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Important operating parameters, temperature characteristics and radical production in an air plasma
flow generated by a low-power pulsed arc discharge were experimentally clarified for lean combustion
enhancement and surface treatment. Furthermore, the time-dependent thermofluid field downstream
from the torch was also clarified numerically and the downstream temperature well agreed with exper-
imental data. Finally, the time evolution of production and decay of the chemical species in air plasma
were clarified numerically under a high electric field.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Plasma flow has multifunctions of high energy density, chemi-
cal activation and electromagnetic controllability [1]. Thus,
advanced technology for combustion enhancement in a scram jet
[2–4], lean combustion in internal engine systems using activated
plasma flow with radicals, plasma jet ignition [5,6] and surface
treatment [7,8] have been intensively investigated. For example,
it has been reported that soot formation is remarkably suppressed,
flame propagation velocity is increased and ignition delay time is
reduced by plasma assisted combustion [9]. This may result from
an activated O radical, vibration excited molecules and NOx in
air plasma [10,11]. Furthermore, plasma assisted combustion is ex-
pected to increase the fuel ratio and to extend the limit of lean
combustion for clean exhaust gas when the intake air flow includes
many activated radicals produced by pulsed discharge. Thus, it is
very important to maximize production of oxygen radicals, meta-
stable oxygen and nitrogen oxide molecules by pulsed discharge
with minimized input power from the viewpoint of energy effi-
ciency. As far as we know, there have been few papers on funda-
mental research on activated plasma flow including radicals for
lean combustion enhancement and surface treatment.

In the present study, the effects of required input power, duty
ratio, pulsed frequency and surrounding pressure on the tempera-
ture characteristics and concentrations of radicals in an air plasma
flow by pulsed arc discharge were clarified experimentally. More-
over, a thermofluid field generated by pulsed arc discharge down-
ll rights reserved.
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stream of the torch was clarified numerically by introducing real
operating conditions for comparison with experimental data on
temperature. Finally, the time evolution of the production and de-
cay processes of the various kinds of chemical species in an air
plasma flow were clarified numerically for turning the high electric
field on and off.
2. Experimental analysis

2.1. Experimental apparatus and measurement

Fig. 1 shows a schematic illustration of the experimental appa-
ratus, which consists of a pulsed power supply (Hitachi Via Engi-
neering Ltd., 350 CRL Model), on annular air plasma torch, an air
supply system and a chamber. The anode is made of copper alloy
and the cathode is made of tungsten alloy. The annular electrode
gap in the plasma torch is 1 mm, and the applied pulsed voltage
is about 4 kV. The range of duty ratio (discharge current time/per-
iod) is from 0.1 to 0.5 and that of pulsed frequency is from 100 to
1200 Hz for the power supply. The surrounding pressure in the
chamber is changed from 20 to 120 kPa by a vacuum pump and
a compressor.

The working gas is dried air, the flow rate into the torch being
1–9 � 10�3 Nm3/min. The gas temperature is measured by a cop-
per-constantan thermocouple at 10, 15, 20 and 25 mm down-
stream from the torch exit. The radiation emitted from chemical
species in an air plasma is measured at 15.7 mm downstream from
the torch exit in the quartz tube by an instantaneous spectroscope
(Ohtsuka Electric Co., MPCD-7000) ranging from 330 to 1100 nm.
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Nomenclature

e stagnant internal energy (J/m3)
E electric field strength (V/m)
f pulsed frequency (Hz)
I discharge current (A)
N number density ((m3)�1)
Pin input electric power (W)
P0 surrounding pressure (Pa)
Q gas flow rate (m3/min)
Qarc thermal generation by pulsed arc (W/m3)
Qrad radiation loss (W/m3)
r radial coordinate (m)
R gas constant (J/(kg K))
t time (s)
T gas temperature (K)

Te electron temperature (K)
u axial velocity (m/s)
V applied voltage (V)
v radial velocity (m/s)
z axial coordinate (m)

Greek
g heat input efficiency
k thermal conductivity (W/(m K))
q density (kg/m3)
s shear stress (Pa)
UD viscous dissipation (W/m3)
h azimuthal coordinate (rad)
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The produced O, NO, O2 and N2 in the air flow are measured by a
mass spectrometer (ANELVA Co., M-200GA-DM) through a glass
tube 0.075 mm in diameter and 1.5 mm length introduced from
the chamber to show only the relative small variations of radical
species.

