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atmospheric-pressure plasma jet of a gas mixture of highly
N2-diluted O 2 on a sliding substrate

Tatsuru Shirafuji∗1,2 and Yasushi Sawada3
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2 Water Frontier Science and Technology Research Center (W-FST), Research Institute for Science and

Technology, Tokyo University of Science, Shinjuku, Tokyo 162-8601, Japan
3 Air Water R&D Co., Ltd., Sakai 592-8331, Japan

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% N2 and 0.1% O2 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 N2.

1. Introduction

Atmospheric-pressure plasma jets (APPJs) have been widely used in various surface treat-

ment processes such as for wettability improvement,1) adhesion improvement,2) cleaning,3)

and photoresist ashing.4,5) 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 processes.6–9) Most of the simulation models, however, are based on

a laboratory-scale APPJ process, in which an APPJ is effused 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,10) 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

∗E-mail: sirafuji@elec.eng.osaka-cu.ac.jp
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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-drag effect 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-drag effect, 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,11,12) 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 0 m/s, and is used for comparison.

The sliding velocity of 1 m/s was chosen on the basis of practical surface treatments using

an atmospheric-pressure plasma.10) An 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 Al2O3 with a thickness of 2 mm

and a relative permittivity of 9.5. 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.
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The discharge gas is a mixture of 0.1% O2 and 99.9% N2, and is fed into the top gas gap

of the DBD system. This relatively high dilution of the source gas with N2 is used to obtain

a higher number density of atomic oxygen.4) The gas temperature in the whole geometry is

assumed to be 400 K because the temperature of the gas that effused from the nozzle was

approximately 400 K in the actual system corresponding to Fig. 1. The flow rate of the gas

mixture is 300 L/min at this temperature, and results in a flow velocity of 10 m/s. The mean

residence time of the gaseous species in the DBD region is 5 ms. The ambient gas in this

work is air (80% N2 and 20% O2) or 100% N2, which is used for comparison. The voltage

applied to the metal electrode on the left-hand side is given byV0 sin(2π f t), wheret is time,

the amplitudeV0 is 3 kV, and the frequencyf is 50 kHz. The period of one cycle is 20µs.

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

1
2

d[O]
dt

1
[O2]
, (1)

where [O] and [O2] are the number densities of atomic and molecular oxygen. The factor 1/2

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 I together with Poisson’s equation and drift-diffusion equations. Electron

impact reaction rates are calculated by Boltzmann analysis18) using electron-collision cross-

sectional data for N2 and O2 together with the electric field obtained by solving Poisson’s

equation. Since the time scale of 20µs for the DBD is 1/250 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 I. Electron impact reactions considered for the DBD region. The species in their specific energy states

are abbreviated as O= O(3P), N= N(4S), N2(A) = N2(A3Σ), O2(a)= O2(a1∆), and O2(b) = O2(b1Σ).

No. Reactants Products Process Refs.

E1 e+ N2 → e+ N2 Momentum transfer 13,14

E2 e+ N2 → e+ e+ N+2 Ionization 13,14

E3 e+ N2 → e+ N + N Dissociation 14,15

E4 e+ N2 → e+ N2 Vibrational excitation (∆ε = 0.291 eV) 13,14

E5 e+ N2 → e+ N2(A) Electronic excitation (∆ε = 6.17 eV) 13,14

E6 e+ O2 → e+ O2 Momentum transfer 16,17

E7 e+ O2 → e+ e+ O+2 Ionization 16,17

E8 e+ O2 → e+ O + O Dissociation through excitation to A3Σ+u 16,17

E9 e+ O2 → e+ O(1D) + O Dissociation through excitation to B3Σ−u 16,17

E10 e+ O2 → e+ O2(a) Electronic excitation 16,17

E11 e+ O2 → e+ O2(b) Electronic excitation 16,17

E12 e+ O2 → O−2 Attachment 17

E13 e+ O2 → O + O− Dissociative attachment 17

in module 1. The time division∆t 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 is 2µm and the maximum width of

the spatial division at the center is 10µm. 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 80µs.

Note that module 1 is constructed under several assumptions. Regarding O(1D), we have

assumed that it is immediately converted to ground-state atomic oxygen through the following

reactions:19)

O(1D) +O2→ O+O2, (4× 10−11 cm3/s), (2)

O(1D) + N2→ O+ N2, (3× 10−11 cm3/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 time.20–22) 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 molecules N2 and O2 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 as O3, NO, NO2, and N2O 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% N2 and 0.1% O2,

these additional species may modify the EEDF from that under the initial condition, and con-

sequently alter the chemistry downstream of the DBD region.23–25) However, as described

below, the number densities of the additional neutral species are much lower than those of the

parent molecules N2 and O2. Under such a condition, we can neglect the effect of additional

species on the EEDF.21) Thus, we have assumed that EEDF in the DBD region is governed

only by the parent molecules N2 and O2.

Regarding the spatial velocity profile in the DBD region, it is assumed to be laminar.

