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Abstract-A study on an arc melter used for waste minimization process is presented. The plasma phase 
of the arc and the liquid-solid phases of the molten soil are simulated simultaneously. Newtonian fluid 
model is used for both the plasma and the molten phases. Parametric study is made on different arc lengths 
and arc currents with varying input powers. Calculations show that both convective heat transfer and Joule 
heating mechanism yield high heat dissipation in the melt pool. It is found that the buoyancy and the 
surface shear driven convection established in the melt pool are the major contribution to the more uniform 
mixing of the molten soil. For the long arc, the gas environment above the molten soil has large heated 
volume while the melted soil volume is small compared to those of short arc. The induced circulation in 
the melt pool is stronger for the short arc than that of long arc. For the same input power, increasing 

current results more heat dissipation inside the melt pool than increasing voltage drop. 

‘1. INTRODUCTION 

The increased use of plasma arc in metallurgical pro- 

cesses and waste minimization has prompted 
researchers to optimize the process. Understanding of 
those processes requires detailed informations on both 
the plasma arc and the molten pool. Researches on 
the plasma arc have been performed by various 
researchers [14]. Because of the complex nature of 
the plasma, experimental work is rather limited on 
measuring temperature and global heat transfer rate 
rather than obtaining localized informations which 
may be important for determining the optimum 
operating conditions in the plasma reactor. Instead, 
numerical modelings of the processing have been suc- 
cessfully used fclr obtaining detailed informations. 
Earlier work on this subject was concentrated on 
modeling the near electrode regions (both anode and 
cathode) where the major focus of the models was 
studying the sheath layers formed near the electrodes 
[l]. The nonequ-ilibrium effects near the electrodes 
were studied numerically. Good agreement between 
spectrometric me:asurements and the numerical pre- 
dictions was found. Tsai and Kou [2] studied the cath- 
ode-geometry effect on the flow and temperature fields 
of the welding a.rcs. They found that the calculated 
flow and temperature fields were sensitive to the cur- 
rent density distribution along the cathode tip. Pfen- 
der [3] discussed the various heat transfer modes in 
the plasma arc. Recent work of Gonzalez et al. [4] 
focused on studying the metal vapor effects on the 
heat transfer mechanism during the metal scraping 
using transferred arc. For the moderate current inten- 
sities, they concluded that the presence of the metal 

vapor significantly affects the radiation heat transfer. 
Heat conduction in the anode region was considered 
in their work. The use of arc plasma for refractory 
metal oxides has been considered by Taniuchi [5]. 
For this application, the plasma interaction with the 
processing material was the most important factor to 
design the optimized processing reactor. 

For the melt pool, there are many researches found 
in the literature mostly related to metal welding. Much 
numerical work is focused on the metal pool flow and 
heat transfer. A comprehensive review on this subject 
was performed by Szekely [6], and interested readers 
are referred to ref. [6]. For the melt pool composed of 
soil, Hawkes [7] considered the natural convection 
effect on the soil-melt shape during the in situ vit- 
rification process. By considering the Joule heating 
inside the melt, the temperature and how fields were 
obtained inside the melt. 

So far, most of the previous studies on this subject 
either consider the arc plasma region only or molten 
material domain only. However, informations on the 
interaction between the plasma arc and molten 
material are crucial to understand the process. Gu et 
al. [8] studied the plasma arc and molten metal pool 
interaction with vapor contaminant effect. The metal 
pool is treated as an anodic liquid pool in their work. 
Inclusion of the liquid pool convection was considered 
without the phase change of the soil in their work. In 
the present paper, study is focused on the plasma 
arc reactor for the waste minimization process. The 
interaction of the plasma and the molten pool (usually 
composed of contaminated soils) is studied by con- 
sidering the flow, temperature, and electromagnetic 
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NOMENCLATURE 

B magnetic field V voltage 

c, specific heat at constant pressure V drop voltage drop 
d V differential volume X axial coordinate. 
E electric field 
h specific enthalpy Greek symbols 
I total current Y surface tension 
j current vector Ic thermal conductivity 
k Boltzmann constant p viscosity 
L, latent heat of soil PO magnetic permeability at vacuum 
n number density [ = 1.26 x lop6 H m-‘1 
P pressure P global density 
r radial coordinate electrical conductivity 
r position vector ; electric potential. 
r. radius of cathode spot 
T temperature Subscripts 
T0 reference temperature [ = 273 K] i ions 
T melt soil melt temperature [ = 1473 K] soil melt 
u axial velocity : plasma 
u velocity vector r radial coordinate 
V radial velocity X axial coordinate. 

fields inside the reactor. The molten liquid and solid 
soil interface is treated by using the algorithm 
described by Basu and Date [9]. 

