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Abstract

The present paper carried out the numerical simulation and experimental study of the thermofiuid fields induced by a pen-like atmospheric
nonthermal plasma torch, which is a very simple device to produce atmospheric plasma and has been successfully applied for surface treatment
to improve the hydrophilic properties of plastic film and polyethylene. The device consists of a small cylindrical stainless steel pipe with 6.5 mm
diameter and 170 mm length inserted into a ceramic tube as the inner electrode. A ring outer electrode made of stainless steel is fixed at near
the edge of the ceramic. The 13.56 MHz RF power was applied between the two electrodes to produce a surface discharge. The power into the
torch is 60 W. The driving gas is argon and the flow rate varies in the range of 3-12 L min~—!. Fundamental research results describing the major
features of the flow fields induced by the plasma torch are provided in the present study. The stress is laid on the investigation of the influence
of gas flow rate, which is one of important operation conditions, on the flow fields excited by the plasma torch. The principal results show that
as the power input is fixed the increase of the gas flow rate will reduce the plasma temperature. The plasma penetration length stretching toward
the atmospheric surroundings is also found to be closely related with the gas flow rate. Experimental confirmation by measuring the rotational
temperature using optical spectroscopic method has been carried out, and a reasonable agreement between calculation and experiment has been
obtained. These results provide fundamental understanding of the thermofluid fields induced by a pen-like atmospheric plasma torch, and also
build up a basic predictive capability by numerical simulations to perform the further detailed investigation for practical applications in future.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction [3] and the improvement of the hydrophilic property of the ma-
terials [4]. However, for all the atmospheric plasma devices
mentioned above, the material being treated is usually exposed

to the discharging space. The direct impact and violent bom-

The atmospheric pressure plasma can be produced through
various types of discharge such as corona discharge, surface

discharge, barrier discharge and their combinations. Since the
expensive vacuum equipment is not necessary and the radical
density is much higher in atmospheric environment, the effi-
cient treatment of materials can be expected by using the at-
mospheric pressure plasma. The atmospheric pressure plasma
has been widely applied to the surface treatment for removal of
adsorbates on the substrate before coating [1,2], anti-bacteria
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bardment of the active ion species on the material surface will
easily cause serious damage, especially for the material with
weak strength, such as plastic films. In addition, the precise
control to avoid the damage from the high temperature in the
reactor is very difficult when treated material locates in the dis-
charging space. For these reasons, the torch type plasma seems
useful to be used for material surface treatment because of the
material can be placed downstream of the flow to avoid such
damages mentioned above. In 2002, an atmospheric plasma de-
vice, which was called the pen-like atmospheric plasma torch
device with low input power, was proposed by Takayama et
al. [4]. The torch was designed to perform the surface treat-
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Nomenclature
A vector potential
B magnetic flux density
Cy specific heat at constant volume
C,, Ce1, Cer turbulent model constants
Dy molecular diffusivity of fuel ............. m?s~!
E electric field intensity
e stagnant internal energy per unit volume
ejj strain rate tensor
F Lorentz force
JRF frequency of RF power supply
G generation rate of turbulent kinetic energy
i imaginary unit, respectively
f electron current density
P pressure
Pry, Pr. Prandtl numbers
(0] flow rate
oF Joule heating rate
O, radiation energy loss
r radial coordinate
T temperature
1% velocity vector