2.2. Experimental results and discussion

Fig. 2 shows the applied voltage and discharge current at a
pulsed frequency of 100 Hz, a duty ratio of 0.2 and surrounding
pressure of 100 kPa. An applied pulsed high voltage of 4 kV with
microsecond rise starts the breakdown of the air flow at
10�3 Nm3/min, following a sustainable current discharge flow.
After the input electric energy is consumed, the discharge current
flow disappears automatically. Here, the duty ratio is defined as the
continuous discharge current time for a pulse period. This shows
that the time-averaged input power is about 300 W, which re-
quires smaller energy to generate a pulsed arc compared with a
continuous DC arc.

Fig. 3(a) and (b) show side and bottom views of the air plasma
flow at a pulsed frequency of 600 Hz, a duty ratio of 0.2 and a sur-
rounding pressure of 100 kPa. When the inlet air flow rate in-
creases, air plasma first elongates due to increasing axial velocity,
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Fig. 1. Schematic illustration o
but then becomes sharp at a flow rate of 9 � 10�3 Nm3/min due to
the decrease in the net effective input enthalpy to the air flow. Fur-
thermore, the arc spot rotates azimuthally around the annular
electrodes.

Fig. 4(a) and (b) show the downstream gas temperatures at the
centerline with the duty ratio and pulsed frequency, respectively.
The downstream gas temperature increases with an increase in
the duty ratio due to the increasing effective input electrical
power. The maximum temperature nearest the torch exit (T1) is
700 K at a duty ratio of 0.5, but the minimum temperature (T4) far-
thest downstream is 350 K. The increasing rate of gas temperature
increases remarkably with a large duty ratio near the torch exit
(T1). On the other hand, the gas temperature does not greatly
change for pulsed frequency at any of the measurement points
due to the constant duty ratio.

Fig. 5 shows the power spectrum of radiative species in an air
plasma flow at a pulsed frequency of 600 Hz, a duty ratio of 0.2
and surrounding pressure of 100 kPa. The required electric power
is 226 W and the air flow rate is 3 � 10�3 Nm3/min. The emissive
oxygen atom OI (777.3, 822.2, 844.6, 926.0 nm) and nitrogen atom
NI (746.8, 818.8, 868.3 nm) can be observed even for small input
electric power [12]. However, a strong emission from the copper
and tungsten electrode materials is also observed at a small wave
ope
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Fig. 2. Applied voltage and discharge current.

Fig. 3. Photo of air plasma flow.
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Fig. 4. Downstream gas temperature (a) with duty ratio (b) with pulsed frequency.
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length due to the sputter. Thus, weak radiation from molecular
nitrogen such as a second positive band cannot be detected by
our spectrometer at the same wave band.

Fig. 6 shows the radiative intensity from an oxygen atom
(777.3 nm) with duty ratios for all surrounding pressures. The radi-
ative intensity corresponds to the produced number density of the
oxygen radical, which is useful for combustion enhancement, sur-
face oxidation and nitrization. The radiative intensity increases
with an increase in the duty ratio for higher surrounding pressure.
This tendency is nearly the same as that of the gas temperature as
shown in Fig. 4. This means that the produced oxygen radicals
increase remarkably, especially for larger duty ratios at high
surrounding pressure even less than 380 W.

Fig. 7 shows the relative variation of chemical species 5 mm
downstream from the torch exit with and without discharge mea-
sured by a mass spectrometer, the large amount of N2 being ne-
glected in order to emphasize the small variation of O2 and NO
in this scale. In the case of discharge, O2 slightly decreases due to
decomposition and NO is observed as a second product after
recombination. However, O and N are not clearly detected for long-
er sampling time of air plasma in the present experimental method
due to their short lifetime. Then, O and N with short lifetimes are



Fig. 5. Power spectrum from radiative species.

Fig. 6. Radiative intensity from the O atom (777.3 nm) with duty ratio.

