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ABSTRACT

In recent years, stable and long laminar plasma jets
have been successfully generated, and thus it is
possible to achieve low-noise working surroundings,
better process repeatability and controllability, and
reduced metal-oxidation degree in plasma materials
processing. With such a recent development in
thermal plasma science and technology as the main
research background, modeling studies are performed
concerning the DC arc plasma torch for generating the
long laminar argon plasma jet. Two different two-
dimensional modeling approaches are employed to
deal with the arc-root attachment at the anode surface.
The first approach is based on circumferentially
uniform arc-root attachment, while the second uses
the so-called fictitious anode method. Modeling
results show that the highest temperature and
maximum axial-velocity at the plasma torch exit are
~15000 K and ~1100 my/s, respectively, for the case
with arc current of 160 A and argon flow rate of
1.95x107* kg/s.

INTRODUCTION

In thermal plasma materials processing, the thermal
plasma jet ejected from a DC arc plasma torch is
usually in the turbulent flow state [1,2]. Turbulent
plasma jets are always accompanied with large flow
fluctuations, intensive noise emission, strong
entrainment of surrounding gas into the plasma jets
and thus with short lengths of the jet high-temperature
region and steep axial gradients of plasma parameters
(temperature, axial velocity, etc.) in the jets. These
special features of the turbulent plasma jets are often
not favourable from the viewpoint of materials
processing, because they will worsen the working
surroundings of operators, reduce the process
repeatability and controllability, and increase the
oxidization degree of metallic materials processed in
ambient air. In recent years, stable, silent and long
laminar plasma jets have been successfully generated
using elaborately designed DC arc plasma torches [3-
51, and thus a new possibility is provided to achieve
low-noise working surroundings, better process
repeatability -~ and  controllability, and reduced
oxidation degree of metallic materials [5,6]. With
such a recent development as the main research
background, modeling studies are

performed.
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concerning the plasma flow and heat transfer within
the DC arc plasma torch shown in Fig. 1 used for
generating the long laminar plasma jet.

Fictitious
Anode
(K-L)

Fig. 1 Schematic of the laminar DC arc plasma torch
under study and computational domain

In Fig. 1, the cathode is of 12-mm diameter and 60°
cone angle. The solid region on the right hand side of
the section G-N is the anode-nozzle with axial length
of 26 mm (including a backward step of 8-mm-
diameter and 8-mm-length near the exit), while the
solid region on the left hand side of the anode is an
inter-electrode insert with axial length of 28 mm,
which is. electrically insulated from the anode and
cathode. The central-hole diameter of both the inter-
electrode insert and the anode-nozzle is 4 mm. Pure
argon is used as the working gas, and the generated
plasma jet is issuing into the atmospheric-pressure air
surroundings. The working gas is admitted axially and
tangentially into the plasma torch around the upstream
end of arc cathode (from the inlet section A-I and
from tangent hole 1, see Fig. 1) and tangentially from
hole 2 near the intersection (G-N) between the inter-
electrode insert and the anode.

Close examination of the anode surface after
experiments showed that the arc-root attachment at
the anode surface is of a diffuse form
(circumferentially uniform arc trace is seen at the
upstream inclined plane N-K of the anode and near
the section K-L), which justifies the employment of a
two-dimensional modeling (2D) method in our study.
Two different 2D modeling approaches are used to
deal with the arc-root attachment at the anode surface
in the present study. The first approach is
conventional, i.e. based on the assumption that the
arc-root attachment at the anode surface is
circumferentially uniform [7,8], whereas the second
uses the so-called fictitious anode methed [9]. When
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the first approach is employed, all the cold working
gas entermy into the plasma torch must pass through
the axt-symunetrically distributed arc and be heated
directly by the arc. On the other hand, if the arc-root
attachment at the anode sudface 1 of a local
attachment form [10], only a part of the cold working
gas s directly heated by the arc colummn itself, while
other gas will flow around the arc column and directly
towards the exit of anode-nozzle. For such a case, the
fictitious anode method [9] mav give more reasonable
prediction. Predicted results obtained by use of the
two different 2D modehng approaches will be
compared below.

