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Abstract: In this paper, a two-dimensional, two-temperature modeling on the heat transfer 
and flow patterns of a gas tungsten arc plasma is conducted with a coupled non-equilibrium 
hydrodynamic and non-linear surface heating model. The modeling results show that the 
shielding gas flow rate and the position of the shielding gas nozzle exit can influence 
obviously the arc non-equilibrium characteristics, especially in the arc fringes. 
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1. Introduction 
Due to their outstanding features with rather high 

specific enthalpy and thermal conductivity, gas discharge 
thermal plasmas have been used widely in the fields of 
advanced materials processing. Many studies have been 
conducted for investigating the effects of different 
conditions, such as the operation parameters, the 
plasma-working gases, the electrode materials and 
shapes, the applied magnetic fields, etc., on the arc 
characteristics and complex interactions between 
plasmas and electrodes [1-6]. Among different types of 
thermal plasma sources, gas tungsten arc (GTA) plasmas 
have been widely employed in industries for metallic 
materials welding. In previous studies, the effects on the 
arc characteristics and the welding qualities have been 
considered under different operation conditions, such as 
different electrode materials and shapes, compositions of 
the plasma-working gas and/or the shielding gas, flow 
rates, arc currents, etc. (c.f. [7]). Usually a local 
thermodynamic equilibrium (LTE) model was employed 
to study the characteristics of a GTA with shielding gas 
flowing (e.g. [8]). On the other hand, experimental 
investigations [9] on the DC arcs showed that 
non-equilibrium effects were pronounced near the 
electrodes and other cold walls or in the fringe regions of 
the arc, although the deviation from the LTE state in the 
arc core region was not significant for high-intensity DC 
arcs. In Ref. [10], by combining the two-temperature 
hydrodynamic model for the flow-affected region and the 
model of non-linear surface heating for the solid cathode 
and the near-cathode layer regions, the non-equilibrium 
features of the arc, as well as the energy transfer 
mechanisms in the cathode sheath region, were 
simulated.  

It is expected that different flow rates of the shielding 
gas and the positions of the shielding-gas nozzle exit 
relative to the arc cathode or work-piece in a GTA 
system would influence the non-equilibrium 

characteristics of the arc plasmas, especially in the arc 
fringes. In this paper, a two-dimensional (2D), 
two-temperature (2T) modeling on the non-equilibrium 
characteristics of the GTA plasmas with argon as the 
plasma-forming gas and the shielding gas is conducted 
by using the numerical method presented in Ref. [10].  

2. Model descriptions 
In the present paper, main assumptions include that (1) 

in the arc column region, the argon plasma deviates from 
the LTE state but is in the local chemical equilibrium 
(LCE) state, i.e. the electron temperature (Te) is different 
from the heavy-particle temperature (Th) and the 2T 
model can be employed; (2) the plasma flow is 
quasi-steady and in laminar regime; (3) gravity is 
neglected as a minor effect; (4) the viscous dissipation 
and the work of the pressure gradient are negligible due 
to the small values of the Mach number; (5) the 
thermodynamic and transport properties of argon 
plasmas are the functions of the temperatures (Te and Th) 
at atmospheric pressure; (6) the plasma is optically thin 
and (7) the contamination of metal vapor originating 
from the electrodes is not considered in this study. 

2.1. Governing equations 
Based on the preceding assumptions, the governing 

equations in the axi-symmetric, cylindrical coordinates (r, 
z) for the flow-affected region are as follows: 

