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Abstract. A free-burning, high-intensity argon arc  at atmospheric pressure was 
modelled during the evaporation of copper from the cathode. The effect of cathode 
evaporation on the temperature, mass flow, current flow and Cu concentration was 
studied for the entire plasma region. The copper evaporates from the tip of the 
cathode with an evaporation rate of 1 mg S”. The copper vapour in the cathode 
region has a velocity of 210 m S” with a mass concentration of above 90% within 
0.5 mm from the arc axis. The vapour passes from the cathode toward the anode 
with a slight diffusion in the argon plasma. Higher temperatures and current 
densities were calculated in the core of the arc caused by the cathode 
evaporation. 

1. Introduction 

In all plasma  arc  applications  ejection of materials  from 
the  electrodes  into  the  plasma  causes significant 
changes in the  properties of the  discharge.  In  the  tung- 
sten  inert gas (TIG) welding  process a slight evaporation 
of materials  changes  the  arc  configuration  and  conse- 
quently  the  heat  transfer  to  the  workpiece [l]. As 
observed in arc  furnaces  and also in our  laboratory, 
droplets  ejected away from  the  molten  anode  pool may 
stick to  the  high-temperature (2 1000 K) zone  near  the 
cathode  tip  where  they  start  to  evaporate.  The  vapour 
released  from  the  droplet is drawn  into  the  plasma by 
gas flow caused by the  self-magnetic  pumping.  This 
creates  a  concentric  vapour  beam in the  centre of the 
plasma [2] with a  sudden  change in the  plasma  con- 
figuration. The configuration  remains  stable  until  the 
droplet is completely  evaporated.  In switching  devices 
evaporation of electrode  materials with low ionisation 
potential  into  the  centre  portion of the  arc  column 
enhances  the  electrical  conductivity of the  air  arc [ 3 ] .  
Here,  the knowledge of diffusion of the  electrode 
materials is  of particular  importance  for  reducing 
damage  to  the switching  devices [4] and also to  other 
electric  power  systems  at  a  fault  point. 

In  the last  few  years there  have  been  numerous 
experimental [3,  51 and  theoretical [6,7] studies to 
investigate the  impact of electrode  evaporation  on  an 
atmospheric  pressure  arc.  Although  the  experimental 
studies  provide  information  about  the  temperature  and 
species concentration field in the  plasma,  a  better 
understanding of the  impact of the  contaminant  on  the 

potential  field,  current  density  distribution  and flow 
requires  more  sophisticated  diagnostic  techniques  and/ 
or  the  development of a  numerical  model.  In  the  past, 
Glickstein [6] developed  a  one-dimensional  model by 
solving the  Elenbaas-Heller  equation  to  study  the 
effects of minor  additions of aluminium  vapour  to  a 
gas mixture of Ar  and He employed  for welding  appli- 
cations.  A  similar  model was also  used by other 
researchers [7] to show the influence of copper  vapour 
originating  from  the  electrodes  on  the  air-arc  plasma 
characteristics. 

In  the  present  work,  a  two-dimensional  model has 
been  developed in order  to study  the  impact of copper 
vapour  on  an  atmospheric  pressure  free-burning  arc  as 
shown in figure 1. The  model is an  extension of a 
previous  model [g], which  includes  the species  con- 
centration  equation in order  to  account  for  the dif- 
fusion of Cu in the  Ar  plasma.  Although  the  actual 
behaviour of the  arc  depends largely on  the  cathode 
evaporation  and simplified  assumptions  and  boundary 
conditions are  adopted,  the  current  model  provides 
considerable  insight  into  the diffusion  mechanism of 
copper  vapour  on  argon  plasma. 

2. Modelling of the arc 

A  set of conservation  equations was solved  simul- 
taneously  using  an iterative, finite  difference  method 
[8] for  a  free-burning argon-copper arc  at  atmospheric 
pressure,  a  current of 150 A ,  a  gap spacing of 1 cm, 
and  a  cathode  tip of 60”. Thermodynamic  and  transport 
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Free-burning arcs 

p,  U and U are  the mass density, axial and radial 
velocity components, respectively. 

Momentum 
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p is the  pressure, Be is the self-magnetic field, and j r  
and j ,  are  the radial and axial current density. 

