module 3. The number densities of the parent molecules do not show
marked reduction under this condition, which allows us to assume a uniform number density
of the parent molecules in the entire DBD region.

3.2 Reduction in the fluxes of atomic oxygen and nitrogen owing to the gas-drag effect

In this subsection, we discuss the results of 2D simulation in the flow channel irradiated with
the DBD-APPJ in terms of the gas-draffeet caused by the sliding substrate. Figures 3(a)
and 3(b) show spatial profiles of the number density of atomic oxygen on the fixed and sliding
substrates, respectively. Figures 3(c) and 3(d) show those of atomic nitrogen.

On the fixed substrate, atomic oxygen and nitrogen perpendicularly impinge on the sub-
strate surface and symmetrically spread to both the left- and right-hand sides. On the sliding
substrate, on the other hand, the spatial profiles of the number density of atomic oxygen and
nitrogen are asymmetric. This is due to the gas-didgce in which the sliding substrate
drags gaseous species in contact with it and alters their flow trajectories.

Although the flow trajectory of atomic oxygen appears similar to that of atomic nitro-
gen, atomic oxygen is lost at a higher rate than atomic nitrogen in the vicinity of the sliding
substrate. This tendency is clearly demonstrated by the characteristics of their fluxes on the
substrate, as shown in Figs. 4(a) and 4(b), in which the data, iamhbient are for com-
parison and will be discussed later. The flux for each species was calculated as the sum of
normal components of flusive and convective fluxes on the surface. Since tiigsive flux

is approximately 5 orders of magnitude greater than the convective flux, the flux is mostly
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Fig. 4. (Color online) Flux of (a) atomic oxygen and (b) atomic nitrogen on the fixed and sliding substrates
in ambient air and W Integrated flux of (c) atomic oxygen and (d) atomic nitrogen on the fixed and sliding

substrates in ambient air ang.N

governed by the dliusive flux. The flux of atomic oxygen on the fixed substrate shows the
highest value at the center where the APPJ is irradiated. On the sliding substrate, the peak po-
sition of the flux shifts to the right, and the absolute value of the peak flux is reduced to 13%
of that on the fixed substrate. A similar tendency is also seen in the flux of atomic nitrogen.
However, the peak flux of atomic nitrogen on the sliding substrate, which is approximately
31% of that on the fixed substrate, is larger than that of atomic oxygen. Since the fluxes
integrated over all horizontal positions also show the same tendency, fil@sedce is not
explained by the dierence in the broadening of the flux distribution but by thEedence in

the loss rates of atomic oxygen and nitrogen. To determine the reasons why atomic oxygen
shows a higher loss rate than atomic nitrogen, we have analyzed the spatial distributions of

reaction kinetics in the flow channel.

3.3 Mechanisms of reduction in the fluxes of atomic oxygen and nitrogen

Atomic oxygen is lost through reactions R3, R5, R7, R10, R11, R22, R23, R24, R37, and
R44 (Table II). Figure 5(a) shows the rates of these reactions at the center of the flow channel
on the fixed substrate. The major reactions that govern the total atomic oxygen loss rate are
R3, R7, and R11, among which, R3 shows the highest loss rate. Figure 5(b) shows the atomic
oxygen loss rates on the sliding substrate; the spatial profiles of the reaction rates significantly
differ from those in Fig. 5(a) for the fixed substrate. In addition, the absolute R3 rate markedly
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Fig. 5. (Color online) Spatial profiles of the atomic oxygen loss reaction rates on the vertical line at the
horizontal center of the flow channel (a) on the fixed and (b) the sliding substrates. (c) and (d) are those of the
atomic nitrogen loss reaction rates. The ambient gas is air for all cases.

increases from.5 x 10?2 m=2 s7! on the fixed substrate ta®x 10?3 m=3 s on the sliding
substrate. The markedftBrence in atomic oxygen loss rates is explained by the increase in
the rate of R3 owing to the gas-draffext upon externally supplyingO

In the case of the fixed substrate, the number density os@overned by the APPJ,
in which the Q concentration is only Q%. Since atomic oxygen is lost through R3, which
requires @, this situation resulted in the low atomic oxygen loss reaction rate. In the case of
the sliding substrate, on the other hand, ambient air is fed from the left-hand side of the flow
channel owing to the gas-draffect. Figures 6(a)—6(d) show the spatial distributions of N
and Q mole fractions in the flow channel on the sliding substrate, in which 2% @agged
into the flow channel and distributed on the left-hand side of the APPJ. This additignal O
contributes to R3 and increases the loss rate of atomic oxygen and causes the significant
loss of atomic oxygen on the sliding substrate. On the other hand, the spatial distributions
of N, and Q mole fractions are uniform on the fixed substrate, as shown in Figs. 6(e)—6(h),
because the entire flow channel including both the left- and right-hand sides is filled with the
gas mixture of 99% Bland 1% Q effused from the APPJ on the fixed substrate.

The loss reactions for atomic nitrogen are R4, R6, R7, R8, R9, R16, R17, R18, R19, and
R36 in Table Il. Figure 5(c) shows the rates of these reactions at the center of the flow channel
on the fixed substrate. The major reactions that govern the total atomic nitrogen loss rate are
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(a) N2/ Ambient = Air

Min =0.75, Max = 0.85

Min =0, Max = 0.2 (b) 02/ Ambient = Air

on the sliding substrate

Max Min = 0.75, Max = 0.85 (c)N2/Ambient= N2

Min =0, Max = 0.2 (d) 02/ Ambient = N2

on the sliding substrate

Mole fraction

Min =0.75, Max = 0.85 (SN2 mbientadiy

Min =0, Max=0.2 (f) 02/ Ambient = Air

Min

on the fixed substrate

Min =0.75, Max = 0.85 (9) N2/ Ambient = N2

Min =0, Max=0.2 (h) 02/ Ambient = N2

on the fixed substrate

Fig. 6. (Color online) Spatial distributions of (a),Nind (b) Q in air ambient on the sliding substrate, and
(c) N2 and (d) Q in N, ambient on the sliding substrate. Spatial distributions of (ead (f) G, in air
ambient on the fixed substrate, and (g)ahd (h) Q in N, ambient on the fixed substrate.