Fig. 8. Schematic illustration of numerical model.
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transferred to NO for a short time as the following chemical
reactions.

eþ O2 ! eþ Oþ O
eþ N2 ! eþ Nþ N
Oþ N2 ! Nþ NO
Nþ O2 ! Oþ NO
Nþ OþM! NOþM

8>>>>>><
>>>>>>:
3. Numerical analysis of thermofluid field

3.1. Governing equations

Fig. 8 shows a schematic illustration of the numerical model. To
derive the governing equations for thermofluid fields in a torch and
downstream of the torch, the following assumptions are intro-
duced here.
Fig. 7. Relative amount of chemical s
(1) Plasma is regarded as a continuous and compressible flow in
local thermodynamic equilibrium.

(2) The thermofluid field is turbulent [13] and axisymmetrical
2D.

(3) Air has temperature dependent thermodynamic and trans-
port properties [14].

(4) Initial composition of air as a working gas is N2:O2 = 4:1
before discharge.

(5) Thermal input by a pulsed arc is given as Qarc in the equation
of energy without solving the electromagnetic field.

The governing equations for the thermofluid field are as
follows:
Equation of continuity
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Equation of energy
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Equation of state

p ¼ qRT ð5Þ
3.2. Boundary conditions and initial condition

The boundary conditions and heat input condition for deter-
mining the flow and temperature fields are described here. Heat
input:
pecies with discharge on and off.
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Pin ¼ 500 W; f ¼ 500 Hz; duty ratio ¼ 0:2; g ¼ 0:5;

Q arc ¼ gPin

Torch inlet:

u ¼ 3 m=s; m ¼ 0 m=s; T ¼ 300 K;
@p
@n
¼ 0

Torch inner and outer wall:

u ¼ m ¼ 0 m=s; T ¼ 300 K;
@p
@n
¼ 0

Free boundary:

@u
@n
¼ @m
@n
¼ 0;

@q
@n
¼ 0; p0 ¼ 100 kPa

Axis:

@u
@r
¼ 0; m ¼ 0 m=s;

@P
@r
¼ @q
@r
¼ 0

The initial conditions are given as u = v = 0 m/s, T = 300 K and
p = 100 kPa. Discharge is started after obtaining a steady flow field
in the torch. Heat input efficiency g is assumed to be 0.5 at most
to generate the arc referring to the conventional case.

The LU-SGS method coupled with the Newtonian interactive
method is used for time integration, and the Roe flux differential
method coupled with the 3rd-order MUSCL-type TVD scheme is
Fig. 9. Time evolution

Fig. 10. Time evolution
used for the convective term, respectively. The Smagorinsky model
in Large Eddy Simulation (LES) is adopted for compressible turbu-
lent flows [13].

3.3. Numerical results and discussion

Fig. 9 shows the time evolution of the axial velocity at every
1 ms during eight pulsations. A pulsed discharge occurs at every
2 ms, the discharge duration being 0.4 ms for a duty ratio of 0.2.
A jet is issued about 90 m/s from the torch exit due to thermal
expansion. The jet continuously elongates downstream at 40 m/s
at each discharge.

Fig. 10 shows the time evolution of gas temperature at every
1 ms. A thermal vortex with a temperature of 4500 K is generated
at the torch exit at every pulsed discharge and is diffused down-
stream. The diameter of the thermal vortex is about 1 mm and
its core temperature is about 3000 K at the end of the discharge.
Its downstream convective velocity of interaction with other vorti-
ces is small. At about 6 ms after discharge, the vortex temperature
decreases about 1000 K due to turbulent diffusion. The tempera-
tures at T1, T2, T3 and T4 range from 1000 to 1500 K intermittently,
corresponding to a pulsed discharge about 8 ms after discharge.

Fig. 11 shows a comparison of the numerically time-averaged
temperature at the centerline with the experimental data, which
corresponds to a bulk mean temperature. Time averaging is
of axial velocity.

of gas temperature.
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conducted from 8 to 20 ms for unsteady temperature, which de-
pends on heat input only during discharge. The tendency of the
downstream temperature shows good agreement with the exper-
imental data within a 50 K difference depending on the time-aver-
aging period.