MODELING APPROACH

The main assmnptions emploved in this modeling
study mclode that the plasma flow within the plasma
torch s steady, lanunar and axisvmmetrical, the
plasma 1s i the local thermodynamic eguilibrium
{LTE} state and optically thun to radistion; and the
mduced electric field is negligible in comparison with
the static electric field. The continwity, momentum
and energy conservation equations are thus as follows.
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Where », v and w are the amal {x-), radtal () and
circwmferential (5 - ) velocity components; p and T

the gas pressure and temperature 0 4 k. ¢, o and

{}, are temperature-dependent arpon density, viscosity,
thermal  conductivity, specific heat af  constant
pressure, electric conductivity and radiation power per
it volume of plasma, respectively, The terms
SBgand — j B, appearing i Eqs. {2) and (3} are the
axtal and radial components of the Lorentz force,
22

Jx 2dr Skg 82";_0:5011

& z2ela e

whereas the terms

the right hand of Eq. {5} represent the Joule heating

rate and the electron enthalpy transport. Here bz is the
HBoltzmans constant; e the elementary charge; whereas
Jo and J, are the radial and axial components of the
current density, and are related to the electnic potential
¢ by .= The
electric potential ¢ 1z solved using the following
current continuity equation
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while the magnetic induction mfensity m  the
circumferential direction, B 15 caleulated from
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When the first 2D modeling approach is used, 1o the
arc-root attachment at the anode surface s assumed to
be circumferentially wntform [7.8], the bowndary
conditions emploved in the modeling are as follows.
At the left end of cathode (A-BLau=v=rw=0T=
300 K and 8¢/6x = I1/{4.0.), whers I 4, and o are
the arc current, cathode end area and electne
conductivity of cathode mmterial {Sr-Wh At the gas
inlet section (A-1 w = Opde, v=0, w= 0502 7 4,
T=200K and 8¢7éx =0, whers {; and {; are the
volometric flow rates of argon admitted axially and
tangentially iato the torch at &-1 and tangeat hole 1,
A and A; are their inlet areas {the area of hole 1 4; =
1 mm') Axisymmetrical conditions are emploved
along the torch axis 12 v =v=rw =§, 8T/ =0
and &g/ =0 at B-C, while u/fr=0. v=rw =0,
STi8r="0 and Sg/cr =0 at C-D. Zero velocities, T
= 300 K
along the mwner surface of the inter-electrode insert,
while zero velocities, 7= 300 K and ¢ =0 are vsed

and zero pormal dervative of ¢ are set

. along the inner surface of the anode-nozzle. One-way
boundary conditions {1e Su/Gr=0 . =0,
alrwlior=0. 8T/8r =0, g¢/& =) are employed at

the torch exit. Working zas alse enters mto the plasina
torch through hole 2, where w = @ 42 7 42} 15 fixed,
i which 4> and () are the area of hele 2 and the gas
volumetric flow rate entering  through hole 2.
m, = P, (2mdwix), o my, = o0, ATmdrAxy, 15
added inte the continuity equation (1) as mass source
term af the hole 1 or hole 2 1 the computation.
Expermmental cbservation showed that the arc-root
attachment at the anode surface 15 diffuse and located
near the section K-L in Fig. 1. Bence when the
second 2D modelng approach {1e. the so-called
fictitions anode method [97) is eoployved, the only
change 1 companizon with the first approach
described above 15 that the K1 section 15 taken as the
fictitious anode, and the slectric potential in all the
plasmes region on the nght hand of the section K-L is
assigned 1o be zere, besides that at the anode pself
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The variable-property version of the non-commercial
program FAST-2D [11] is used to solve Egs. (1) - (6)
with temperature-dependent argon plasma properties.
110 (x-) X 42 () non-orthogonal boundary-
conforming grids are employed in the computation.