X axial coordinate

Yair concentration of air

Yar concentration of argon

Greek symbols

I transport coefficients for the turbulent kinetic
energy k

I transport coefficients for dissipation rate of
turbulent kinetic energy

dij Kronecker delta

€ dissipation of turbulent kinetic energy

K turbulent kinetic energy

A thermal conductivity

o permeability of vacuum

Jeff effective viscosity

7] laminar viscosity

Ly turbulent viscosity

1) density

o electrical conductivity

T viscous stress

®p dissipation loss

w angular frequency

ment on the plastic film in order to improve its hydrophilic
property and produce successful printing on the film. The de-
vice has very simple structure and can overcome the defects of
traditional atmospheric plasma device for surface treatment as
described above. It can be freely moved above the material sur-
face being treated. The distance between the plasma torch and
the material surface can also be easily adjusted for obtaining the
optimal treating performance. The new device has been tested
on the surface treatment for plastic film [4] and polyethylene [5]
by using DC or RF power supply. The torch of DC power sup-
ply requires high voltage more than 3 kV, but the input power
was less than 5 W. However, for the case of RF power supply,
the input power could increase easily up to 100 W. From the
tests, the treatment by the pen-like atmospheric plasma torch
has been verified to have very good performance in improving
the hydrophilic properties of materials. The contact angle was
effectively reduced from 85.1 deg to 5.5 deg after treatment by
using RF power supply [5], and from 50 deg to 5 deg after treat-
ment by DC power supply [4]. The saturated recovery angle
after several days of treatment was also satisfactorily smaller
than the original values. Because of simple configuration and
good treating performance, the device has great potential to
become powerful equipment for surface treatment in future.
Nonetheless, practical applications require large effective treat-
ing area. So far, the effective treating area of a single pen-like
atmospheric plasma torch is still too limited to meet the prac-
tical requirement. Therefore, further investigation to improve
the effective treating area such as by multi-array of the pen-like
plasma torch is very necessary.

The factors influencing the hydrophilic properties of mate-
rial surface are very complicated. Several surface properties,
including the roughness and hydrophilic functionalities on the
material surface, have been verified to be closely related to the
hydrophilic property [5]. The changes of these surface prop-
erties are attributed to the bombardment of active radical on
the material surface during the plasma treatment process. All of
these factors are also believed to be significantly influenced by
the flow features induced by the plasma torch. Accordingly, to
understand the detailed information of the flow fields induced
by the plasma torch would be helpful to find out the relationship
between the spatial distribution of gas temperature as well as
the flow feature and the change of the surface property. In turn,
the optimal operating conditions of the device to increase the
effective treating area can be detected from the results. In view
of this, the present study intends to build up the mathematical
model and perform the numerical simulation to investigate the
detailed flow field induced by the pen-like atmospheric plasma
torch as a basic step for finding a way by multi-array of the
torch to improve the effective treating area of the device. For
validating the numerical results, an experimental confirmation
by measuring the rotational temperature using the optical spec-
troscopic method has been carried out and the data will be
presented and compared with the calculated gas temperature.
In addition, the effects of gas flow rate on the flow field will be
analyzed in this paper.

2. Physical model

Fig. 1 shows the configuration of the pen-like atmospheric
plasma torch device. A small cylindrical stainless steel pipe
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Fig. 1. Configuration of the pen-like atmospheric plasma torch device.

with 6.5 mm diameter and 170 mm length is inserted as the
inner electrode into a ceramic tube of 12 mm diameter and
150 mm length. A ring outer electrode with 15 mm length made
of stainless steel is fixed at near the edge of the ceramic. The
13.56 MHz RF power was applied between the two electrodes
to produce a surface discharge along the ceramic surface from
outer electrodes to the tip of the inner electrodes. The driving
gas of Ar was put flow through the center hole of the inner
electrode and a torch-like corona plasma will be driven out
downstream. The configuration is the same as those studied by
Takayama et al. [4] and Lee et al. [5].

3. Mathematical model
3.1. Governing equations

The mathematical model of the present plasma flow sys-
tem is proposed on the following assumptions: flow, temper-
ature and electromagnetic fields are 2D axisymmetric; flow is
steady and isotropic turbulent; all fluids are Newtonian. The
local thermodynamic equilibrium (LTE) is assumed in order
to simplify mathematical formulation. As a consequence, the
plasma is treated as a single continuous fluid with only one
representative temperature for the flow. Since the density of
free electron is negligibly minor compared with that of heavy
particle under atmospheric surroundings, the LTE assumption
is generally accepted in the modelling of atmospheric plasma
jet [6,7]. Although it is questionable in the very limited region
adjacent to the electrode ends where the temperature gradient
is very steep, the assumption is valid for most regions in the
flow fields. In addition, since the gas components in the current
problem are mainly composed of argon and air, the concentra-
tions of argon and air are calculated. All the fluid properties
are calculated according to the concentrations of argon and air.
The 2D computational domain, as shown in Fig. 2, consists of
solid and fluid parts. The solid parts include the inner, outer
electrodes as well as the ceramic tube, whereas the fluid part
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Fig. 2. The 2D computational domain of the pen-like atmospheric plasma torch
(unscaled in x- and r-axis).

consists of argon issuing from the entrance of inner electrode
and air in the surroundings. Thermal energy transport can oc-
cur across solid—fluid interfaces in the current problem. Based
on the assumptions, the governing equations for the gas flow
are presented as follows:

(a) Continuity equation:
V. (pV)=0 (1)

where p is fluid density; Vis velocity vector.
(b) Momentum equations:

V.(pVV)=-VP+V-T+F )

where P is pressure; T is viscous stress: T = Tjj = 2pefr(eij —
%8,- (V- 17)); e;j and §;; are strain rate tensor and the Kro-
necker delta, respectively; u.fr is the effective viscosity, equal
to the summation of laminar viscosity (u;) and turbulent vis-
cosity (ur); F is Lorentz force.