Continuity equation: 
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Momentum conservation equation (z-direction): 
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Momentum conservation equation (r-direction): 
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Energy conservation equation for electrons: 
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Energy conservation equation for heavy particles: 
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where vr and vz are the components of the velocity vector 
vv  in r- and z-directions, n, T and p are the particle 
number density, temperature and gas pressure, ρ, μ, k and 
Ur are the mass density, dynamic viscosity, thermal 
conductivity and radiation power per unit volume of 
plasmas, respectively. e and kB are the elementary charge 
and the Boltzmann constant, Ei is the ionization energy. 
The subscripts h, e, a and i represent heavy particle, 
electron, atom, and singly-ionized ion, respectively. All 
the thermodynamic and transport properties of argon 
plasmas are functions of the temperatures (Te and Th) at 
atmospheric pressure. The reactive thermal conductivity, 
kr, has been included in the heavy-particle energy 
equation (5) [10, 11]. j

v
 and E

v
 are the current density 

vector and the electric field vector, respectively. Bθ is the 
self-induced magnetic field in the circumferential 
direction. 

elE&  is the energy transferred in elastic 
collisions between electrons and heavy particles, which 
is expressed as 

( )( ) ( ) ( )[ ]heBeeieaheel TTknvvmmE −+= 2/3/2&   (6) 

where eiν  and eaν  are the averaged electron-ion and 
electron-atom collision frequencies [12, 13], me and mh 
are the masses of the electrons and heavy particles, 
respectively.  

Due to the passage of the current in the arc column 

region, the electric potential equation  

( ) 0=∇⋅∇ φσ                 (7) 

will be solved, where σ is the electric conductivity, φ is 
the electric potential which relates to the electric field as 

φ−∇=E
v

. The current density is calculated from Ej
vv

σ= , 

and Bθ is calculated by ( )∫=
r

x djrB
00/ ξξμθ
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No flow exists inside the anode region if the flows of 
the molten metals are neglected. Thus, only the heat 
conduction equation and current continuity equation are 
necessary in the solid anode region, i.e. 

( ) 0=⋅+∇⋅∇ EjTkm

vv
             (8) 

( ) 0=∇⋅∇ φσ m               (9) 

where km and σm are the thermal conductivity and electric 
conductivity of the anode material (copper), physical 
properties of which are take from [14]. 

In this study, the additional energy flux from the arc 
column to the anode surface is given by [15] 
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where Wa is the work function of the anode material (Wa 
=4.65V is employed in this study [15]). After 
multiplying by the surface area of the pertinent 
near-surface control volume, and then, dividing by its 
volume, qpa will be added to the near-surface control 
volume on the anode side as the additional source term in 
the energy equation (8). 

In this paper, the tungsten cathode solid region and the 
near-cathode plasma layer are simulated by means of the 
model of non-linear surface heating [16, 17], and coupled 
with the 2T hydrodynamic model for the flow affected 
region as that presented in Ref. [10]. 

2.2. Calculation domain and boundary conditions 
The calculation domain with the geometrical 

dimensions for this modeling is shown in Fig. 1, which 
includes the solid electrode (cathode and anode) regions, 
the near-cathode layer and the arc column region 
(MCDEFGHIJAM). The cathode (tungsten) is composed 
of a cylinder and a semi-sphere with radius of 1.0 mm. 
The total length of the cathode is 12.0 mm, while the 
distance between the cathode frontal surface and the 
anode inner surface is fixed at 10.0 mm. The 3.0 
mm-in-thickness solid anode region is also included in 
the calculation domain with a simplified model to treat 
the anode sheath [15]. The width of the annular slot for 
the injection of the cold plasma-forming gas is 1.0 mm. 
The distance between the frontal surface of the shielding 
gas nozzle and the cathode tip (L) is varied in order to 
reveal its influences on the non-equilibrium features of 
the arc plasmas. The outer edge of the calculation 
domain is located 25.0 mm away from the arc axis in the 



 

radial direction. 
The boundary conditions used in this study are listed 

in Table 1. At the exit section of the shielding gas nozzle 
(JA), the radial velocity component (vr) is assumed to be 
zero, while the r-dependent axial-velocity component (vz) 
is assumed to have the form 

( )[ ]{ }2
0 5.121 drvvz −−=         (11) 

where v0 is the maximum value of the axial velocity 
component and calculated from the total flow rate of the 
shielding gas. The distributions of the heavy-particle/ 
electron temperatures and the current density along the 
cathode surface are specified as the inner boundary 
conditions at the cathode-arc interface based on the 
model of the non-linear surface heating [10, 16, 17]. 