The Reynolds number (Re) under the present condition is 383, which is calculated using the

following equation:26)

Re=
ρ Q

(w0 + h0) η
, (4)

whereρ is the fluid density,Q (= 300 L/min = 0.005 m3/s) is the volumetric flow rate,w0

(= 500 mm) is the width of the DBD region,h0 (= 1 mm) is the gap of the DBD region, and

η is the absolute viscosity of the fluid. Since 99% of the fluid in the DBD region is N2, we

can useρ = 0.853 kg/m3 andη = 22.25µPa·s for N2 at the operation temperature of 400 K.27)

The resultingReof 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 division∆t in module 2 is variable and is given by∆t = 10k s,

wherek is increased from−9 to 1 in steps of 0.01. 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 is 4µm and the maximum width of the

spatial division at the center is 20µm.

The reactions involved in module 2 are those listed in Table II 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 of N2 and O2 is constructed

of hundreds of reactions involving neutral species,19) we have considered the reactions up to

the formation of N2O5 in accordance with the compilation by Becker et al.48) The 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 affected 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, after 80µs, in 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

species.21,24,43)This effect is not considered in the present model because we have focused on

the kinetics of the species after effusion 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

dNi

dt

∣∣∣∣∣
gen
=

(
PGasfiQin

RGasTGas

) (
1

VDBD

)
, (5)
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Table II. Secondary reactions considered for the DBD region. Rate coefficients are calculated by

A(TGas/300)n exp(−Ea/(RGasTGas)) unless otherwise noted. The unit for spontaneous deexcitation reactions is

1/s. The species in their specific energy states are abbreviated as O= O(3P), N= N(4S), N2(A) = N2(A3Σ),

O2(a)= O2(a1∆), and O2(b) = O2(b1Σ).

No. Reactants Products A (cm3/s) n Ea (kJ/mol) Refs.

R1 N2(A) + O2 → N2 + O + O 1.50× 10−12 0 0 28,29

R2 N2(A) + O2 → N2 + O2 8.10× 10−13 0 0 28,30

R3 O+ O2 + M → O3 +M 6.01× 10−34 -2.8 0 31

R4 N+ O2 → NO + O 1.50× 10−11 0 29.93 32

R5 O+ O +M → O2 +M 5.21× 10−35 0 -7.48 33

R6 N+ N +M → N2 +M 1.38× 10−33 0 -4.18 34

R7 N+ O +M → NO +M 5.46× 10−33 0 -1.29 35

R8 N+ NO → N2 + O 2.90× 10−11 0 0 36,37

R9 N+ O3 → NO + O2 2.01× 10−16 0 0 36,37

R10 O+ NO +M → NO2 + M 1.00× 10−31 -1.6 0 31

R11 O+ O3 → O2 + O2 8.00× 10−12 0 0 38

R12 O3 + NO → NO2 + O2 1.40× 10−12 0 10.89 38

R13 O3 + NO2 → NO + O2 + O2 1.00× 10−18 0 0 39

R14 O3 + NO2 → NO3 + O2 1.40× 10−13 0 20.54 38

R15 NO+ NO3 → NO2 + NO2 1.80× 10−11 0 -0.91 38

R16 NO2 + N → N2 + O2 7.00× 10−13 0 0 40

R17 NO2 + N → N2 + O + O 9.10× 10−13 0 0 40

R18 NO2 + N → N2O + O 5.80× 10−12 0 -1.83 36,37

R19 NO2 + N → NO + NO 6.00× 10−13 0 0 40,41

R20 NO2 + NO2 + M → N2O4 +M 1.40× 10−33 -3.8 0 38

R21 NO2 + NO3 + M → N2O5 +M 2.81× 10−30 -3.5 0 31

R22 NO2 + O → NO + O2 5.50× 10−12 0 -1.560 38

R23 NO2 + O + M → NO3 + M 9.02× 10−32 -2 0 31

R24 NO3 + O → NO2 + O2 1.70× 10−11 0 0 38

R25 NO3 + NO3 → NO2 + NO2 + O2 8.50× 10−13 0 20.37 36

R26 NO3 + NO → NO2 + NO2 1.80× 10−11 0 -0.91 38

R27 N2O5 +M → NO3 + NO2 + M 1.00× 10−3 -3.5 91.46 31

R28 O3 + O2(a) → O2 + O2 + O 5.20× 10−11 0 23.621 19,42

R29 O3 + O2(b) → O2(a)+ O2(a)+ O 1.80× 10−11 0 0 19,43

R30 O3 + O2(b) → O2 + O2 + O 7.33× 10−12 0.5 0 44,45

R31 O3 + O2(b) → O3 + O2(a) 7.33× 10−12 0.5 0 44,45

R32 O3 + O2(b) → O3 + O2 7.33× 10−12 0.5 0 44,45

R33 O2(a)+ O2 → O2 + O2 2.20× 10−18 0.8 0 19,43

R34 O2(a)+ N2 → O2 + N2 1.40× 10−19 0 0 19,37

R35 O2(a)+ O2 → O3 + O 2.96× 10−21 0 0 44

R36 O2(a)+ N → O + NO 2.00× 10−14 0 4.989 19,43
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No. Reactants Products A (cm3/s) n Ea (kJ/mol) Refs.