4. Radical production and decay processes

4.1. Assumptions

The electron impact process by application of high voltage is the
dominant chemical reaction which produces various kinds of acti-
vated radicals in the air [15]. Kossyi proposed about 300 chemical
reaction equations for non-equilibrium air plasma [15–17]. How-
Table 1
Chemical reactions and rate constants.

List of reactions

Number Reaction Rate constant

1 e + N2 ? e + e + Nþ2 8.1 � 10�15exp[-925/(E/N)]F
2 e + O2 ? e + e + Oþ2 4.9 � 10�15exp[-657/(E/N)]F
3 e + NO ? e + e + NO+ 5.0 � 10�15exp[-460/(E/N)]F
4 e + O ? e + e + O+ 4.0 � 10�15exp[-713/(E/N)]F
5 e + N2 ? e + N + N 2.0 � 10�11

6 e + O2 ? e + O + O exp[�7.9�134/(E/N)] + exp[
7 N + O ? NO+ + e 1.0 � 10�12

8 NO+ + e ? N + O 1.1 � 10�2T�1:5
e

9 N2 + M ? N + N + M [5.5 � 10�14(XN2 + XO2 + XNO

10 N + N + M ? N2 + M 8.27 � 10�27exp(500/T)
11 O2 + M ? O + O + M [9.1 � 10�15(XN2 + XO2 + XNO

12 O + O + M ? O2 + M 2.76 � 10�34exp(720/T)
13 NO + M ? N + O + M [1.0 � 10�14(XN2 + XO2) + 2.0
14 N + O + M ? NO + M K13/BNO

15 N + NO ? O + N2 3.0 � 10�11

16 O + N2 ? N + NO K15/BN2/BNO

17 N + O2 ? O + NO 4.5 � 10�12(�3220/T)
18 O + NO ? N + O2 4.0 � 10�11

19 e + O2 + O2 ? O�2 + O2 3.6 � 10�43T�1
e exp(�0.052/T

20 e + O2 ? O� + O 6.7 � 10�19exp(�1.05|5.3�h
21 O�2 + O2 ? e + O2 + O2 2.0 � 10�16exp(�3220/T) [1
22 O� + N2 ? N2O + e 9.0 � 10�19

23 O� + O ? O2 + e 5.0 � 10�16

24 O� + NO ? NO2 + e 2.6 � 10�19

25 O�2 + O ? O3 + e 1.5 � 10�19

26 O�3 ? O2 + O2 + e 3.0 � 10�19

27 O� + O2 + M ? O�3 + M 2.8 � 10�44T�1
ef 1

28 X� + Y+ ? X + Y 2.0 � 10�7(300/Tion)0.5

29 e + Oþ2 ? O + O 2.0 � 10�7(300/Te)0.7

30 e + Nþ2 ? N + N 2.8 � 10�7(300.Te)0.7

a: M.S. Benilov, G.V. Naidis, J. Phys. D: Appl. Phys., 36, (2003) pp. 1834–1841.
b: I.A. Kossiy, Plasma Sources Sci. Technol., 1, (1992) pp. 207.
c: N.L. Aleksandrov, J. Phys. D: Appl. Phys., 30, (1997) pp. 1616–1624.
d: J.T. Herron, Plasma chemistry and plasma processing, 21, 4, (2001) pp. 459–481.
e: M. Castillo, et al., Plasma sources, Sci. Technol., 13, (2004) pp. 343–350.
ever, it is important to reduce the number of equations for complex
chemical reactions to reduce computational time.

Thus, the simplified reaction model by Benilov [18] is applied to
clarify the radical production processes in a discharge region. The
following assumptions are introduced here.

(1) Flow effect is neglected compared with rapid chemical reac-
tions in a discharge region.

(2) Applied electric field and concentration field are spatially
uniform.

(3) Electron impact reactions have spatial uniformity.
(4) Electron temperature is as a function of E/N, which is the

ratio of the electric field to the number density of air in a
non-equilibrium state.

(5) Initial composition of air is N2:O2 = 4:1 before discharge.
(6) It is assumed that 109/m3 electrons exist by the cosmic ray

[19].