 
Fig. 1. Calculation domain. 

3. Modeling results and discussion 
In this study, the non-equilibrium features of the GTA 

plasmas are simulated by solving the Equations (1)-(5), 
(7)-(9) with the appropriate boundary conditions, and 
coupling with the non-linear surface heating model [10, 
16, 17]. For the case with the arc current I=140 A, 
shielding gas flow rate Qshield =0.91 m3/hr, and L=10.0 
mm, the predicted electron and heavy-particle 
temperature distributions in the arc region are presented 
in Fig. 2. It can be seen that near the cold electrodes and 
in the arc fringes, Te is much higher than Th, which 
shows a significant deviations of plasmas from LTE state. 
The corresponding temperature profiles along the arc 
axis are shown in Fig. 3. 

Keeping other parameters, e.g. I and L, being constant, 
it is found that the high temperature region of the arc 
becomes narrower with increasing Qshield due to the 
stronger cooling effects of the shielding gas on the arc, as 
shown in Figs. 4 and 5. It can be seen from Fig. 4 that the 

heavy-particle and electron temperatures increase at a 
higher shielding gas flow rate due to the pinch of the arc 
core region, and consequently, lead to a higher current 
density near the arc axis. 

 
Fig. 2. Electron (dashed line) and heavy-particle (solid line) 

temperature distributions in the arc region. 
(The outer isotherm is 5000 K with interval of 1000 K) 

 
Fig. 3. Temperature profiles along the arc axis. 

 
Fig. 4. Comparison of the radial temperature profiles at the 

mid-plane (z=17.0 mm) between the cathode and the anode for 
different shielding gas flow rates. 

Similar calculated results are shown in Fig. 6 for 
different values of L while keeping I and Qshield being 
unchanged. Figure 6 shows that the high temperature 
region of the arc becomes narrower when the 
shielding-gas nozzle exit is closer to the anode (or the 
cathode tip), also due to the stronger cooling effect of the 



 

shielding gas on the high temperature regions of the arc. 

 
Fig. 5. Distributions of the heavy-particle temperatures in the 

arc region for different shielding-gas flow rates (I=140 A, 
L=10.0 mm, temperature range from 3000-16000 K). 

 
Fig. 6. Comparison of the radial temperature profiles at the 

mid-plane (z=17.0 mm) between the cathode and the anode for 
different locations of the shielding cap (L). 

4. Conclusions 
In this paper, a 2D, non-equilibrium modeling on the 

characteristics of the GTA is conducted with the 
consideration of the cathode sheath. The modeling 
results show that the shielding gas flow rates and the 
positions of the shielding gas nozzle exit have obvious 
influences on the non-equilibrium characteristics of the 
GTA plasmas, especially in the arc fringes.  
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Table 1. Boundary conditions for the modeling of the flow-affected region.

 ABC CD DE EF FG GH HI IJ JA 

vr 0 0 0 0 0 ( ) 0=∂∂ rrvrρ 0 0 0 
vz 0 0=∂∂ rvz

 0 0 0 0=∂∂ rvz
 0 0 Eq.(11)

Th 0=∂∂ rTh
 0=∂∂ rT 300 300 

vr>0, 
0=∂∂ rTh

; 

vr<0, Th=300
300 300 300 

Te 

specified 

0=∂∂ rTe
 / / / 0=∂∂ rTe

 / / 300 
φ ( ) ( )nsjn ∂∂−= φσ  0=∂∂ rφ  0=∂∂ rφ 0 0=∂∂ rφ 0=∂∂ rφ  0=∂∂ rφ  0=∂∂ zφ  0=∂∂ zφ

 