(c) Concentration equation for Ar:

0 0 1223 aYAr
— (YA Uj) = — D — 3
o=l (o )(5)) o

where Dy and o are molecular diffusivity and Schmidt num-
ber of argon. The air concentration is calculated as: Yy =
1 — Yar.

(d) Turbulent model:

The standard x—e two equation model is used as turbulent
model. The k—¢ equations are:

V.- (pVk)=V - (Vi) + G — pe 4)
i & 82
V-(pV8)=V'(FeV8)+C51G;—Cezp? )

where I, = w; + u:/Pre, I'e = w + us/Pre, are the com-
bined transport coefficients for the turbulent kinetic energy «
and its dissipation rate ¢, respectively; u; is turbulent viscos-
ity: py = ,OCMICZ /€; Pr and Pr, are the corresponding Prandtl
numbers. G is the generation rate of turbulent kinetic energy.
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The constants in the above equations are as follows: C,, = 0.9,
Ce1=144,Cep =192, Pr, =1.0, Pre =1.3,05 =0.5.
(e) Energy equation:

V- [(e+P)V]=V-GVT)+&p+Q; - O, (6)

where T is temperature; e is stagnant internal energy per unit
volume:

%
=p CUT+T

@ p is dissipation loss:
1 2\2
Pp = 2Meff<eij - §8ij(v . V))

Q; is Joule heating rate: Q; = ; E. 0, is radiation energy
loss. The discrete ordinate method developed by Fiveland [8]
is employed to calculate Q,. E is electric field intensity; j is
electron current density; C,, is specific heat at constant volume;
o is electrical conductivity; A is thermal conductivity.

(f) Equation of state:
P =pRT @)

(g) Vector potential equation:

For electromagnetic field, the vector potential equation,
which was presented by Mostaghimi and Boulos [9], is derived
from Maxwell’s equation:

V2Ac —ipgowAc =0 (8)
(h) Electric field:

Ec=—iwAc ©
(i) Magnetic field:

Be=V x Ac (10)

where w = 27 fgF, A, 1) = Ac(F)el™, B(r 1) = Be(P)el,

E F,t) = Ec(r)e”‘” In the equations, A is vector potential;

E is electric field intensity; B is magnetic flux density; frr is
frequency of RF power supply; w is angular frequency; po and
i represent permeability of vacuum and imaginary unit, respec-
tively. The electric current density is calculated as j = o E.

3.2. Boundary conditions

The computational domain is shown as Fig. 2, in which the
boundary lines of A-B, B-C and C-D are selected as far enough
for setting the atmospheric conditions there. The boundary con-
ditions for mass, momentum and energy equations are as fol-
lows: the symmetric conditions are imposed on the axis of
symmetry. On the boundary lines, including A-B, B-C and C-D
(see Fig. 2), the flow conditions are assumed as fixed pressure.
Non-slip condition is considered on all solid walls. Traditional
wall function is employed in the near wall regions to avoid the
requirement of the dense grids. At inlet, the uniform velocity
profile is assumed and the velocity magnitude is determined ac-
cording to the gas flow rate. The temperature and Y, of flow-in
gas are 300 K and 1.0, respectively. The boundary conditions

for the vector potential are: on the axis of symmetry, vector po-
tential is assumed zero. At boundary lines A-B, B-C and C-D,
there is no gradient existence. Between the anode and cath-
ode, the RF power supply is added. The power supply is fixed
as 60 W.