RESULTS AND DISCUSSION

Typical modeling results are presented in Figs. 2 — 6
for the case with arc current / = 160 A and argon flow
rate O = Oy + Qs+ Q3 = 120 cm™/s (or 1.95x 10™ ke/s,
with Q7 : Oy: Q3 =1:1:1). Figure 2 and Fig. 3
show the computed temperature and axial-velocity
distributions within the plasma torch using the first
2D modeling approach (assuming axisymmetrical arc-
root attachment). The highest temperature and the
maximum axial-velocity within the plasma torch are
~22000 K and ~ 2000 m/s, respectively. It is seen
from Fig. 2 that the high temperature region or the arc
zone is located around the axis of the inter-electrode
and between the cathode and the upstream end of the
anode-nozzle. The predicted location of arc-root
attachment at the anode surface (where the arc current
is most concentrated) is near the section K-L in Fig. 1,
in consistence with the experimental observation
mentioned above. On the other hand, the plasma
axial-velocity increases rapidly at first, and assumes
its maximum within the central part of the plasma
torch.
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Fig. 2 Computed temperature field within the laminar
DC arc plasma torch using the first modeling
approach.
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Fig. 3 Compufed axial-velocity field within the
laminar DC arc plasma torch using the first
modeling approach.

Overall similar computed temperature and axial-
velocity distributions within the plasma torch are also

obtained by use of the second 2D modeling approach,
i.e. using the fictitious anode method, although the
details of temperature and axial-velocity distributions
are somewhat different (not plotted here as separate
figures due to the paper space limit).

The predicted plasma temperature and axial-velocity
profiles at the downstream end of the 4-mm-diameter
nozzle (i.e. at the section MP in Fig. 1) by use of the
two different 2D modeling approaches are compared
in Figs. 4 and 5. It is expected that these profiles will
approximately maintain in the backward step region
near the plasma torch, and can be taken as the
upstream boundary conditions for the modeling of
laminar plasma jet [12]. Figure 4 shows that only
small difference exists between the predicted plasma
temperature profiles by the two different 2D modeling
approaches, with the highest temperature of ~15000 K
at the section center. A little difference is also seen in
the axial velocity profiles at the section MP shown in
Fig. 5, with maximum axial-velocity of 1100 — 1200
m/s at the section center. These predicted results are
favorably compared with experimental data. Ref. [6]
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Fig. 4 Comparison of plasma temperature profiles at
the section M-P obtained by the two modeling
approaches (Continuous line — using the first
modeling approach; Broken line — using the
fictitious anode method).

x(r(rJ\m)

Fig. 5 Comparison of axial-velocity profiles at the
section M-P obtained by the iwo modeling
approaches (Continuous line — using the first
modeling approach; Broken line — using the
fictitious anode method).
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showed that for the case with arc current 170 A and
mass flow rate 1.95%10™ kg/s, the measured highest
temperature near the torch exit section using a
spectroscopic method is ~16000 K, whereas the
maximum axial-velocity deduced from the measured
impact pressure and temperature is ~ 1000 m/s.

The predicted electric potential distributions along the
torch axis by the two 2D modeling approaches are
compared in Fig. 6. The predicted values of the
electric-potential difference between the cathode and
anode are ~16.5 V, which is significantly lower than
the experimentally measured arc voltage (~ 42 V).
The main reason for this discrepancy to appear is that
the voltage drops in the cathode sheath and the anode
sheath are not included in the present 2D modeling,
which will lead to a much lower arc voltage
prediction. An acceptable value of the voltage drop in
the cathode sheaths is ~ 10 V and that in the anode
sheath is a few volts, but the sum of these acceptable
voltage drops in the electrode sheaths seems
appreciably lower than the observed difference (~25.5
V). However, Ref. [13] reported that an anode voltage
drop of 10 ~ 20 V (instead of usually accepted value,
i.e. a few volts) was observed for the case with diffuse
arc-root attachment at the anode surface. The voltage
drops in the cathode and anode sheaths are still open
to subsequent studies.
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Fig. 6 Comparison of electrical potential distributions
along the torch axis (Continuous line — using the
first modelling approach; Broken line — using the
fictitious anode method).

CONCLUSIONS

Two different 2D modeling approaches give overall
similar predicted results concerning the flow and heat
transfer within the laminar DC arc plasma torch. For
the typical case with arc current 160 A and argon flow
rate 120 cm3/s, the predicted maximum temperature
and axial velocity at the downstream end of the 4-
mm-diameter anode/nozzle of the plasma torch are
approximately 15000 K and 1000 m/s, respectively,
which agree reasonably with corresponding
experimental data.
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