In the following, the mathematical model with 
assumptions used is presented. The numerical vali- 
dation studies are performed for both the plasma and 
the molten pool regions by comparing results with 
previously published ones. Finally, results and dis- 
cussions on the present work are presented. 

2. MATHEMATICAL MODEL 

The geometry considered in this study is shown in 
Fig. 1. The calculation domain is divided into the 
plasma gas and the soil (either liquid or solid) regions. 
The dimension of the soil volume is fixed while the 
plasma arc length (gap ; the distance between the 
cathode tip and the soil surface) is varied for the 
calculations. The dimension of the reactor used in this 
study resembles the experimental set-up by Kong et 
al. [lo] which has been set up for the thermal waste 
treatment. 

2.1. Assumptions 
In this study, the following assumptions are made : 

1. A steady, 2D axisymmetric, and laminar plasma 
and molten pool flow prevails. The transient behavior 
of the reactor is not an objective of this study. Even 
though there are many factors which may disturb the 
axisymmetric nature of the problem, we believe the 2D 
calculation may yield proper informations for present 
purposes. The laminar flow assumption is reasonable 
for the high viscosity region of the plasma and the 
molten pool. 

2. Local thermodynamic equilibrium (LTE) is 
assumed in order to simplify mathematical formu- 
lations. The effect of nonequilibrium addressed by 
Hsu and Pfender [1] is not considered in this study. 
As a consequence, the plasma is treated as a single 
continuous fluid with only one representative tem- 
perature for the flow. Likewise, the molten material is 
treated as a homogeneous liquid whose ther- 
mophysical properties are functions of the tem- 
perature only. 

3. No interface deformation is considered. Inter- 
face between the plasma arc and the molten pool is 
fixed as a flat surface. This is the most serious restric- 
tion considering the fact that the strongly plasma jet 
impinges on the molten pool surface as well as boiling 
of the melt at the location of arc root attachment. 
However, this assumption is made for simplicity of 
the model. 

4. Material volatilization effects at the plasma- 
molten pool interface are not included. The cathode 
material contaminated effects on the plasma proper- 
ties are not considered. Owing to the high temperature 
encountered at the interface, it is expected that there 
is a mass transfer from the molten pool to the gas 
environment. However, the mass transfer at the inter- 
face is highly dependent on the material properties of 
the soil. Thus in this study, parametric study for basic 
soil composition at Idaho National Engineering Lab- 
oratory without mass transfer is considered. 

5. The plasma is optically thin, which implies that 
re-absorption of radiation by the plasma compared 
with the total radiative loss over all wavelengths is 
insignificant. The radiations from the molten pool 
surface are also neglected. 
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Fig. 1. Geometry of the plasma arc melter considered in this study. 

6. Viscous dksipation is neglected in both the 
plasma arc and the molten pool regions. 

2.2. Governing equations and thermophysicalproperties 
Based on the above assumptions, governing equa- 

tions are written in vector notations. The global mass 
conservation equation without considering the effect 
of the electrodes erosion and the material volatiliz- 
ation at the melt pool surface becomes 

V*(pu) = 0 (1) 

where p and II represent global density and velocity 
vector, respectively. The currents, j. generated by the 
cathode emission are conserved as V * j = 0. By use of 
electric potential., 4, defined as j = uV$J, the currents 
conservation equation can be written as 

V*(aV4) = 0 (2) 

where u is the electrical conductivity. Besides the grav- 
ity field, the only body force exerting on the arc is a 
net magnetic forc,e, Lorentz force, generated in the arc 
column by an asymmetric interaction between the arc 
current and self-induced magnetic field. The con- 
servation equations of momentum with the Lorentz 
force acting as a body force can be expressed as 