Current continuity 

a j ,  1 a 
- + --(jrr) = 0 az r a r  (4) 

or 

$ ( o g ) + ; $ ( o r $ ) = ~  ( 5 )  

Figure l .  Photograph of a free-burning arc with copper 
contamination  from cathode. tial, respectively. 

o and Q, are electrical conductivity and electrical poten- 

Energy 

ah  ah a ( k ah)  1 a ( k r   a h )  

o r 2e ( C,, az C,, ar 1 
properties of the argon-copper  mixture which are pu - + pu - = - - - + - - -- 
required for the modelling were taken  from  the  report 
of Dassanayake [9]. The basic assumptions underlying iS +if 5kB j ah j ah 
the model are: 

az ar az C, az r dr C, ar 

+"S +" "+I- 

(i) The  arc is cylindrically symmetric. 
(ii) The  arc is in the state of local thermodynamic + 2- [x (P. - t) (h , )  3 

equilibrium. az 
(iii) The plasma flow is laminar  and the  arc is in 

the steady state. + ~ z r [ ~ ( p D - ~ ) ( h i ) $ ]  r ar (6) 
(iv) The plasma is optically thin. 
(v) Only the  radiation from Ar  is considered in this h and hi are  the enthalpy of the gas mixture and  the 

model. enthalpy of species i respectively. C, is the specific heat 
(vi) Only the diffusion of Cu  and Ar is considered at  constant  pressure, k is the thermal conductivity, 

in this model. and kB and e are Boltzmann and  elementary  charge 

The accuracy of mass, momentum  and  energy con- 
servation for the  entire calculation domain is deter- Species conservation 
mined by the  ratio of the difference between their 
inflow and outflow over  their inflow into  the  domain. pu - + pu - 
The values of their accuracy range between 10" and az ar 
lO-5% and are part of the criteria  for convergence. 

constants, respectively. S, is the  radiation  term [lo].  

ac, a c, 

=- l a  r [-(PD.%) az + $(PD.%)] (7) 

2.1. Governing  equations 

The governing equations  were solved in cylindrical 
coordinates ( r ,  x ,  e) and are  as follows. D =  

Continuiy 

where 

(4 /d2) (1 /M1 + 1/M2)'/' 

[ <P :P?CL:M~) ' /~  + ( P : P : P ; M ~ ) ~ / ~ I ~ '  
(8) 

C, is the mass fraction  concentration of species i. D is 
the binary diffusion coefficient between Ar and  Cu. M, a  a 

az ar ( l )  is the molecular weight of species i .  p, and pi are the 
- (rpu) + - (rpu) = 0 
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Table 1. Boundary  conditions. 

AB  BC EC EF FI AI DA 

U au/ar = 0 u = o  au/ar = o apu/ar = 0 u = o  u = c  
V v = o   v = o  av/ar = C v =  0 v=  0 
h 
Q, a q / a r = O  Q, = C ag7/ar = 0 
C,, aC,,/ar = 0 acA,/az = 0 aC,,/ar = 0 

v=  0 
ah/ar = 0 h = hexp h = h0 (1 000 K) h = h0 (1 000 K) h = h, (3000 K) h = hexp 

i = igiven 
CA, = 1 aC,,/an = 0 CA, = 0 

density and viscosity of the  pure compound i at the 
temperature  and  total pressure of the  mixture, respect- 
ively. PI and P2 are constants and  their values are  equal 
to 1.385 as given by [ll]. 

Self-induced  magnetic  field 

where p. is the permeability of the vacuum. 

2.2. Boundary  conditions 

The conservation equations were solved  with the 
boundary conditions described in table 1 with reference 
to  the calculation domain shown in  figure 2. 

Most of the boundary conditions are  the same as 
described in [12]. While ABCEFA represents  the main 
calculation domain, ABCDA is used for solving the 
current continuity equation.  The Gaussian current  den- 
sity distribution 

i ( r )  = imax exp( - a d  (10) 
was chosen for the boundary along AD for all cases. 
The constants j,, and a were calculated based on  the 
electric current  and  the size of the  cathode  attachment. 
Copper is evaporated uniformly from the  cathode 
boundary AI into  the plasma with an evaporation  rate 
of 1 mg s-l. This number is an  approximate value deter- 
mined from the size (measured by a close-up picture 
of the  droplets;  see figure 1)  and  evaporation time of 
the  droplets.  The  current density distribution along the 
boundary AD is assumed to  be unaffected by the cop- 
per vapour ejected from the  cathode. This is a reason- 
able assumption due  to  the negligible changes in 
electrical conductivity induced by the presence of cop- 
per vapour in argon plasma at temperatures above 

I 
lo r 

Anode B 1- 15 mm -1 c 

Figure 2. Arc  arrangement  and  calculation  domains. 
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14000 K [9]. The assumptions on boundaries FE and 
EC  do not have a  remarkable impact on  the solution 
for the plasma region. The  temperature distribution 
and flow  field within the plasma regions are mainly 
determined by electromagnetic pumping in the  cathode 
region. Modelling of the  entire plasma reactor [l31 in 
which the  boundaries  are  extended  to  the reactor walls 
shows major impact only  in the lower temperature 
region of the  reactor.  The position and  temperature 
distribution of the  anode boundary BC  are  determined 
based on the following considerations. 