3.3. Numerical methods

The governing Eqs. (1)—(7) with auxiliary Eqs. (8)—(10) and
the described boundary conditions are discretized by a finite
volume formulation. In the equations, the convective terms
are modeled by the secondary-order upwind scheme; mean-
while the diffusive terms are modeled by the central difference
scheme. The numerical solution procedure adopts the well-
known semi-implicit SIMPLE algorithm, which was developed
by Launder and Spalding [10]. All the detailed numerical pro-
cedure can be found in the book of Patankar [11]. The ele-
ment number is 12 839. The convergent tolerance is set as the
global normalized residues in the whole computational domain
of every solved variable are less than 10~%. A commercial CFD
software CFD RC (ESI US R&D, Inc.) is used for the numerical
solutions.

4. Experimental setup and measurement method

The rotational temperature of nitrogen molecules usually can
be taken as the gas temperature because of many collisions
occur within the gas molecules under atmospheric pressure con-
ditions. So that, for validating the numerical results, the axial
distribution of the rotational temperature along the gas flow was
measured using spectroscopic method for comparison with the
gas temperature theoretically calculated. Fig. 3 shows the block
diagram of the experimental system used. The light emitted
from the plasma is collected by an optical fiber connected with
the multi-channel spectroscope. The analyzed optical spectrum
are detected by a CCD system, transferred into electrical signals
using the photo-multi-amplifier (PMA) and finally recorded by
the personal computer.

Fig. 4(a) shows the typical spectrum experimentally ob-
tained. These spectrum belong to N, second positive bands
C3rz,(v) = B37rg(v’ "), each peak corresponds to the transition

CCD system

Multi Channel
Spectroscope

PMA amplifier

Plasma
Optical Fiber Collection

Fig. 3. Block diagram of the experimental system for measuring the vibrational
temperature.
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Fig. 4. Comparison between typical example of the optical spectrum obtained
by experimental and by calculation: (a) Experimental spectrum. Power = 60 W,
0=5 Lmin_l; (b) Calculated spectrum. Tyot = 900 K, Ty, = 1800 K.

of vibrational quantum number Av = v’ — v’ = =2, that is,
transition from the upper level C(v' = 0) to the lower level
B =2),v =1t v"=3and v =2 to v/ = 4, respec-
tively.

Due to the insufficient resolution ability of the spectroscope
and also because of the rotational temperature was rather high
(approximately 1000 K) in this experiment, the rotational spec-
trums are always overlapped on the vibrational spectrum as
shown in Fig. 4(a). For obtaining an exact value of rotational
temperature without influence of the overlapping of the spec-
trum, the experimental spectrum are compared with theoretical
spectrum which are calculated for a given vibrational temper-
ature Tyjp and a rotational temperature Ty, by taking into ac-
count the device factor used [12]. An example of the calculated
spectrum using 7o = 900 K and Tj, = 1800 K for the spec-
troscope used in the present experiment are shown in Fig. 4(b).
By best fitting of the experimental spectrum with the calcu-
lated, a best fitted rotational temperature simultaneously with
vibrational temperature can be finally obtained. Through a se-
ries of analysis, the uncertainty of the current measurements
is 8%.

5. Results and discussion
5.1. Comparison of numerical results and experimental data

Fig. 5 presents a photo of plasma torch produced by the pen-
like plasma torch device in the laboratory, in which the plasma
gas flow can be very clearly observed from the end-tip of the
inner electrode. In the photo, a piece of carbon included poly-
ethylene to be treated was placed at downstream of the plasma
flow. From the view point of practical applications, the un-
derstanding of the characteristics of plasma from the end-tip
of inner electrode toward downstream is the major concern;
therefore, the following discussion will focus on the flow fields
in the downstream region from the end-tip of the inner elec-
trode. Numerical results and experimental data of temperature
distributions along the central line of corona torch are com-
pared first to verify the accuracy of numerical predictions. The
compared cases include two operating conditions with differ-
ent flow rates of driving gas. The two cases are Power = 60 W,
Q =5Lmin"!; and Power =60 W, Q =9 Lmin~!. The com-
parisons are shown in Figs. 6(a) and (b), respectively. In the fig-
ures, the starting point of x-axis, which locates at x = 170 mm,
is the end-tip position of the inner electrode in the pen-like
plasma device, as shown in Fig. 1. From the figures, it can be
found that the numerical predictions of both cases are very ac-
curate in the upstream region, whereas some difference exists
in the downstream. The difference is attributed to numerical er-
rors, but it is also believed to be resulted from the uncertainty
of the experimental measurements. From the observation of the
experiments, the light of the pen-like corona torch is found
to become weaker very quickly as the flow develops toward
downstream. The weak light is detrimental for the precise mea-
surement since the measuring method is principally based on
the brightness of the light. Besides, the strong mixing of the
plasma gas with surrounding air and the small Joule heating in
the downstream are also the factors to cause the deviation be-
tween numerical predictions and measurements. Nonetheless,
the maximum difference between the numerical predictions and
experimental results for the two cases is less than 24%. From
the viewpoint of practical applications, the current numerical
predictions show reasonable accuracy.