4.2. Constituent conservation equation

The constituent conservation equation, neglecting diffusion, is
as follows:

dNi
dt ¼ Sþi � S�i
Ne ¼ Nþ � N�

)
; ð6Þ

where Ni is the number density of i species, and Sþi and S�i are pro-
duction rate and recombination rate per unit time, respectively. The
number of chemical species considered was 15 in the present study.
Table 1 shows 30 chemical reactions and rate constants for simpli-
Ref.

a
a
a
a
e

�8.0�169/(E/N)] + exp[�8.8�119/(E/N)] b
b
c

)][1 � exp(�EN2/T)]exp(�DN2/T) a
b

) + 3.6 � 10�14XO2 + 1.3 � 10�13Xo]1 � exp(�EO2/T)]exp{�DO2/T) a
b

� 10�13(XNO + XO + XNO)][1 � exp(�ENO/T)]exp(�DNO/T) a
a
d
a
b
d

)exp[0.06(Te � T)/Te/T] a
(E/N)0.8)F a
�exp(�4h)]/[1�exp(�h) a

a
a
a
a
a
a
b
b
b
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fication. The rate constants are given as functions of electron tem-
perature and gas temperature. The electron temperature is given
by E/N as follows [15]:

Te ¼ 0:447
E
N

� �0:36

:
E
N
< 50

Te ¼ 0:0167
E
N

:
E
N
> 50

ð7Þ
4.3. Numerical results and discussion

Fig. 12 shows the time evolution of the chemical species con-
centration and chemical reaction products during discharge in a
discharge region. The discharge is started at t = 0 s, when pulsed
high voltage is applied at E/N = 100 Td. The initial conditions are
atmospheric pressure and a temperature of 300 K. The electrons
are accelerated by applying a high electric field, and each species
are produced by electron impact as shown by the chemical reac-
tions of numbers 1, 2, 5 and 6 in Table 1. The species balance is
achieved about 0.1 ms after application of the electric field. Dur-
ing a discharge, the number of O radicals is the largest at
2 � 1025/m3 and that of N radicals is second largest. The number
of electrons is the same as that of NO+. A small amount of NO is
produced.

Fig. 13 shows the decay process of the chemical species concen-
tration and chemical reaction products after the discharge is
turned off at t = 0 s. The initial condition results from species bal-
ance as obtained in Fig. 12. O, N, NO+ and e begin to decrease at
0.01 ms. On the other hand, O2 and NO increase due to recombina-
Fig. 12. Time evolution of chemical species concentration and chemical reaction
products during discharge.

Fig. 13. Decay process of the chemical species concentration and chemical reaction
products after discharge is turned off.
tion as detected by mass spectrometry in Fig. 7. Nþ2 decreases rap-
idly in all chemical species. Although the exact comparison can not
be made with the available literature [20] due to the smaller value
of E/N under the different discharge mode in the present study, the
concentration of produced O radical in this study is one order high-
er at most and O radical decays more gradually after the discharge
compared with the literature [20].

5. Conclusions

Experimental and numerical analyses were conducted to clarify
the thermofluid field, and the chemical species of air plasma flow
by pulsed arc discharge with small power for lean combustion
enhancement and surface treatment. The results obtained in the
present study are as follows.

(1) O, N radicals and NO can be produced in an air plasma flow
by pulsed arc discharge, even with small input power.
Downstream gas temperature and O radicals increase with
the duty ratio at high surrounding pressure. However, there
is a small effect of pulsed frequency on the gas temperature.

(2) It was numerically shown that the jet elongates continu-
ously downstream but that a thermal vortex is generated
at the torch exit at every pulsed discharge. It is diffused radi-
ally and is convected downstream. There is a good agree-
ment of the time-averaged gas temperature and the
measured bulk temperature at the centerline.

(3) The time evolution of production and the decay processes of
the chemical species in the pulsed discharge region were
clarified numerically using a simplified chemical reaction
model. O and N radicals were considerably produced in the
equilibrium state about 0.1 ms after the pulsed discharge.
O and N radicals decreased but NO increased as a second
product 0.01 ms after the pulsed discharge was turned off.
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