(i) The  temperature measurements performed at 
0.5 mm above the  anode [l21 confirm a  sharp tem- 
perature  drop (as much as 8000 K in a fraction of a 
mm) immediately above the  anode surface meaning 
isothermal lines below  8000 K in the  anode region of 
the arc are almost parallel to  the  anode surface and 
are  concentrated in a very short distance (fraction of a 
mm) above the  anode. 

(ii) The gas  mass  flow rate in the region of iso- 
therms below 8000 K is assumed to be equal to the 
flow rate  on  the  anode surface with pu = 0 and pu = 
0. The position of the  anode boundary is therefore 
shifted from the  anode surface to an isothermal line 
below  8000 K. However, this shift has negligible  influ- 
ence on other plasma regions as  confirmed by the 
present model. In  order to choose the most appropriate 
position for  the boundary BC, on one  hand, it  is desir- 
able to move the  anode boundary as  close  as possible 
to  the  anode surface (or  to  the position of an isothermal 
line with as close as possible a  temperature  to  the 
anode surface) to satisfy the velocity boundary con- 
ditions. On  the  other  hand, at temperatures below 
5000 K the electrical conductivity of the plasma drops 
to  a negligible value so that electric current cannot flow 
through the insulating gas to  the  anode. Consequently, 
convergence could not be achieved by the  model. 

For the above-mentioned reason,  a  temperature of 
5000 K was selected at the  anode boundary in the 
plasma region.  Outside  the plasma region it is assumed 
that  the  temperature  drops linearly to the  anode tem- 
perature (1000 K) at  the  anode  boundary.  The gradi- 
ents of U ,  h ,  9, and CA, are  equal to zero along the 
centre line AB  due  to  the symmetry condition. 

3. Results  and  discussion 

Figure 3 shows the isotherms and  the stream function 
(=J  pur dr - J pur  dz) of a 150 A  free-burning arc at 
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Figure 3. isotherms  and  stream  function  of a free-burning  arc. I = 150 A, p = 
1 atm, = 1 mG S”. Curves: - , with  evaporation; ---, without 
evaporation. 

atmospheric pressure  and  a gap spacing of 1 cm. The 
full and  broken curves represent  the results with and 
without evaporation from the  cathode, respectively. In 
the presence of the  copper  the  temperatures  are lower 
in the fringes and higher in the core of the plasma. 
The  concentration of the  copper in the plasma region 
is shown in  figure 4. The results show that  the vapour 
ejected from the cathode  and combined with the argon 
gas  is accelerated toward the  anode by the  electro- 
magnetic pumping force.  Copper  vapour remains con- 
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Figure 4. The  copper  concentration  distribution  in a Cu- 
contaminated  argon  free-burning  arc. m, = 1 mG S-’. 

centric as it approaches  the  anode  but suddenly spreads 
in a radial direction on  the anode surface. The mass 
fraction of Cu is also shown for four different axial 
locations in figure 5 .  The electrical conductivity of the 
plasma is  significantly reduced in the plasma due  to  the 
presence of the metallic vapour of Cu which has lower 
ionisation potential  than Ar.  The impact of the Cu 
vapour on  the electrical current densities is demon- 
strated in  figure 6. The  current flow  is more constricted 
toward the  centre of the arc due  to  the presence of the 
Cu.  The increase in the  current density in the core of 
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Figure 5. Mass  fraction of Cu  at  different  positions of Z. 
m, = 1 mG S-’. 
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Figure 6. The  impact of copper  vapour  on  the  electrical 
current  density. m, = 1 rnG S-'. Curves: - , with 
evaporation; ---, without  evaporation. 

the  arc is the most significant cause of its temperature 
increase in the  cathode  region. 

4. Conclusion 

A free-burning,  high-intensity  argon arc  at  atmospheric 
pressure was modelled  during  the  evaporation of cop- 

per  from  the  cathode, in order  to  study  the impact 
of the  vapour  on  the  entire plasma  region.  Copper 
evaporated  from  the  cathode is drawn  toward  the 
anode by self-magnetic  pumping  and  remains  con- 
centric  between the  electrodes as  observed  experi- 
mentally. The electrical  conductivity in the  entire 
anode region was increased  due  to  the  presence of 
copper  vapour  which, in turn,  enhanced  the  con- 
striction of the  current  toward  the  centre.  Therefore, 
higher temperatures in the  core  and lower  tem- 
peratures in the fringes of the  arc were  calculated. 
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