5.2. Flow fields analysis of a baseline case

For understanding the flow fields excited by the corona
discharge in the pen-like plasma torch, a baseline case with
Power = 60 W and Q = 5 L min~! is investigated and analyzed
in detail. Fig. 7 shows the temperature distribution (upper part)
and axial velocity contours (lower part) for the baseline case.
The highest temperature in this case is about 950 K, which oc-
curs in a very limited region close to the end-tip of the inner
electrode. The penetrated positions of the corona torch with
900 K, 800 K and 700 K are about x = 177 mm, 182 mm
and 200 mm, respectively in axial direction; and r = 0.68 mm,
1.2 mm and 1.8 mm, respectively in radial direction. The rapid
change and decrease of the gas temperature in both axial and ra-
dial directions is attributed to the entrainments of cold air as the
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Fig. 5. The plasma torch produced by the pen-like plasma torch device in laboratory.

corona gas jet issues into the atmospheric surroundings. Since
the cold air greatly reduces the gas temperature and influences
the plasma quality significantly, the amount of the entrained
cold air requires special caution, and will be discussed in the
following. From the axial velocity contours, as shown in the
lower part of Fig. 7, the gas velocity is found to be raised
considerably, which is caused by the great increase of gas tem-
perature and the influence of Lorentz force near the end-tip of
the inner electrode. The velocity of driving gas at the inner elec-
trode entrance is 11.8 ms~! for the current case, and the maxi-
mum axial velocity near the exit of inner electrodes is found to
be accelerated to reach 40.0 ms—!, which is nearly 3.4 times of
the magnitude at the electrode entrance. However, the plasma
gas velocity decays very fast as the gas jet issues into the sur-
roundings. In axial direction, the penetration depth of the region
with velocity larger than inlet velocity extends to the position
about x = 209.4 mm, after which the gas velocity decreases
to the magnitude lower than the inlet velocity. The figure also
indicates the momentum transport of the gas jet in the radial di-
rection, from which it can be found that the high-velocity flow
zone is limited in a very small region. The radial location with
axial velocity larger than inlet velocity concentrates only in a
very narrow core with radius smaller than r = 2.2 mm. Beyond
the radial region, the velocity decays with a very steep gradi-
ent. Fig. 8 shows the radial velocity contours (upper part) and
velocity vector plots as well as streamlines (lower part) for the
baseline case, from which the entrainment of the cold air from
atmospheric surroundings can be detected. Near the central axis
of the corona torch, the radial velocity is positive, which indi-
cates the flow is expanding toward the outer region. Such result
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3 :
— 8o0 3
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Fig. 6. Comparison of numerical prediction and experimental results of tem-
perature distribution along central axis: (a) Power=60W, Q =5L min~!; (b)
Power=60 W, 0 =9 Lmin~!.

is caused by the expansion effect of the high-temperature gas
near the central region. However, the positive radial velocity
is very minor; the maximum of the positive radial velocity is
only 0.4 ms~!. The radial velocity becomes negative around
the central regions, which indicates the fluid is sucked toward
the central zone from surroundings. The result is due to the rel-
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atively low pressure field formed in the region near the central
axis caused by the issuing of high-velocity jet, and in turn the
cold air in atmospheric surroundings will be sucked into the
region near the central axis. Since the entrained cold air will
greatly reduce the corona temperature and influence the plasma
quality, the amount of the entrained air should be controlled as
lower as possible. For the current baseline case, the maximum
of the negative radial velocity is —1.4 ms~!, which is much
larger than the positive radial velocity.