R37 O2(a)+ O → O2 + O 7.00× 10−16 0 0 19,43

R38 O2(a)+ NO → O + NO2 4.88× 10−18 0 0 19,42

R39 O2(a)+ NO → O2 + NO 2.50× 10−11 0 0 19,43

R40 O2(a) → O2 2.70× 10−4 (1/s) 0 0 44,46

R41 O2(b) + O2 → O2 + O2 4.00× 10−18 0.5 0 44,45

R42 O2(b) + N2 → O2(a)+ N2 4.90× 10−15 0 2.104 19,43

R43 O2(b) + O2 → O2(a)+ O2 3.60× 10−17 0.5 0 44,45

R44 O2(b) + O → O2 + O 8.00× 10−14 0 0 19,43

R45 O2(b) + NO → O2(a)+ NO 4.00× 10−14 0 0 19,43

R46 O2(b) → O2 8.30× 10−2 (1/s) 0 0 44,47

whereNi is the number density of thei-th species,PGas is the gas pressure,Qin is the total

flow rate of a source gas,RGas is the gas constant,TGas is the gas temperature, andVDBD is the

volume of the DBD region.fi is the molar fraction of thei-th species in the source gas. The

loss term is calculated with

dNi

dt

∣∣∣∣∣
loss
= −Ni

τ
, (6)

whereτ 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-drag effect caused by the sliding substrate on the bottom of the flow

channel. The time division∆t in module 3 is variable and given by∆t = 10k s, wherek is

varied from−10 to 2 in steps of 0.006. 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 II. 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 dynamics.49) The influx of each species fed from the

DBD region is given by the product of its flow velocity of 10 m/s and 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 O2 (R7: e+O2→ e+ e+O+2 ). (b) Time-averaged spatial profiles of the reaction frequency of the

electron impact dissociation of O2 (R8: e+O2→ 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 E8 to ionize and

dissociate O2, respectively. Each profile is calculated by averaging the time evolution of the

reaction frequencies over one cycle. The profiles for the first and second cycles are different

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 I 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 molecules N2 and O2, 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-drag effect 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-drag effect, 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 in N2 ambient are for com-

parison and will be discussed later. The flux for each species was calculated as the sum of

normal components of diffusive and convective fluxes on the surface. Since the diffusive 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 N2. Integrated flux of (c) atomic oxygen and (d) atomic nitrogen on the fixed and sliding

substrates in ambient air and N2.

governed by the diffusive 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, this difference is not

explained by the difference in the broadening of the flux distribution but by the difference 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 1.5× 1022 m−3 s−1 on the fixed substrate to 2.5× 1023 m−3 s−1 on the sliding

substrate. The marked difference in atomic oxygen loss rates is explained by the increase in

the rate of R3 owing to the gas-drag effect upon externally supplying O2.

In the case of the fixed substrate, the number density of O2 is governed by the APPJ,

in which the O2 concentration is only 0.1%. Since atomic oxygen is lost through R3, which

requires O2, 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-drag effect. Figures 6(a)–6(d) show the spatial distributions of N2

and O2 mole fractions in the flow channel on the sliding substrate, in which 20% O2 is dragged

into the flow channel and distributed on the left-hand side of the APPJ. This additional O2

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 N2 and O2 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% N2 and 1% O2 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 II. 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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Fig. 6. (Color online) Spatial distributions of (a) N2 and (b) O2 in air ambient on the sliding substrate, and

(c) N2 and (d) O2 in N2 ambient on the sliding substrate. Spatial distributions of (e) N2 and (f) O2 in air

ambient on the fixed substrate, and (g) N2 and (h) O2 in N2 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 has different effects 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 gas-drag effect. In addition,

since the APPJ in the flow channel is exposed to the dragged O2 coming 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 gas-drag effect.
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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), (c) 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 N2

According to the discussion in the previous subsection, reduction in the flux of atomic oxygen

is caused by an excess supply of O2, the 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

O2 in ambient air, that is, by changing the ambient gas from air to N2. As 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 of O2 is negligible in the cases of both

a fixed and a sliding substrate if we change the ambient gas to N2. Figures 8(a)–8(c) show

2D spatial profiles of R3, R4, and R6 respectively on the sliding substrate in N2 ambient.

Comparing Figs. 8(a) and 7(b), we can recognize that the atomic oxygen loss rates in N2

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 rates in N2 ambient 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 substrate in N2 ambient

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 air to N2. This increase appears

to be small. However, it should be noted that the result of surface treatment for a sliding

substrate is the sum of the effects 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 N2 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, the effects of changing the ambient gas from air to N2 are 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 as affected by externally supplied O2 as 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 N2/O2 gas mixture in a 2D flow channel with a height of 5 mm and investigated the effects

of a sliding substrate and changing the ambient gas. The sliding substrate in the flow channel

causes the gas-drag effect. The gas-drag effect 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 supply of O2 in air. In

contrast, the reduction in the atomic nitrogen flux is not as severe as that of atomic oxygen

because O2 contributes less to the loss mechanism of atomic nitrogen. The unfavorable gas-

drag effects can be suppressed by changing the ambient gas from air to N2. The integrated flux

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