V-(puu) == -Vp+V*(pVu)+jxB+pg (3) 

wherep, p and B are the pressure, gravitational force, 
and the self-generated magnetic field because of the 
current flow, respectively. Total specific enthalpy for 
the plasma (hp) is defined as 

h, = (+kT+ niEJ/pp (4) 

where n, k, ni, Ei, are total number density, the Boltz- 
man constant, ion species number density and ion- 

ization energy, respectively. By using the enthalpy 
formulation, the governing energy conservation equa- 
tion becomes 

V * (ppuhp) = V - 
( > 

$Vhp +J; 
PP 

+ ; &jVh,)-S, (5) 
PP 

where rep, Cpp, S, and e represent the plasma thermal 
conductivity, the specific heat at constant pressure, 
the optically thin radiation energy loss, and the 
elementary charge, respectively. The subscript P rep- 
resents the plasma quantity. Equation (5) contains 
the convection, the conduction, the Joule heating, the 
transport of electron enthalpy because of the drift of 
the electrons, and the radiation loss terms in respective 
order. 

The molten pool domain requires the same set of 
governing equations as the plasma domain. The elec- 
trically conducting molten pool is subjected to the 
gravity and the electromagnetic fields so that the same 
mass, electron charge, and momentum conservation 
equations should be satisfied with the molten material 
properties. For the energy conservation, the radiant 
energy and the electron drift energy contribution to 
the molten pool is ignored. The specific enthalpy of 
the soil (h,) can be defined as 

h, = C,,(T- TO) for T c T,,,, 

h, = C,,(T,,,, - TO) + L, for T = T,,,, 

h, = CP(T- TO) + L, for T 3 T,,,, (6) 

where Tmelt and L, is the melt temperature and the 
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latent heat of melting for the soil, respectively. By 
using the specific enthalpy of equation (6) the energy 
conservation equation for the molten pool domain 
can be written as 

v * (p&z,) = v- ( 1 $_Vh, +JZ (7) 
pm 

where because of the electrically conducting property 
of the molten soil, the Joule heating term is kept with 
convection and conduction terms. It should be noted 
here that the transport of electron enthalpy due to 
electron drift is neglected compared to the high 
enthalpy of the soil. 

Equations (l)-(3), (5) and (7) are the physical gov- 
erning equations used in this study for the plasma and 
the soil region. The governing equations can be solved 
with any established elliptic partial differential equa- 
tion solvers. In order to solve the governing equations, 
supplementary informations of the currents and the 
magnetic fields are needed. The current density may 
be calculated by using the Ohm’s law which can be 
written as 

j = cr(E+uxB) (8) 

where E, II and B are the electric field, the magnetic 
field and the drift velocity of the charged particles, 
respectively. In the absence of externally applied mag- 
netic field, the u x B term, the induced current density 
by the motion of the charged particles across the mag- 
netic field is comparably small. Thus only the electric 
field contribution to the current is considered in this 
study. The self-induced magnetic field can be expre- 
ssed by using the Biot-Savart law [ 1 l] expressed as 

where p,-, ( = 1.26 x lop6 H m-‘) is the magnetic per- 
meability of vacuum, and dV is the differential 
volume. In case of the free burning arc, the magnetic 
field is dominated by the strong axial current. Thus 
the inclusion of the radial current contribution does 
not change the obtained temperature solution fields 
significantly [ 121. 

The thermodynamic and transport properties of 
argon at one atmospheric pressure used in this study 
are taken from ref. [12]. The data of the radiational 
energy loss are taken from the experimental work of 
Evans and Tankin [ 131. All the plasma property data 
are provided in a tabulated form with every 1000 K 
temperature intervals from 1000 to 25000 K. The 
properties between the specified temperature intervals 
are linearly interpolated. The density and the viscosity 
of the soil are taken from Buelt et al. [14] which is 
shown in Fig. 2. The other thermophysical properties 
of the soil used for this study are from Henderson and 
Taylor [15] and shown in Table 1. Due to the lack of 
data points for the thermophysical properties of soil, 
linear interpolation is used in the calculation for the 
properties between the data points. 