5.3. Effects of driving gas flow rate

For understanding the effects of driving gas flow rate on
the flow filed accompanied with the corona torch, the follow-
ing will compare the calculated results of Q =3 Lmin~! and
12 Lmin~! cases. The power of both cases is fixed as 60 W.
Fig. 9 shows the temperature contours for the two different flow

Temperature distribution
Upper: 60W, 3L/min, Lower: 60W, 12L/min,
0.015
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Fig. 9. The comparison of temperature distributions in cases with
Power = 60 W, Q = 3 Lmin~! (upper part) and Power = 60 W,
0 =12 Lmin~! (lower part).

rate cases, in which the upper and lower part are Q =3 L min~!
and 12 Lmin~!, respectively. For both cases, the basic pat-
terns of temperature distribution are very similar, in which the
highest temperature occurs in central core of the torch, and
the temperature decreases very fast along axial as well as ra-
dial directions. As the flow rate increases, the gas temperature
is found to decrease significantly. The highest temperature in
0=3L min~! case is about 1033 K, whereas the highest tem-
perature reduces to 720 K in Q = 12 Lmin~! case. In addition,
the penetration region of the fluid with higher temperature be-
comes smaller in both axial and radial directions as the flow
rate increases. In Q =3 Lmin~! case, the high-temperature
gas above 700 K is found to extend up to x =203 mm and
r = 2.1 mm in axial and radial direction, respectively, which
are both wider than those in Q =5 L min~! case as mentioned
previously. In the case with Q increases to 12 Lmin~!, the
gas flow with temperature above 700 K is greatly reduced to
the position of x = 182 mm and r = 0.7 mm in axial and ra-
dial direction, respectively. Fig. 10 shows the comparison of
the axial temperature distributions along the central axis for
the cases with different driving gas flow rates, which clearly
indicates the fast decay of the plasma gas temperature; mean-
while, the obvious reduction of the plasma gas temperature will
be resulted as driving gas flow rate increases. These changes
point out the important influence of driving gas flow rate on
the flow fields of plasma torch, which is worthwhile infor-
mation for practical applications. The comparison of the axial
velocity distribution with different driving gas flow rates are
shown in Fig. 11. The driving gas velocities at the entrance
of inner electrode for Q =3 Lmin~! and 12 Lmin~"! cases
are 7.074 ms~! and 28.296 m s~ !, respectively. For both cases,
the plasma gas is found to be considerably accelerated. Similar
with the situations in the baseline case with Q =5 Lmin~!,
the highest velocity appears in the region very close to the
end-tip of the inner electrode, and decays with a very quick
speed as the flow develops along the downstream. The high-
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est axial velocities in @ =3 Lmin~! and 12 Lmin~! cases are
25 ms~! and 75 ms~!, respectively, which are about 3.8 and
2.75 times of the corresponding driving gas velocity at inner
electrode entrance, respectively. Including the consideration of
previous discussion in Q =5 Lmin~! case, which shows the
highest axial velocity is 3.5 times of the driving gas velocity at
inner electrode entrance, the acceleration is found to be more
serious in cases with lower driving gas flow rate. Such results
are attributed to the higher temperature rise in the lower flow
rate cases, as been discussed previously. Since the original ve-
locities of driving gas at inner electrode entrance are different
in the cases with different driving gas flow rates, the compari-
son of the penetration depth of plasma gas flow will be based on
the penetrating position of the fluid with velocity equal to the
inlet velocity at inner electrode entrance for the corresponding
flow rate case, i.e. 7.1 ms~! and 28.3 ms~! for 0 =3 L min~!
and 12 Lmin~! cases, respectively. From the figure, the pene-
tration position is x = 209.8 mm in Q =3 L min™' case, which

Velocity vector plots and streamlines
Upper: 60W, 3L/min, Lower: 60W, 12L/min,
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Fig. 12. The comparison of velocity vectors and streamlines of cases
with Power = 60 W, Q = 3 Lmin~! (upper part) and Power = 60 W,
0=12 Lmin~! (lower part).
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Fig. 13. The comparison of radial velocity contours of cases with
Power = 60 W, Q = 3 Lmin~! (upper part) and Power = 60 W,
0 =12 Lmin~! (lower part).