R4, R6, R7, and R8. In the case of the fixed substrate, R6 indicates the highest loss rate, as
shown in Fig. 5(c). In the case of the sliding substrate, as shown in Fig. 5(d), the dominant
atomic nitrogen loss reactions rapidly turn into R4 and R8 near the surface. However, the
absolute loss rates of atomic nitrogen on the sliding substrate remain on the same order of
magnitude as those on the fixed substrate.

As discussed above, the sliding substrate hereint éfects on the loss mechanisms of
atomic oxygen and nitrogen. This tendency is also observed in the 2D spatial distributions of
R3, R4, and R6 shown in Fig. 7. In the case of the fixed substrate, the loss rates have laterally
symmetric profiles for both atomic oxygen and nitrogen. In the case of the sliding substrate,
the spatial profiles of the loss rates were markedly altered by the gasitieg b addition,
since the APPJ in the flow channel is exposed to the draggemb@ing from the left-hand
side, the rates of R3 and R4 are increased in the left-hand side of the APPJ. As discussed
previously, the absolute loss rate of atomic oxygen increases by one order of magnitude upon
sliding the substrate, while that of atomic nitrogen remains on the same order of magnitude.
It should also be noted that the double-peak profiles in the loss rates shown in Figs. 5(b) and
5(d) appear as a consequence of slicing the 2D loss rate profiles bent by the gaedtag e
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Fig. 7. (Color online) 2D spatial profiles of the reaction rates in the flow channel on the fixed and sliding
substrates, where (a) and (b), (¢) and (d), and (e) and (f) are those of R3, R4, and R6, respectively. The ambient
gas is air for all cases. The height and length of the flow channel are 5 and 40 mm, respectively.

3.4 Effects of substituting ambient gas with N,

According to the discussion in the previous subsection, reduction in the flux of atomic oxygen
is caused by an excess supply of, e source of which is the ambient air dragged by the
sliding substrate. Thus, the loss of atomic oxygen is expected to be suppressed by removing
O, in ambient air, that is, by changing the ambient gas from air 0A¢ a result, it is
expected that the flux of atomic oxygen will increase, even on the sliding substrate.

As shown in Figs. 6(d) and 6(h), the mole fraction ofi®negligible in the cases of both
a fixed and a sliding substrate if we change the ambient gas.t&ifjures 8(a)-8(c) show
2D spatial profiles of R3, R4, and R6 respectively on the sliding substrate amibient.
Comparing Figs. 8(a) and 7(b), we can recognize that the atomic oxygen loss ratgs in N
ambient are reduced by one order of magnitude from those in air ambient. From Figs. 8(b)
and 7(d), we can recognize also that the atomic nitrogen loss ratesambient are reduced
by one order of magnitude compared with those in air ambient.

The flux and the integrated flux of atomic oxygen on the sliding substratg antbient
are shown in Figs. 4(a) and 4(c), respectively. The peak flux was increased from 13 to 34% of
that on the fixed substrate by changing the ambient gas from ap.tdH\s increase appears
to be small. However, it should be noted that the result of surface treatment for a sliding
substrate is the sum of thdéfects at all positions in the horizontal channel. Thus, we have
compared the integrated fluxes in Fig. 4(c), in which the integrated flux increases from 19 to
73% of that on the fixed substrate.

The increase of the peak flux of atomic nitrogen shown in Fig. 4(b) is only from 30 to
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Fig. 8. (Color online) 2D spatial profiles of the rates of (a) R3, (b) R4, and (c) R6 on the sliding substrates
in N, ambient. The height and length of the flow channel are 5 and 40 mm, respectively.

38%. The integrated flux shows a similar tendency in Fig. 4(d). Although it reaches 86% of
the flux on the fixed substrate, thffexts of changing the ambient gas from air tpa¥e not

as marked on atomic nitrogen as of those on atomic oxygen. This is due to the fact that atomic
nitrogen loss rates are not a$exted by externally supplied,@s atomic oxygen loss rates,
which has already been discussed above.

4. Conclusions

We performed numerical simulations of the reaction kinetics and flow dynamics of the APPJ
of a N,/O, gas mixture in a 2D flow channel with a height of 5 mm and investigatedibets

of a sliding substrate and changing the ambient gas. The sliding substrate in the flow channel
causes the gas-dradfect. The gas-dragfiect not only alters the APPJ trajectory but also
causes a significant loss of atomic oxygen in air ambient. The atomic oxygen flux integrated
on the substrate is reduced to 19% of that on the fixed substrate owing to the increase in the
atomic oxygen loss reaction rates, which is caused by the external supplyiofa®. In
contrast, the reduction in the atomic nitrogen flux is not as severe as that of atomic oxygen
because @contributes less to the loss mechanism of atomic nitrogen. The unfavorable gas-
drag dfects can be suppressed by changing the ambient gas from airtoélintegrated flux

of atomic oxygen on the sliding substrate was increased to 73% of that on the fixed substrate.
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