Fig. 2. Temperature dependence of the soil’s density and 
viscosity at Idaho National Engineering Laboratory. The 

properties are taken from Buelt et al. [14]. 

2.3. Boundary conditions 
At the wall, constant temperature boundary con- 

dition and no slip boundary condition for the velocity 
fields are used in this study. High electrical con- 
ductivity with floating current condition for the elec- 
tric field are imposed at the bottom anodic wall 
surface. For the centerline (r = 0), symmetry bound- 
ary condition with zero normal velocity component is 
specified. Since no interface deformation between the 
molten pool and plasma phase is considered in this 
study, normal velocity at the interface is set to zero 
with shear stress continuity requirement across the 
interface. It should be mentioned that the usual 
boundary condition for the tangential velocity at the 
interface in welding problem considers the surface 
tension driving force (Marangoni force) only. How- 
ever the surface tension is a complicated function of 
material composition and the information about the 
thermal behavior of the surface tension for the present 
problem is not available. Moreover, for the free burn- 
ing arc problem the induced convective Sow is much 
stronger and tends to overcome the surface tension 
induced force [8]. Thus, the Marangoni effect is not 
considered in this study. The heat flux continuity at 
the interface is used for the energy conservation. No 
shielding gas is used in this study. The above men- 
tioned boundary conditions can be translated into 
mathematical expressions as follows : 
At the wall : 

up = VP = u, = v, = 0 

Table 1. Soil thermophysical properties 

Temperature Kill 
WI [J/kg%‘] fW m-’ K-‘1 [Q-%-l] 

0.0 881 0.2 0.001 
673 1096 0.23 0.001 

1073 1166 0.45 0.016 
1428 1284 8.5 0.98 
1773 1284 18 5.6 
2173 1284 50 20 
2573 1284 80 44 
5000 1284 80 88 
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T= lOOOK 

At the interface (x = 3.55 cm) : 

up = u, = 0, 

_,,[i?!g.+T%]= +%+!%] 

aT aT 
-_K P= _K,2 

p ax ax 

WP 84, 
-opax= -omax. (11) 

r and q are the stress tensor and the heat flux which 
are defined in ref. [ 161. 

At the center : 

au 2-a;; aa: f$g = up = u, =o. (12) _---....=-_= 
ar 

At the top of the .reactor (open boundary) : 

au, _ au, aTp _ ai-, 
ax -~=m;-~=vP=vm = 034 = vchp 

(13) 

where Vdrop is the voltage specified by the input power. 
At the cathode tip, the current boundary condition is 
imposed, which represent cathode emission of elec- 
trons. The current is specified at 1 mm below the 
cathode with an exponential function as 

jXIX= 3 mm = Jx_ ’ exp(-rlro) (14) 

where jXm_ is the rnaximum current at the cathode tip 
and r,, is the cathode spot radius. Both jXmaX and r,, vary 
with the operating condition and the cathode shape 
and can be determined from experimental observation 
]121. 

3. NUMERICAL METHOD AND VALIDATION 
TEST 

The momenturn and the mass conservation equa- 
tions are solved by using SIMPLEC algorithm [17]. 
The energy and the electron conservation equations 
are solved by using the same procedure described by 
Patankar [18]. For the solid-liquid boundary, the 
approach used by Basu and Date [9] is adopted in this 
study. Details of the solid-liquid boundary treatment 
is referred to Basu and Date. In the solid domain, the 
viscosity is set to 10n’ kg m-’ s-’ in order to ensure 
no flow is allowed. 

In order to validate our physical model and com- 
puter code, comparison is made on the temperature 
profile for the argon plasma arc region. Similar com- 
parison is made Iby Hsu [12] in order to verify their 
model on the free burning arc. Figure 3 shows iso- 
therm in the plasma domain. The same boundary 

conditions and the operating conditions as those of 
Hsu are used in order to compare with the exper- 
imental data. The results are slightly different from 
Hsu’s results near the anode region which can be 
explained by the different grid resolution (32 x 22) 
for the present calculation. By increasing the axial 
direction resolution, we obtained stiff temperature 
gradient near the anode surface. Reasonable agree- 
ment with the experimental data is found for the iso- 
therms of the plasma arc. 