is larger than 205.5 mmin Q = 12 L min™! case. The results in-
dicate the penetration depth reduces as the driving gas flow rate
increases. Figs. 12 and 13 show the velocity vector plots as well
as streamlines and radial velocity contours for Q =3 L min™!
and 12 Lmin~! cases, respectively. Similar with the baseline
case, the radial velocity near the central axis is positive, which
indicates the fluid in the region tends to expand toward outside.
In the surrounding region around the central axis, the cold air
is entrained into the central core; therefore, the radial veloc-
ity is negative. The maximum of the negative radial velocity
for Q =3 Lmin~! and 12 Lmin~! cases is —0.8 ms~! and
—2.6 ms~!, which indicates the increase of the driving gas flow
rate will cause the more cold air to be entrained from the sur-
roundings into the flow central core, which is detrimental for the
plasma quality. The contours of air concentration for the cases
with @ =3 Lmin~! and 12 L min~! are shown in Fig. 14, from
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Fig. 14. The comparison of air concentration contours of cases with
Power = 60 W, Q = 3 Lmin! (upper part) and Power = 60 W,
0=12 Lmin~! (lower part).
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Fig. 15. The comparison of air concentration along central axis of plasma
torch for cases with Power = 60 W, Q =3 Lmin~! and Power = 60 W,
0=12Lmin" L.

which the entrainment of air from surroundings can be detected.
Basically, the distribution patterns of the air concentration for
the two cases are very similar. The air concentration increases
gradually from 0.1 near the inner electrode exit to 1.0 along
both of axial and radial directions. Fig. 15 shows the air concen-
tration along the central axis of the plasma torch, from which
the air concentration of Q =3 Lmin~! case can be found a
little higher than that in Q = 12 Lmin~! case. The maximum
difference is about 35.7%. However, since the flow rate of argon
in Q =12 L min~! case is four times of that in Q =3 L min~!
case, it can be judged the amount of air being sucked into the

plasma jet is much larger in the Q = 12 Lmin~! case.

6. Conclusions

The present paper investigates the thermofluid fields excited
by the pen-like atmospheric plasma torch with numerical sim-
ulations as well as experimental methods. The results provide
fundamental understanding on the behavior of the pen-like at-
mospheric plasma torch, especially on the resulted gas temper-
ature, and also build up a basic predicted capability to perform

further detailed investigation in future. Information about the
gas temperature is useful for practical application of the plasma
torch because the gas temperature may relate to the formation
of active radicals which will play an important role in the ma-
terial processing. Through comparisons between the numerical
results and experimental data, the numerical simulation is veri-
fied to have reasonable accuracy. The principal conclusions are
as follows.

(1) From both of numerical and experimental results, a torch-
like corona plasma can be found to be driven out from the
end-tip of inner electrode in the device, and tends to stretch
toward the atmospheric surroundings. The highest temper-
ature in the plasma torch occurs in a very limited region
close to the end-tip of the inner electrode.

(2) In both of axial and radial directions, the temperature de-
cays with a very steep gradient, which is caused by the en-
trainments of cold air from atmospheric surroundings into
plasma central core as the gas jet issues into the flow field.
The entrained cold air will significantly reduce the gas tem-
perature and velocity.

(3) Due to the temperature rise, the plasma gas velocity is
considerably accelerated near the end-tip of the inner elec-
trode, but also decays very fast as the gas jet issues into the
surroundings. The increase of driving gas flow rate will re-
duce the plasma temperature. The highest temperatures of
plasma gas for Q =3 Lmin~!, 5 Lmin~! and 12 L min~!
cases are 1033 K, 950 K and 720 K, respectively.

(4) Based on the penetrating position of the fluid with velocity
equal to the inlet velocity at inner electrode entrance for
the respective flow rate case, the penetration depth is found
to reduce as the driving gas flow rate increases, which is
attributed to the milder temperature rise in the cases with
larger driving gas flow rate, and therefore, the acceleration
of plasma gas becomes more gentle.

(5) The maximum of negative radial velocity increases in the
case with larger driving gas flow rate, indicating the in-
crease of driving gas flow rate will cause more cold air to
be entrained from surroundings into the flow central core.
Since the entrained cold air will reduce plasma gas temper-
ature and velocity, the control method to prohibit cold air
being entrained into plasma central core requires special
caution in future design works for practical applications.
A solid shield equipped around the pen-like plasma torch,
which is like the design used for the atmospheric thermal
plasma spraying system [13], is a possible resolution.

The present study accomplished a preliminary work for de-
veloping the pen-like atmospheric plasma torch. However, for
further attacking the real mechanism to cause the improvement
of the hydrophilic property of materials by using the device, the
in depth simulations are essentially required. The simulations
must include the impingement phenomena between the plasma
jet and the treated material surface so that the optimal operat-
ing conditions can be investigated. These studies are now being
processed by the research team.
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