Another comparison is made for the molten pool 
region calculation. For this validation test, we selected 
the validation test performed by Basu and Date [9]. 
In their calculation, the surface is assumed to be driven 
by the surface tension gradient which results in replac- 
ing the boundary condition, i.e. equation (11 b) with 
the Marangoni force which can be written as 

(15) 

where y is the surface tension. The melt depth and 
width resulting from laser welding for A1-4.5% Cu is 
compared. The beam diameter is 1.0 mm and the 
predicted depth and width is compared with the exper- 
imental results obtained by Sekhar [19]. The physical 
properties used for this comparison can be found in 
refs. [9, 191. The Lorentz force term as well as the 
Ohmic heating term in momentum and energy con- 
servation equations were not used for the simulation. 
Table 2 shows the compared results. In general, good 
agreements are found with the numerical results by 
Basu and Date. 

4. RESULTS AND DISCUSSIONS 

There are many issues that need to be addressed on 
designing the arc melter for waste minimization [20]. 
One of primary purposes of the present study is to 
find out the effect of the distance between the cathode 
and the melt pool surface. Arc length is an important 
factor on determining steady state operating condition 
for an arc reactor [lo] which can practically be oper- 
ated from as close as the cathode submerged into the 
melt pool to as far from the interface as the arc can 
be sustained. When the cathode is submerged into the 
melt pool, the heating is primarily via the Joule heat- 
ing between the electrodes. Another consideration is 
given to the arc current variation, Two different arc 
current cases, i.e. 200 A and 300 A, are considered 
with different arc powers (ranges from 5 to 15 kW) in 
this study. The same cathode tip radius of 200 A [l, 
121 is used for the 300 A case for the calculation. 

Figure 4 shows isotherms in the arc reactor for the 
arc current Z = 200 A and 5 kW input power with 
different arc lengths. The melt front in the soil region 
shows a bowl shape with maximum temperature 
occurring at the bottom of the reactor because of the 
high current density collected at the bottom. In Fig. 
4, the maximum temperature near the bottom of the 
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Fig. 3. Comparison of the free burning arc (200 A) isotherms with the experimental measurement performed 
by Hsu and Pfender [l]. Isotherms on the left-hand side is the experimental results and those on the right- 

hand side is the present calculation. 

Table 2. Comparison of the melt widths and depths with previous results 

qx 108 Sekhar 
[w m-*1 (ew.) P91 

Width [mm] 
Basu and 
Date [9] 

Present Sekhar 
results (exp.) [I91 

Depth [mm] 
Basu and 
Date [9] 

Present 
results 

2.43 0.238 0.294 0.287 0.146 0.049 0.053 
3.12 0.410 0.443 0.441 0.175 0.130 0.135 
3.97 0.470 0.494 0.495 0.201 0.198 0.198 
4.10 0.500 0.520 0.524 0.230 0.239 0.236 
5.00 0.577 0.579 0.581 0.264 0.398 0.351 
5.60 0.600 0.610 0.621 0.500 0.453 0.427 

0.000 
-0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 

Radial Distance (In) 
Fig. 4. Isotherms inside the plasma arc melter (from 1473 to 19 473 K with 1000 K increment) for a current 
density of 200 A and 5 kW input power. Results on the left-hand side are for the 1 cm arc length case 

(gap = 1 cm) and those on the right-hand side are for 3 cm arc length case (gap = 3 cm). 
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Radii Distance (m) 
Fig. 5. Isotherms inside the plasma arc melter (from 1473 to 19 473 K with 1000 K increment) for a current 
density of 300 A and 7.5 kW input power. Results on the left-hand side are for the 1 cm arc length case 

(gap = 1 cm) and those on the right-hand side are for 3 cm arc length case (gap = 3 cm). 

reactor increases as the arc length becomes shorter. 
However, for the higher input power (i.e. 7.5 kW in 
Fig. 5) the maximum temperature near the bottom of 
the reactor remains same for different arc length cases, 
instead the surface temperature near the melt core 
increases for short arc case. In Fig. 6, high current 
density is found near the core region of the soil because 
of the relatively high electrical conductivity of the soil 
at the high temperatures. The high current density 
induces the high Joule heat dissipation which results 
in the higher temperatures in that region. Figure 7 
shows that the mduced flow fields in the molten soil 
region have strong clockwise convection occurring on 
the right-hand side of the reactor. There are two fac- 

tors for this convection. One is because of the shear 
stress induced flow at the interface. The arc jet after 
impinging on the interface makes a sharp radially 
outward turn which induces high radially outflow at 
the interface. The other is owing to the buoyancy force 
induced by the high temperature at the bottom of the 
reactor. Because of the large density difference caused 
by the temperature gradient inside the molten soil, 
the induced natural convection force contributes the 
clockwise convection in the melt pool. It should be 
mentioned here that for the cases we consider, the 
effect of the electromagnetic force in the melt pool is 
not causing major changes for the flow directions as 
found by Gu et al. [8] for the metal pool case because 

0.070 

0.060 

Radial Distance (m) 
Fig. 6. Cmrent vector inside the plasma arc melter for a current density of 200 A and 5 kW input power. 
The solid line represents the melting boundary inside the soil. Results on the left-hand side are for the 
1 cm arc length case (gap = 1 cm) and those on the right-hand side are for 3 cm arc length case (gap = 

3 cm). 



1168 S. PAIK and H. D. NGUYEN 

Radii Distance (m) 
Fig. 7. Velocity vector inside the plasma arc melter for a current density of 200 A and 5 kW input power. 
The solid line represents the melting boundary inside the soil. The loops inside the melt represent streaklines. 
Results on the left-hand side are for the 1 cm arc length case (gap = 1 cm) and those on the right-hand 

side are for 3 cm arc length case (gap = 3 cm). 

of the low electrical conductivity of the soil. The ratio 
of the electromagnetic force to the buoyancy force is 
defined [21] as 

Ratio = 
p,mL;ap 

P’LSBAT 
(16) 

where I is the total current, aj is the current dis- 
tribution over the melt surface, LR is the melt pool 
radius, and C is the constant depending on the arc 
operating mode (in this study, the cathode spot mode 
is considered. Thus C = 8 is used), Values of the ratios 
in equation (16) based on the parameters considered 
in this study are order of 0.1. Thus, the contribution 
of the Lorentz force on the melt pool convection is 
not significant compared to that of buoyancy force. 
Besides, the strong tangential shear at the interface 
intensifies the clockwise convection in the melt pool. 
It has been noticed by Oreper and Szekely 1211 that 
the clockwise circulation (i.e. radially outward con- 
vection at the melt surface) may yield shallow melt 
pool in traditional welding. However, in their study 
the Joule heating through the melt is not considered. 
The Joule heating effect on the melt pool shape was 
shown experimentally by Kou and Sun [22]. The cur- 
rent arriving at the melt surface is penetrating ver- 
tically through the melt and generates a deeper melt 
pool than that without the current. These combining 
effects of the convection and the Joule heating heat 
transfer yields an efficient way of melting the soil in 
the arc melter. 

The effect of the arc length is shown in Figs. 4-7. 
For the arc length of 3 cm and total current 200 A 
case (Fig. 4), the melted volume of the soil is about 
10% less than the arc length of 1 cm case. However, 
for the long arc, larger volume of the environment gas 
is heated up to 2000 K which may give favorable 
condition for the off-gas emitting from the melt sur- 

face during contaminated waste treatment. Treatment 
of the off-gas specially high volatile pressure materials 
from the melt is one of the major concerns of waste 
minimization process [20]. For the efficient treatment 
of the volatile gases, longer residence time of the off- 
gas in hot stream is desirable. lXrring the process, 
this effect should be considered to determine the arc 
length. Similar effects on the temperature of the 
environment gas are found for the increased arc 
current. For the high current case, the gas temperature 
is higher than that of low arc current. Thus, both 
effects of the melt pool volume and the heated gas 
volume should be considered during the process. 

Figures 8-10 show the interfacial temperature, cur- 
rent, and velocities for different operating conditions. 
For the short arc, the temperature at the interface is 
higher than for the long arc as one expected. Likewise, 
the maximum currents at the interface for the short 
arc are higher than those of the long arc. For the long 
arc, slightly higher currents than those of short arc 
can be found far from the arc core since the electrical 
conductivities of the plasma and the melt pool are 
relatively evenly distributed over the interface. This 
effect becomes noticeable for the high input power 
case. For higher input power case (7.5 kW), the cur- 
rents and the temperatures at the interface far from 
the arc core show slight increase for the longer arc 
case. This is because that for the high input power 
with long arc, the increased gas temperature spread 
more uniformly above the molten pool and increase 
the molten pool surface temperature and electrical 
conductivity. The tangential velocity (i.e. radial direc- 
tion velocity) at the interface shows that the maximum 
velocity can be as high as 20 m s-‘. The maximum 
velocity increases as the current increases since the 
electromagnetically induced plasma flow increases as 
the current increases. The velocity increases as the 
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Fig. 8. Plasma-soil interfacial temperature profile. 
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Fig. 9. Plasma-soil interfacial normal current profile. 
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Fig. 10. Plasma-soil interfacial tangential velocity profile. 

distance from the stagnant point increases initially current flow may increase volatility of the materials 
and reaches maximum in magnitude and decreases in the reactor. Besides, high current results in fast 
because the viscosity increases as temperature electrode erosion which may lead to short life time 
decreases. of the electrodes. The absorbed power by the soil 

Finally, soil heating efficiency is calculated for decreases as increasing the arc length for the same 
different arc operating conditions and listed in Table power. This is in qualitative agreement with the results 
3. The efficiency is defined as the ratio between the by Qian et al. [23]. 
power absorbed by the melt pool to the total power 
of the reactor. The melted soil volume percentage to 
the total soil volume is also listed in Table 3. By 
comparing the melted volume percentage, increasing 
the voltage for the same current does not affect the 
melt volume significantly. Rather, increasing the arc 
current has significant effects on having the large 
melted volume. This fact is mainly because the heating 
mechanism of the soil is the Joule heating. By increas- 
ing the arc current, heat is transferred to the soil more 
efficiently. However, when the material volatility is 
the major concern of designing, the selection of high 

5. CONCLUSIONS 

(1) A computer model for simulating steady-state, 
2D axisymmetric heat, fluid flow, and electromagnetic 
fields is developed for the calculation of the arc plasma 
and molten pool regions for the waste minimization 
process. The interaction between the plasma and the 
pool regions are treated in a consistent manner by 
using interface physical quantity continuity assump- 
tion. 

(2) The convective heat transfer and the joule heat- 

Table 3. Percentage of the power absorbed by the melt pool to the total power for different operating 
conditions 

Total power Gap = 1 cm 
WI Z=200A Z= 300A 

Gap=3cm 
Z=2OOA Z= 300A 

5 38.3(28.50)? 46.7(37.53) 35.2(27.68) 42.8(38.28) 
7.5 27.5(28.82) 37.4(37.75) 26.0(27.69) 35.9(41.43) 

10 20.9(28.95) 33.9(38.05) 19.4(28.68) 29.7(43.47) 
15 16.9(29.21) 27.1(38.43) 15.3(29.18) 22.3(46.32) 

t The number in the parenthesis is the percent ratio of the melt volume to the total soil volume. 



Numerical modeling in an electric arc furnace 1171 

ing mechanisms are responsible for heating the molten 
soil for the waste minimization process. 

(3) For the different length of the arc at the same 
total power and currents, the currents arriving at the 
melt pool surface make little difference for the heating 
of the melt pool. lnstead, the convective heat transfer 
from the surface causes the different melt shape in the 
pool. 

(4) For the same currents, the longer arc heats up 
larger volume of the gas environment while the melt 
pool volume is smaller than that of short arc. In case 
off-gas treatment is considered, the effect of large 
volume of high temperature zone may give favorable 
environment. 

(5) Inside the melt pool, short arc induces strong 
convection which may lead to uniform mixing of 
materials inside the pool. If the localized gas heating 
effect is not desirable, the short arc mode operation is 
recommended for the thermal waste treatment. 

(6) Increasing, power via increasing voltage drop 
dissipates more heat to the environment gas than to 
the soil. If large volume of melted soil is desired, 
increasing the power by increasing current is a more 
efficient way of heating the soil. However, the fact 
that the high currents induce fast electrode erosion 
should be considered for finding the optimum opera- 
ting conditions. 
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